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The disciplines of neurology and psychiatry have had a long and complicated rela-
tionship for many years. Although both specialties deal with the brain,
scientific and clinical approaches to this complex organ have differed widely
during the past century. However, beginning in the 1960s both fields saw an
enormous growth in understanding the role of neurotransmitters in normal and
abnormal brain function and, as a result, an important convergence of scientific inquiry
took place. During this time, dopamine was recognized to be a neurotransmitter rather
than a precursor of norepinephrine, dopamine replacement therapy was discovered to
be an effective treatment for Parkinson’s disease, and dopamine receptor-blocking drugs
were found to be effective for the treatment of schizophrenia and other psychotic disor-
ders. The era of biogenic amines was launched and dopamine, norepinephrine, and se-
rotonin came under intensive study with the strong expectation that further insights into
the pathophysiology and treatment of other neurological and psychiatric disorders
would be forthcoming.

Fast forwarding to the present, Neurological and Psychiatric Disorders: From Bench
to Bedside brings us up to date on the role of the biogenic amines in the pathophysiol-
ogy and treatment of a core group of neurological and psychiatric disorders. However,
the early notion that manipulation of a single neurotransmitter could produce profound
and lasting therapeutic effects for any of these conditions was clearly simplistic. As
pointed out by Drs. Tarazi and Schetz, many pharmacological treatments provide relief
for only one or several symptoms in a particular disorder. This includes even
Parkinson’s disease where there is much more to the story than simple dopamine defi-
ciency. Other neurotransmitters including but not limited to -aminobutyric acid,
glutamic acid, and acetylcholine as well as a variety of neuropeptides and other small
molecules also play a key role in these diseases. More also needs to be understood
about the complex neuronal circuits and pathways between basal ganglia, limbic sys-
tem, and cerebral cortex, which appear to underlie normal and abnormal motor, emo-
tional, and cognitive functions.

Neurological and Psychiatric Disorders: From Bench to Bedside provides much
more than an overview of the neurobiology of a group of neurological and psychiatric
disorders. The chapters are uniformly very well organized to provide a broad, compre-
hensive and systematic review of the epidemiology, pathophysiology, molecular
biology, genetics, neuropathology, brain imaging, clinical features, and pharmacologi-
cal and nonpharmacological treatments of several mental illnesses, that will serve as a
valuable core of information for physicians, scientists, advanced students, and health
care professionals in this area. A unique bonus in this volume is the very sophisticated
psychiatric approaches to neurological disorders and neurological approaches to psy-
chiatric disorders, which are provided, in the individual chapters. Finally and most im-
portantly, this book should also serve to promote future interdisciplinary research which
will further the understanding of these disorders.

Daniel Tarsy, MD

Parkinson’s Disease and Movement Disorders Center
Beth Israel Deaconess Medical Center
Harvard Medical School, Boston, MA
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In the 1970s I had the privilege of meeting the long-serving British Prime Min-
ister Harold Wilson at a degree-conferring ceremony, in his capacity as chancellor
of the University of Bradford, United Kingdom. Our brief conversation gave no
hint of what was to come: within a short period he had unexpectedly resigned as
prime minister, engendering enormous intrigue and controversy. Only many years
later, on his death, was it confirmed that he had developed Alzheimer’s disease and
that his resignation from office appeared to reflect some insight and concern that
his mental abilities were not what they were. This is in striking contrast to a genera-
tion later when, in the 1990s, former US President Ronald Reagan wrote his poi-
gnant letter to the American people informing them that he was leaving public life
to face the challenges of Alzheimer’s disease.

Subsequently, a series of high-profile individuals in the United States have re-
vealed and spoken publicly of their conditions, including Charlton Heston
(Alzheimer’s disease) and Michael J. Fox (Parkinson’s disease). In the United King-
dom, the leading English soccer team, Manchester United, signed a new goalkeeper,
Tim Howard, who speaks openly of having Tourette’s syndrome. This new public
openness in relation to neurological and psychiatric disorders, which had been faced
previously in secrecy and even shame, has served both to help de-stigmatize such
disorders and to indicate the need for increasing research thereon. Perhaps no indi-
vidual in the public eye helped to focus attention on neuroscience as a route to
improved treatment modalities than did Christopher Reeve. Prior to his recent un-
timely death, Reeve’s passionate advocacy of neuroscience research as an impera-
tive for his own salvation and that of others affected similarly exemplified the
individual adversities that give real, highly personalized meaning to “from bench to
bedside.”

Here, Drs. Frank Tarazi and John Schetz have assembled a team of expert au-
thors to give an authoritative, contemporary overview of the field. In sport, teams
usually have to play to a manager’s tactical plan. The editors have proceeded simi-
larly with their team of authors to good effect, focusing on the extent to which the
“holy grail” of a bench-to-bedside research trajectory has been realized. Introduc-
tory chapters describe, at an accessible level, the principles underpinning research
in this area: first, the neural principles of neurological and psychiatric disorders,
from laboratory methods to clinical neuroimaging techniques and the insights that
they can provide; second, the pharmacotherapeutic principles that underpin treat-
ment, from receptorology to applied issues that govern the most effective use of
medications. Thereafter, chapters describe our current understanding of major dis-
orders in neurology (Alzheimer’s disease, Huntington’s disease, Parkinson’s dis-
ease) and psychiatry (schizophrenia, autism spectrum disorders, Tourette’s
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syndrome and tic disorders, obsessive-compulsive disorder, unipolar depression,
bipolar disorder, attention deficit hyperactivity disorder). It should be noted that
these chapters indicate how contemporary neuroscience reveals the arbitrariness of
this somewhat artificial separation into “neurological” and “psychiatric” disorders;
these may more reflect historical artifact and professional territory than indicate
fundamental distinctions in terms of scientific understanding and human suffering.

To achieve their bench-to-bedside perspective, the editors have prevailed on their
authors to adopt a uniform structure for each chapter. This leads the reader from the
relevant brain pathways, molecular mechanisms and targets, through genetics and
animal models, to clinical epidemiology, phenomenology, and treatment issues.
Unusually, at the end of each chapter is a useful glossary of medical terminology
that constitutes an additional aid to clarity and accessibility. Through these innova-
tions, the editors and authors have marshalled concisely the most up-to-date infor-
mation pertaining to major neurological and psychiatric disorders that constitute
some of our most serious public health problems. Although not yet fully realized,
this volume documents that the bench-to-bedside research trajectory is no longer a
“holy grail” but a realistic goal toward which considerable progress has been made.

John L. Waddington, PhD, DSc,
Department of Clinical Pharmacology,

Royal College of Surgeons in Ireland,
Dublin
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The neurological and psychiatric disorders discussed in Neurological and Psy-
chiatric Disorders: From Bench to Bedside are commonly treated with pharmaco-
therapies that target brain dopaminergic, serotonergic, or noradrenergic systems,
either individually or in combination. Additional treatment strategies, including
psychiatric, psychosocial, psychosurgical, and electrical/magnetic therapies are also
available either as monotherapies or to augment drug treatments. Pharmacothera-
pies for neurological and psychiatric disorders are thought to be primarily pallia-
tive, and often they are prescribed to provide relief for only one of a range of
symptoms encountered for each disorder. For example, antipsychotic drugs are pre-
scribed for the treatment of agitation in Alzheimer’s disease, aggression and self-
injury in autism, mania in bipolar disorder, motor dysfunction in Huntington’s
disease, motor tics in Tourette’s syndrome, and psychosis in schizophrenia. Anti-
depressant drugs are employed in the treatment of depression in unipolar and bipo-
lar depression and obsessive behaviors in obsessive–compulsive disorder. Such a
range of treatments for different symptom modalities for different disorders
owes to either the direct or indirect dysfunction of dopaminergic, serotonergic, and
noradrenergic system(s). In addition, there is considerable overlap in selected
portions of the extended brain pathways related to the pathophysiology and
treatment of certain of these disorders. Neurological and Psychiatric Disorders:
From Bench to Bedside provides the reader with a full appreciation for all such
factors as they relate to preclinical research and to clinical diagnosis and treatment
of the neurological and psychiatric disorders.

Neurological and Psychiatric Disorders: From Bench to Bedside aims to pro-
vide comprehensive and systematic coverage of the basic and clinical aspects of the
core neurological and psychiatric disorders that are commonly taught to doctorate-
and postdoctorate-level students. Until now, many texts were needed to cover the
preclinical and clinical aspects of different disorders in sufficient breadth and depth
to allow for MDs, PhDs, and PharmDs to master their qualifying (board) exams,
and, at the same time, effectively and safely practice their future health care profes-
sions. Having a single text will not only facilitate cross-discipline teaching and
learning by providing a uniform instructional platform, but will also satisfy student
concerns about the costs and variable coverage generated by the need for multiple
texts. The editors and contributing authors undertook a collaborative
effort to produce such a textbook, which is based on the syllabus and content of an
advanced graduate-level course concerning the neurological basis of diseases and
disorders and their treatment that Dr. Schetz developed and continues to teach. The
primary editorial responsibilities and the recruitment of authoritative authors for
the chapters on the individual disorders were divided evenly between the editors:



x Preface

Dr. Tarazi recruited authors for and edited the chapters on attention deficit hyper-
activity disorder, bipolar disorder, Huntington’s disease, Parkinson’s disease, and
schizophrenia, and Dr. Schetz recruited authors for and edited the chapters on
Alzheimer’s disease, autism, obsessive–compulsive disorder, Tourette’s syndrome,
and unipolar depression.

Neurological and Psychiatric Disorders: From Bench to Bedside opens with
two introductory chapters that reintroduce the reader to the neural and pharmaco-
therapeutic principles of neurological and psychiatric disorders. These chapters also
discuss theoretical and methodological parameters relevant to the appropriate
interpretation of pharmacodynamic, pharmacokinetic, neuroanatomical, and imag-
ing data presented throughout. Subsequent chapters provide a standard minimum
content concerning each disorder along with a uniformity that is intended to
promote not only the comparing and contrasting of the disorders discussed through-
out, but also the cross-discipline training many health care industry experts believe
is lacking. The standard minimum uniform content for each disorder can be divided
into the following nine categories:

1. Incidence/prevalence
2. Etiology and general description
3. Molecular targets and mechanisms of action
4. Brain structures and pathways, and neurotransmitter systems
5. Animal models
6. Signs and symptoms in humans (diagnostics, markers, comorbidities, subclassifica-

tions)
7. Genetics
8. Treatments (pharmacological and other types of therapies)
9. Related medical terminology

Thus, the objective is to promote a systematic, comprehensive, and advanced
understanding of each disorder from molecules to human behaviors. Our intended
audience includes graduate- and postgraduate-level physicians and scientists, pre-
clinical and clinical research scientists, and pharmacists with an intermediate to
advanced understanding of neuroscience and pharmacology.

We extend our deepest gratitude to the chapter authors for their outstanding
scholarly contributions. A special thanks goes to our advisors and mentors who
have over the years generated in us an intense and perpetual desire to challenge
ourselves and to instill in the next generation of young scientists, physicians and
pharmacists the excitement and satisfaction that we experience from working in the
health care profession and answering the call to public service. In particular, we
wish to recognize the kind and astute influences that Dr. Ian Creese and Dr. Ross J.
Baldessarini have had on Dr. Tarazi and that Dr. William G. Luttge, Dr. David R.
Sibley, and Dr. Harel Weinstein have had on Dr. Schetz.

Frank I. Tarazi, PhD, MSc
John A. Schetz, PhD
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1
Neural Principles of Neurological

and Psychiatric Disorders

Frank I. Tarazi and Marc J. Kaufman

Summary
Recent progress in understanding the neurobiology and pharmacology of brain neu-

rotransmitters and their neural circuits and pathways has been remarkable and serves as the
foundation for in-depth preclinical research on neurological and psychiatric disorders. Most
of the neurotransmitter receptors have been cloned and their anatomical localization and
distribution have been clarified using advanced neurochemical methods. Novel discoveries
have greatly stimulated clinical studies in the neuropathophysiology and neurogenetics of
brain disorders. Sophisticated developments in neuroimaging techniques have yielded revo-
lutionary insights into the complexity of maldevelopment or dysfunction of neuronal
elements in neurological and psychiatric disorders, and have assisted in the rational design
of novel neuropsychotropic agents for improved treatment of these disorders.

Key Words: Brain pathways; dopamine; emission tomography; magnetic resonance;
neuroimaging; norepinephrine; serotonin.

1. INTRODUCTION
Nerve cells in the brain (neurons) communicate with each other via chemical

substances (neurotransmitters) that are released from synaptic terminals. Once
released, these neurotransmitters target adjacent neurons and alter cellular activi-
ties and functions of influenced neurons. Neurons and neurotransmitters can be
organized into specialized circuits and signaling pathways. Neural circuits can be
as simple as one synapse and one neurotransmitter or very complex and
involve different synapses, multiple neurotransmitters, and extend across differ-
ent brain regions. Preclinical and clinical evidences strongly suggest that abnormal
development of brain neurons and malfunctions of brain circuits significantly
contribute to the development of different neurological and psychiatric disorders.
Subsequently, drugs developed for treatment of these disorders tend to restore
neurotransmission and normalize neuron–neuron communications. Advances in
histochemical and autoradiographic techniques have improved the detailed charac-



4 Tarazi and Kaufman

terization of the anatomical localization of different neurotransmitter receptors, and
the quantification of their levels in laboratory animals and in postmortem human
tissue. Additionally, sophisticated imaging techniques have helped to identify spe-
cific brain regions associated with particular modes of behaviors and permitted the
direct visualization of neurotransmitter receptors in healthy subjects and diseased
patients. This chapter introduces some of the key brain neurotransmitters and brain
pathways as well as neurochemical and neuroimaging techniques that greatly enriched
our knowledge of the neural principles of neurological and psychiatric disorders.

2. BRAIN NEUROTRANSMITTERS
Three major brain neurotransmitter systems—dopamine (DA), norepinephrine

(NE), and serotonin—are intimately involved in the pathophysiology, neuropathol-
ogy, and pharmacotherapy of neurological and psychiatric disorders discussed in
following chapters.

2.1. Dopamine
For the longest time, DA was considered an intermediate molecule in the bio-

synthesis of other catecholamines including epinephrine and NE. In mid-1950s,
Arvid Carlsson and his colleagues proposed a prominent biological role for DA as
an independent neurotransmitter. These seminal proposals were the impetus for
explosive advances in DA research. Several clinically relevant contributions had
emerged from the study of DA systems, including the role of these systems in the
pathophysiology and treatment of attention deficit hyperactivity disorder (ADHD),
Huntington’s chorea, Parkinson’s disease, schizophrenia, Tourette’s syndrome, and
other tic disorders (1).

2.1.1. DA Pathways
DA neurons of the mammalian central nervous system (CNS) are organized into

four major subsystems: (a) the nigrostriatal system: neurons project from the sub-
stantia nigra pars compacta, also called A9 neurons, to the caudate-putamen (CPu).
This system accounts for 70% of the total brain content of DA, and its degeneration
makes a major contribution to the pathophysiology of Parkinson’s disease; (b) the
mesolimbic system: originates in the ventral tegmental area, also called A10 neu-
rons, and projects to different components of the limbic system including the
nucleus accumbens, lateral septal nuclei, amygdala, hippocampus, and the
entorhinal cortex; (c) the mesocortical system: arises from cell bodies in ventral
tegmental area and project to cerebral cortex, particularly to mesioprefrontal areas;
and (d) the tuberinfundibular neuroendocrinological system: neurons arise in the
arcuate and other nuclei of the hypothalamus and end in the median eminence of
the inferior hypothalamus, in which DA exerts regulatory effects in the anterior
pituitary, and serves as a prolactin inhibitory factor (2).

2.1.2. DA Synthesis and Metabolism
DA is synthesized from L-tyrosine, which is converted to L-3,4-dihydroxy-

phenylalanine (L-DOPA) in a reaction catalyzed by the enzyme tyrosine hydroxy-
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lase (TH) using molecular oxygen and tetrahydrobiopterin (BH4) as cofactors (Fig. 1)
(3). DA is formed from L-DOPA via removal of a side chain carboxyl group in
chemical reaction catalyzed by the enzyme L-amino acid decarboxylase (AADC).
TH is the rate-limiting enzyme that controls overall rate of formation of DA. Phos-
phorylation of TH by protein kinases activates the enzyme and subsequently
enhances synthesis of DA. Inhibitors of TH, such as a-methyl-p-tyrosine (AMPT),
deplete levels of endogenous DA. In contrast, inhibitors of AADC, most notably

Fig. 1. Schematic organization of a dopamine (DA) synapse. DA is synthesized from
L-tyrosine, which is converted to L-3,4-dihydroxyphenylalanine (L-DOPA) by tyrosine
hydroxylase. DA is produced by decarboxylation of L-DOPA and stored in membrane-
enclosed presynaptic vesicles, and subsequently released by depolarization in the presence
of calcium by membrane fusion (exocytosis). DA stimulates its D1-like and D2-like postsyn-
aptic receptors; the receptors activate different subtypes of G proteins and coupled effector
enzymes to produce second-messenger molecules, which alter the functional activities of
the cell. DA can be inactivated by active transport back into the presynaptic terminals or it
can be metabolized to 3,4-dihydroxy-phenylacetic acid and homovanillic acid (see text for
details). As shown, several drugs have the ability to block the synthesis, storage, reuptake,
and degradation of DA.
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a-methyl-dopa-hydrazine (carbidopa) and 3-hydroxybenzyl-hydrazine (NSD 1015)
causes an accumulation of L-DOPA in the brain (Fig. 1) (3).

After synthesis, DA is stored in membrane-enclosed presynaptic vesicles, then
released through the mechanism of vesicular exocytosis that is triggered by a large
influx of calcium (Ca2+) into the nerve terminals; however, nonvesicular Ca2+ inde-
pendent-DA release can occur in some cases. Once DA is released into synaptic
cleft, it becomes subjected to multiple routes of inactivation. It is inactivated by
active transport back into the presynaptic terminals via cell membrane DA trans-
porters (Fig. 1). Additionally, excessive synaptic DA undergoes a series of chemi-
cal degradation reactions that involves two enzymes: catechol-O-methyltransferase
(COMT) and monoamine oxidase (MAO). About 90% of DA metabolism starts
with oxidative deamination by MAO. The product of this reaction, 3,4–dihydroxy-
phenylacetaldehyde (DHPA) is rapidly oxidized to 3,4–dihydroxy-phenylacetic
acid (DOPAC) by aldehyde dehydrogenase. A major portion of DOPAC is O-methy-
lated to yield homovanillic acid (HVA). DOPAC and HVA are the most significant
metabolites of DA, and they are transported outside the brain into the blood stream
and eventually excreted. The remaining 10% of DA can be metabolized by COMT
into 3-methoxytyramine (3-MT), which is then converted to HVA by MAO and
aldehyde dehydrogenase (Fig. 1) (3).

The DA synapse is selected as a representative of other neurotransmitter syn-
apses, and a schematic organization of this synapse is shown in Fig. 1.

2.1.3. DA Receptor Subtypes

DA receptors belong to a superfamily of large proteins characterized by having
seven relatively hydrophobic transmembrane-spanning (TMS) segments, as well as
a functionally critical third intracytoplasmic loop located between the fifth and sixth
transmembrane segments. This loop couples to G proteins that interact with several
membrane or cytoplasmic effector molecules that lead to the physiological regu-
lation of neuronal function.

DA receptors were originally differentiated into two major types—D1 and D2.
D1 and D2 receptors were characterized initially as mediating stimulation and inhi-
bition of cyclic adenosine monophosphate (cAMP) production, respectively. Tech-
nical advances in molecular biology have greatly facilitated the discovery of three
novel, closely related but less abundant DA receptor subtypes. Based on their close
structural homologies and their opposite effects on cAMP productions, the five DA
receptors are classified into D1-like (D1, D5) and D2-like (D2, D3, D4) receptor
families (1,2).

2.1.3.1. D1-LIKE RECEPTORS

D1 receptors are the most abundant DA receptor subtype in mammalian fore-
brain. The human D1 gene has been localized to chromosome 5. The messenger
riboprobes (mRNA) for D1 receptor has been localized in striatal neurons of the
basal ganglia, olfactory tubercule, and nucleus accumbens, followed by cerebral
cortex and hippocampus. Additionally to stimulation of cAMP production, D1 recep-
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tors show ability to stimulate phospholipase C and activate phosphoinositide sec-
ond messenger cascade in in vitro expression system.

D5 receptors are less studied than their D1 siblings. The protein has an overall
50% homology with the D1 receptor and 80% if only the transmembrane segments
are considered. The human D5 gene has been localized to chromosome 4.
The mRNA for D5 receptor has been localized in hippocampus and thalamus.
D5 receptors appear to interact with G proteins and can stimulate adenylyl cyclase
in transfected cells, with relatively high affinity for DA and D1-selective agonists.

2.1.3.2. D2-LIKE RECEPTORS

D2 receptors are the second most abundant DA receptor subtype, although they
were the first to be cloned. The human D2 gene has been localized to chromosome
11. Human and rat D2 receptor splice variants are generated by alternative splicing,
and vary by the presence or absence of 29-amino acids in the third cytoplasmic
loop. These variants are referred to as long vs short isoforms (D2L vs D2S). Both
isoforms have similar pharmacological profiles and both inhibit adenylyl cyclase
activity. The mRNA for D2 receptor has been localized in basal ganglia, nucleus
accumbens, and olfactory tubercle, followed by substantia nigra and ventral teg-
mental area. D2 receptors are linked to several signal transduction mechanisms.
Additionally to inhibition of cAMP production, D2 receptor stimulation inhibits
phosphoinositide cycle, activates potassium (K+) channels, and potentiates arachi-
donic acid release.

D3 receptors are the first novel DA receptors to be cloned. The human D3 gene
has been localized to chromosome 3, and, like the genes for D2 receptors, D3 mRNA
also occurs in longer and shorter spliced forms. The mRNA for D3 receptor has
been localized in limbic regions including the islands of Calleja, the olfactory
tubercle, and the shell of NAc. It is also found sparingly in some midbrain DA
neurons and in cerebellum. The functional status of D3 receptors remains uncertain
because they have not been linked consistently with effector mechanisms in trans-
fected cell preparations.

D4 receptors are the third members of D2-like receptor family. The human D4
gene has been localized to chromosome 11. In the brain, mRNA for the D4 receptor
is expressed in the hippocampus and frontal cortex. Substantial levels of D4 recep-
tor proteins, but only low levels of their mRNA, are reported to occur in the stria-
tum, suggesting that a portion of D4 receptors reside on terminals of corticostriatal
projections innervating striatum. The human D4 receptor can be transcribed into
different polymorphic variants that differ in the number of repeats of a small,
48-amino acid sequence within the functionally critical third cytoplasmic loop.
There can be 2 to 11 repeats, but 2, 4, or 7 are the most common (D4.2, D4.4, D4.7).
Stimulation of D4 receptors can inhibit adenylyl cyclase activity and activate release
of arachidonic acid in transfected cells.

2.2. Norepinephrine
NE was originally proposed to serve as a neurotransmitter in the peripheral sym-

pathetic nerves. Subsequently, NE was identified as a central neurotransmitter in
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the mammalian brain with specialized cortical executive functions. Disturbances in
NE neurotransmission have been clinically associated with depression, as well
ADHD, schizophrenia, and other disorders of attention and cognition (3).

2.2.1. NE Pathways
The nuclei of origin for the central NE system are in the pons and medulla (4).

These nuclei consist of three main groups:

1. locus coerulus (LC) complex: This is the most prominent NE nucleus. Axons of LC
project to several telencephalic and diencephalic regions, including several areas of
cerebral cortex, hippocampus, amygdala, septum, thalamus, and hypothalamus;

2. lateral tegmental system: Axons of this system project caudally to the spinal cord and
terminate in the intermediolateral cell columns of the thoracic and upper lumbar cord.
The rostral projections of this system make up the ventral NE bundle, which termi-
nates in the hypothalamus and other diencephalic structures; and

3. dorsal medullary group: Fibers of this system project to nucleus of tractus solitarius in
the medulla, dorsal vagal complex, and other primary motor and visceral nuclei of the
cranial nerves. Sympathetic ganglia and chromaffin cells of adrenal medulla represent
major populations of peripheral NE-containing neurons (4).

2.2.2. NE Synthesis and Metabolism
NE is synthesized from DA in a reaction catalyzed by dopamine b-hydroxylase

(DbH) using copper, oxygen and ascorbic acid as cofactors. Because NE and DA
share a similar anabolic pathway, TH is also the rate-limiting enzyme that controls
overall rate of formation of NE. Synthesis of NE can be blocked by TH inhibitors or
by DbH inhibitors, such as FLA63 (3).

NE is stored in membrane-enclosed presynaptic vesicles, and it is released into
the synaptic cleft by Ca2+-mediated exocytosis. It is inactivated by active reuptake
into presynaptic terminals via NE transporters or by degradation. Degradation of
NE starts with either deamination or O-methylation. MAO can catalyze the break-
down of NE into 3,4-dihydroxyphenylglycoaldeshyde (DHPGA), which is further
metabolized into two intermediates 3,4-dihydroxyphenylglycol (DHPG) or 3,4-
dihydroxymandelic acid (DHMA). DHPG and DHMA are further O-methylated
into 3-methoxy-4-hydroxyphenylglycol (MHPG) and vanillymandelic acid , respec-
tively. NE can be metabolized by COMT to give normetanephine, which is later
deaminated to 3-methoxy-4-hydroxyphenylglycolaldehyde (MHPGA). MHPGA is
further broken down by aldehyde dehydrogenase to a major metabolite MHPG (3).

2.2.3. NE Receptor Subtypes
NE receptor proteins are also characterized by having seven relatively hydro-

phobic TMS segments, as well as a functionally critical third intracytoplasmic loop
that couples to G proteins. NE receptors are subdivided into a-adrenergic (a1 and
a2) and b-adrenergic (b1, b2, and b3) subfamilies. Although b-adrenergic receptor
subtypes are expressed at variable levels in different areas of the brain, they appar-
ently do not play a prominent role in the treatment of several neurological and
psychiatric disorders, and consequently, they are not emphasized here (5,6).
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2.2.3.1. a1 RECEPTORS

These receptors are divided into two subtypes: a1A and a1B. a1A receptors are
highly expressed in hippocampus, pons-medulla and spinal cord, whereas a1B

receptors are mainly detected in cerebral cortex, thalamus, hypothalamus, and
cerebellum. Both receptors are equally distributed in the striatum. Both a1A and
a1B receptor activation results in generation of second messengers inositol 1,4,5-
trisphosphate and diacylglycerol and activation of Ca2+ channels.

2.2.3.2. a2 RECEPTORS

a2 receptor family were originally divided into two subtypes (a2A and a2B).
Subsequently, two additional members (a2C and a2D) were included in the family.
Autoradiographic and in situ studies showed that a2A receptors are expressed in
substantial levels in amygdalo–hippocampal area, the central and basolateral nuclei
of the amygdala, and dorsolateral nucleus of the thalamus. The a2A receptor protein
and mRNA are highly expressed in locus coerulus, indicating that this receptor
subtype serves as a somatodendritic autoreceptor in NE neurons. Other a2 recep-
tors are found in dentate gyrus, substantia nigra pars reticulata and hippocampal CA1

region. a2 receptors decrease the activity of adenylyl cyclase, whereas a2 auto-
receptors inhibit the release of NE by increasing K+ conductance which hyper-
polarizes NE neurons (5).

2.3. Serotonin
Serotonin or 5-hydroxytryptamine (5-HT) was initially isolated from chromaf-

fin cells of the intestinal mucosa. Only 1 to 2% of total body 5-HT is found in the
mammalian CNS. Biochemical abnormalities in 5-HT synthesis and degradation
have been linked to various forms of mental illness including bipolar disorder,
depression, obsessive–compulsive disorders, and schizophrenia (3).

2.3.1. 5-HT Pathways
There are nine major groups of 5-HT containing neurons known as B1–B9. These

groups are mainly localized in the raphe nuclei and reticular region of the lower
brain stem. The 5-HT neurons of the brain stem are divided into caudal and rostral
systems. The caudal system consists of B1–B4 groups and projects from median
and paramedian groups of the medulla and caudal pons to the spinal cord. The
rostral 5-HT system comprises the B5–B9 cell groups, and they are associated with
the raphe nuclei of the rostral pons and mesencephalon, as well as the caudal linear
nucleus, the nucleus pontis oralis, and the supralemniscal region (7).

The rostral 5-HT system gives rise to two distinct ascending projections termed
the ventral and dorsal pathways. The ventral ascending pathway originates from
group B6–B8 cells and innervates basal ganglia, limbic system, and cortex. A major
part of the ventral pathway enters the medial forebrain bundle and innervates the
medial habenula, thalamus, and hypothalamus. Other fibers innervate the dorsal
and ventral striatum, amygdala, hippocampus, septal nucleus, olfactory cortex, and
all regions of cerebral cortex. The dorsal ascending pathway originates from group
cells B7 and B8 and innervates mesencephalic gray as well as inferior and superior
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colliculi (7). Two additional 5-HT systems have been identified in the brain.
One system projects to cerebellum and terminates in the cerebellar cortex and deep
cerebellar nuclei, and the other system innervates locus coeruleus, dorsal tegmental
nucleus, nucleus solitarius, reticular formation, and several cranial nerve nuclei.

2.3.2. 5-HT Synthesis and Metabolism
The first step in synthesis of 5-HT is the hydroxylation of the amino acid tryp-

tophan to yield 5-hydroxytryptophan (5-HTP) in a reaction catalyzed by tryptophan
hydroxylase (3). 5-HTP is then converted by AADC to 5-HT. Tryptophan hydroxy-
lase, the rate-limiting enzyme that controls the synthesis of 5-HT, requires molecu-
lar oxygen and BH4 cofactor. It can be activated by phosphorylation, proteolysis
and Ca2+ phospholipids. Once 5-HT is synthesized, it is stored in vesicles and
released into the synaptic cleft by exocytosis. Released 5-HT can be inactivated by
active reuptake into the presynaptic terminals via 5-HT transporters. Excessive
synaptic 5-HT undergoes deamination by monoamine oxidase to yield 5-hydroxy-
indolaldehyde, which is rapidly oxidized by the enzyme aldehyde dehydrogenase
to form 5-hydroxyindolacetic acid , the major metabolite of 5-HT. 5-hydroxy-
indolacetic acid is then transported by an acid transport system out of the brain and
into cerebrospinal fluid (3).

2.3.3. 5-HT Receptors
5-HT receptor family is more heterogenous than DA and NE receptor families as

it includes a large number of members (8). 5-HT receptors are currently classified
as: 5-HT1 subfamily (includes subtypes A, B, D, E, and F), 5-HT2 subfamily
(includes types A, B, and C), and separate 5-HT3, 5-HT4, 5-HT5 (and its subtypes
5-HT5A and 5-HT5B), 5-HT6, and 5-HT7 receptors. There are additional “orphan”
5-HT that are not well characterized (8). All in all, there are probably 18 5-HT
receptor subtypes. With the exception of 5-HT3 receptor, which is a ligand gated
channel, all of the other 5-HT receptor subtypes have the characteristic seven TMS
segments, are coupled to G-proteins and initiate multiple signal transduction mecha-
nisms. 5-HT1A, and 5-HT2A remain the most pharmacologically and functionally
characterized 5-HT receptor subtypes (8).

2.3.3.1. 5-HT1A RECEPTORS

Rat and human 5-HT1A receptors show 99% sequence homology in their seven
TMS domains. They are expressed in high densities in hippocampus, lateral sep-
tum, amygdala, frontal and entorhinal cortices. 5-HT1A receptors are also found in
median and dorsal raphe nuclei indicating a somatodendritic autoreceptor role for
these receptors. 5-HT1A receptor stimulation inhibits cAMP production, decreases
Ca2+ conductance and increases K+ conductance. The development of 5-HT1A

selective agonists (8-OH-DPAT, ipsapirone) and antagonists (SDZ 216-525, WAY-
100135) helped to characterize the behavioral and physiological functions of these
receptors. Administration of 5-HT1A agonists induces hyperphagia, hypothermia
and other behaviors predictive of anxiolytic-like activity. 5-HT1A agonists can also
produce resting tremor, muscular rigidity, lateral head weaving, and excessive sali-
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vation. Recent evidence suggests that 5-HT1A agonism contributes to improved
treatment of schizophrenia and other psychotic disorders (9).

2.3.3.2. 5-HT2A RECEPTORS

5-HT2A receptors are highly expressed in different areas of cerebral cortex, hip-
pocampus, olfactory nuclei, and parts of the basal ganglia. In the frontal cortex, 5-
HT2A receptors are the dominant 5-HT receptor subtype. These receptors mediate
neuroexcitation in cortical pyramidal neurons, raphe cell bodies, and NAc neurons.
Additionally, 5-HT2A receptor activation stimulates phospholipase C leading to the
hydrolysis of phosphatidylinositol and elevation of intracellular Ca2+. The agonist
(a-methyl-serotonin) and the antagonists (ketanserin, ritanserin and LY-53857)
are among the most selective agents in terms of their 5-HT2A receptor affinities. 5-
HT2A receptors exhibit unique regulatory mechanisms to stimulation or block-
age because they are downregulated after repeated treatment with either 5-HT2A

agonists or antagonists.

3. NEUROTRANSMITTER LOCALIZATION
AND VISUALIZATION

Several neurochemical techniques have been discovered and successfully imple-
mented in examining the localization and quantification of different neurotransmit-
ter receptors and their gene expression in CNS. The following section describes
some of the most common of these techniques.

3.1. In Vitro Receptor Autoradiography
Autoradiography is the labeling of different receptors and cellular components

with specific radioactive ligands. This method uses frozen tissue sections that are
sliced in a cryostat and mounted on gelatin-coated slides. Following incubation
with the appropriate radioligand in specific incubating buffers, sections are washed
to remove unbound radioligand, air-dried, and then are placed against radioisotope
sensitive films or dipped in liquid photographic emulsion. After appropriate expo-
sure time, films or emulsions are developed and the generated autoradiograms are
processed for image analysis. Optical densities of brain regions of interest are com-
monly determined using computerized image analysis systems. The amount of
radioactivity can be calculated by using standard precalibrated amounts of radio-
activity that are placed adjacent to tissue sections and exposed identically. A stan-
dard curve generated from optical densities of standards is used to quantify optical
densities produced by radiolabeled tissue (10,11).

Autoradiographic techniques provide an advantage over homogenate binding
because different radioligands can be used to evaluate and compare multiple
receptors in adjacent brain sections generated from the same experimental animal.
This technique has been useful in defining the receptor and transporter targets of
different psychotropic drugs and in studying the effects of surgical and chemical
brain lesions on the expression of selected neurotransmitter receptors and
transporters (10,11).
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3.2. In Vivo Receptor Autoradiography
In this method, the radioligand of choice is injected systemically into a live ani-

mal. The radioligand enters the vascular circulation, crosses blood–brain barrier,
and binds to the receptor of interest (12). The animal is then sacrificed, the brain
is sliced, and radiolabeled brain sections are processed for autoradiography and
image analysis, as described above. Several neurotransmitter receptors including
dopamine receptors have been successfully labeled using in vivo technique. Addi-
tionally, this method provides a means of measuring transmitter levels or receptor
occupancy under controlled experimental conditions. Despite its technical simplic-
ity, the analysis of the results generated from this method is more complex than
that of in vitro autoradiography. Several factors such as blood levels of radioligand,
its metabolism, and biodistribution must be factored in the analysis (12).

3.3. Immunocytochemistry
Immunocytochemistry (ICC) provides information on the location and density

of protein targets of interest using a specific antigen–antibody reaction labeled with
a tag suitable for light or electron microscopy (13). Fluorescein and alkaline phos-
phatase are commonly used for light microscopy detection, whereas ferritin and
colloidal gold are used for electron microscopy detection. There are two types of
antibodies. The first, “polyclonal antibodies” can be produced by injection of anti-
genic substance of choice repeatedly into a host (most often rabbit). However, these
antibodies often lack the high degree of selectivity and they can be heterogenous
from batch to batch. The production of the second type, “monoclonal antibodies,”
overcame most of these shortcomings. In this method, cells from the spleen of the
mouse that have been sensitized to a specific antigen are fused with tumor cells to
produce hybrid cells or “hybridoma.” The antibody-producing cells are isolated,
cloned, and then screened for their antibody characteristics. Only cells with viable
and selective immunoreactivity are maintained and grown in culture medium (14).
The generated antibodies can be directly labeled with a tag and then applied to
tissue section. They can be also applied unlabeled in the form of antiserum to the
tissue to localize the antigen, then the reaction in visualized by a labeled second
antibody that has been prepared to the immunoglobulin of the first antibody
(e.g., fluorescence-labeled goat-antirabbit immunoglobulin G) (13).

Additionally to its ability to map the neuronal localization of neurotransmitter
and neuropeptide receptor proteins and related synthesizing enzymes, ICC can ana-
lyze the effects of psychotropic drugs on neurotransmitter and neuropeptide sys-
tems. ICC can be also employed to localize chemicals in subsets of neurons or
within subcellular structures in a single neuron.

3.4. In Situ Hybridization
In situ hybridization (ISH) is a histochemical technique that detects the location

and levels of mRNA molecules encoding proteins essential to neuron functions
such as enzymes, ion channels, receptors, and peptides (15). ISH can be also used



Neural Principles 13

to quantify psychotropic drug-induced alterations in regional mRNAs expression.
It provides an advantage over other methods of RNA detection, such as Northern
blots, because the morphology and integrity of nucleic acids within nerve cells
remain intact (15).

The ISH method commonly uses fixed tissue slices. First, the sliced fixed tissue
is mounted on gelatin-coated slides. The tissue is then dehydrated, delipidated, and
rehydrated before being covered with hybridization buffer, which contains a probe
for the targeted nucleic acid. The probe can be one of three types: complementary
DNA (cDNA), RNA, or oligonucleotide probes (16). These probes are produced
either by cloning procedures (cDNA and RNA) or manufactured by automated DNA
synthesizers (oligonucleotides). They can be labeled with different isotopes
(32P, 35S, 125I) or a nonradioactive label. The labeled probe is hybridized (typically
overnight), and the tissue is then washed, dehydrated, and dried before being
exposed, together with precalibrated standards to X-ray films. Hybridization signal
is either examined autoradiographically with a computerized image analyzer as
detailed above, or evaluated microscopically after the sections are dipped in photo-
graphic emulsion, exposed, developed, and stained (15,16).

4. BRAIN CIRCUITS AND PATHWAYS

Knowledge of complex maps of neuronal circuits and pathways provides pro-
found insights into how the brain and nervous system function. There is significant
convergence and divergence of circuits and pathways between different brain
regions that ensure efficient flow of neuronal information and its transformation
into motor commands, emotional behaviors, and cognitive functions. In this sec-
tion, we examine the anatomical organization of three functional circuits that
exemplify the sophisticated architecture of the brain.

4.1. Basal Ganglia-Thalamocortical Circuitry
The basal ganglia consist of five interconnected subcortical nuclei that span the

telencephalon, diencephalon, and mid-brain. These nuclei include the caudate puta-
men (CPu), globus pallidus (GP), subthalamic nucleus (STN), substantia nigra pars
compacta, and substantia nigra pars reticulata (SNpr) (17,18). The medium spiny
neurons are the principle neurons in the CPu and contain the inhibitory neu-
rotransmitter g-aminobutyric acid (GABA). The medium spiny neurons receive
the bulk of the incoming excitatory glutamatergic input from the cerebral cortex
and a heavy dopaminergic input from substantia nigra pars compacta. These neu-
rons, which constitute the only striatal output, send their projections via two major
pathways. The direct or striatonigral pathway, in which the striatal neurons project
directly to the SNpr, and the indirect or striatopallidal pathway, in which striatal
neurons project to GP, then to STN and terminate in SNpr (Fig. 2). The two striatal
pathways and projections from the GP to STN are GABAergic in nature. The STN,
which receives an excitatory glutamateric input from the cortex, provides an exci-
tatory output to both GP and SNpr. The SNpr sends GABAergic projections to the
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ventral anterior, ventral lateral, and mediodorsal thalamic nuclei, which in turn pro-
vide an glutamatergic input to the cerebral cortex (Fig. 2). SNpr also provides less
prominent projections to superior colliculus and pedunclopontine nucleus.

The basal ganglia are involved in the programming and initiation of movement,
particularly slow movements, and in motor memory and retrieval. DA plays a com-

Fig. 2. Detailed organization of basal ganglia-thalamocortical circuitry. GABA, g-amino-
butyric acid, inhibitory [–] neurotransmitter; GLU, glutamic acid, excitatory [+] neurotrans-
mitter; GP, globus pallidus; PPN, pedunclopontine nucleus; substantia nigra pars compacta
[SNpc] and substantia nigra pars reticulata [SNpr]; STN, subthalamic nucleus; SC: superior
colliculus (see text for details).
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plex role within the basal ganglia as it appears to have a net excitatory effect on the
direct pathway and an inhibitory effect on the indirect pathway. Therefore, DA can
initiate programmed movement by stimulating the direct pathway, which activates
thalamocortical projections and subsequently motor cortex, or can inhibit pro-
grammed movement by suppressing the activity of the indirect pathway and inhib-
iting activity of thalamocortical projections and their cortical inputs. The relative
and balanced responsiveness of striatonigral and striatopallidal neurons to cortical
glutamatergic input, nigral dopaminergic input, and the orchestrated interaction
between different neurotransmitter receptors in the basal ganglia-thalamocortical
circuitry determine the functional and behavioral outcome of the basal ganglia.
Disorders of the basal ganglia may produce uncontrollable and involuntary
movements as in Huntington’s disease or restricted and rigid movements as in
Parkinson’s disease (19). Additionally, abnormalities in the basal ganglia nuclei
and/or their projecting targets have been linked to schizophrenia and motor
extrapyramidal side effects associated with classical antipsychotic drug treatment (1).

4.2. The Limbic System

The limbic system is the primary circuit of the brain that mediates feelings and
emotionally significant stimuli (20). The original circuitry, proposed by James
Papez and also known as the Papez circuit, is comprised of cingulate gyrus, the
parahippocampal gyrus, and the hippocampal formation, which includes the hip-
pocampus, dentate gyrus, and the subiculum. Papez proposed that the hippocampal
formation processes information from the cingulate gyrus and conveys it to the
mammillary bodies of the hypothalamus via the fornix (the main fiber bundle that
communicates the outflow of hippocampus). In turn, the mammillary bodies of the
hypothalamus provides information to cingulate gyrus via anterior thalamic nuclei
(Fig. 3) (21). In the expanded limbic circuit proposed by Paul MacLean, several
additional brain structures are included such as parts of the hypothalamus, the sep-
tal area, nucleus accumbens, orbitofrontal cortex, and the amygdala (Fig. 3).
The amygdala is composed of many nuclei that are reciprocally connected to the
hypothalamus, hippocampal formation, neocortex and thalamus. More recent clues
indicated that the amygdala is the part of the limbic system being specifically
involved in mediating emotional feelings, whereas the hippocampus, the mammil-
lary bodies, and anterior thalamic nuclei are more involved in cognitive forms of
memory storage (21,22). Maldevelopment of neuronal connectivity between dif-
ferent components of limbic brain structures, and subsequent dysfunction in infor-
mation processing within the limbic system and among closely associated structures
and regions may contribute to the pathophysiology of several neurological and
psychiatric disorders, as detailed in the following chapters.

4.3. The Cortico-Striato-Pallido-Mescencephalic Circuitry

Cortico-striato-pallido-mescencephalic circuitry also mediates cognitive and
affective behaviors. This circuit is implicated in the pathophysiology of schizo-
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phrenia and Parkinson’s disease, and it is modulated by several classes of drugs
used for treatment of different neurological and psychiatric disorders (23).
An important brain region of this circuitry is the medial prefrontal cortex (mPFC),
which can be subdivided into distinct subregions including the medial precentral,
anterior cingulate, prelimbic and infralimbic cortices. These subregions receive
afferents from the mediodorsal thalamic nuclei and basolateral amygdala. All of
these areas receive dopaminergic afferents from the DA neurons in the ventral teg-
mental area (VTA). The mPFC sends projections to nucleus accumbens in addition
to caudate putamen. These projections are topographically organized within the
different subregions and each of these projections has distinct targets in different
parts of striatum.

Fig. 3. Detailed organization of limbic system. Thick lines show original circuit.
Fine lines show expanded circuit. The hippocampal formation includes hippocampus, sub-
iculum and entorhinal cortex. The hippocampal formation projects via fornix to hypotha-
lamic regions and via reciprocal connections to association cortex. Hypothalamic-cortical
projections are indicated. (Diagram modified from ref. 21.)
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The nucleus accumbens integrates information from the mPFC, hippocampus,
and amygdala, before transmitting signals to the hypothalamus and frontal cortex.
The nucleus accumbens is subdivided into two compartments: the core and the shell.
The core and shell receive separate excitatory glutamatergic projections from the
MPC with the core receiving inputs from the anterior cingulate mPFC and the shell
receiving projections from the infralimbic mPFC. The core of the nucleus
accumbens projects to brain regions associated with the basal ganglia (e.g., the
subthalamic nucleus, entopeduncular nucleus, and substantia nigra), although the
shell projects to brain regions more closely involved with the limbic system (e.g., lat-
eral hypothalamus and VTA). The nucleus accumbens also sends inhibitory
GABAergic projections to the ventral pallidum (VP), with the core projecting to
the dorsolateral part of the VP and the shell projecting to the ventromedial part of
VP. The VP in turn sends GABAergic projection to the hypothalamus and VTA.
This circuitry is schematically presented in Fig. 4.

Fig. 4. Detailed organization of cortico-striato-pallido-mescencephalic circuitry.
DL, dorsolateral; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; VM, ventro-
medial; VP: ventral pallidum; VTA, ventral tegmental area (see text for details).
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5. NEUROIMAGING METHODS

The past decade has seen a tremendous increase in utilization of neuroimaging
technology for research into neurological and psychiatric disorders. The most com-
monly used methods are emission tomographic techniques including positron emis-
sion tomography (PET) and single photon emission computed tomography
(SPECT), and magnetic resonance techniques including imaging (MRI), functional
imaging (fMRI), and magnetic resonance spectroscopy (MRS).

Each of these techniques is relatively noninvasive and has a high safety margin
for most patients/research subjects. Each technique also has important advantages
and limitations in terms of sensitivity, spatial or temporal resolution, safety, and
cost. This section briefly describes PET, SPECT, MRI, fMRI, and MRS methods
and applications in neurological and psychiatric diagnosis and research. Although
detailed technical descriptions are beyond the scope of this section, references are
provided that will allow interested readers to learn more about the technical foun-
dations for these methods.

5.1. Emission Tomography
PET and SPECT imaging are routinely used to study brain and other organ sys-

tem blood flow, metabolism (glucose uptake or oxygen utilization), drug pharma-
codynamics, and pharmacokinetics, neurotransmitter synthesis and release, receptor
distribution and density (DA, 5-HT, NE, their transporters, and other receptor
systems), enzyme function, and BBB transport in healthy and diseased patients.
PET and SPECT imaging utilize chemical probes containing radioactive atoms
(radionuclides) to allow detection of these biological phenomena (Table 1). Some
probes are identical to endogenous molecules of biological interest that have had a
radioactive atom (radioisotope) substituted in for a stable (nonradioactive) atom
(e.g., the PET probe [15O]water). Others, such as (18F)fluorodeoxyglucose
([18F]FDG), a glucose analog used to detect glucose uptake into brain and other
tissues, are biologically active molecules with an added radioactive atom that does
not alter biological activity . Some probes are synthetic compounds that have been
developed to study specific phenomena; for example, (99mTc)hexamethylpro-
pyleneamine oxime ([99mTc]HMPAO; a SPECT cerebral blood flow tracer). Radio-
nuclide probes most often are administered intravenously, although other routes
can be used. Once administered, these probes accumulate at sites in the body con-
taining high concentrations of receptors or other types of association sites at which
they have high affinity, or in regions in which blood flow or metabolism are
increased. Their chemical nature determines probe tissue distribution patterns.

The process of radioactive decay generates the signals detected from these
probes. Radioactive atoms are unstable and have a nuclear excess of protons that
decay to form more stable nuclei. The decay process generates photons that can be
detected by PET and SPECT scanners. The decay rate of a radioactive atom is
referred to as its half-life, or the time it takes half the substance to decay to the more
stable, nonradioactive material. Radionuclide half-lives differ substantially (Table 1)
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and range from about 2 minutes (15O) to several days (133Xenon). PET radionuclides
generally have shorter half-lives than SPECT probes and must be generated (by a
cyclotron) in proximity to the PET scanner, so that radiochemistry preparatory steps
occur rapidly and radionuclides can be administered within the first few half lives
after probe generation (e.g., <6 minutes for 15O). Thus, PET probes can be
more difficult to work with than SPECT probes. However, their shorter half-lives
are considered advantageous in studies requiring multiple assessments over short
time frames because some can be administered several times during the course of a
single study. SPECT radionuclides with longer half-lives tend to offer much more
flexibility in terms of preparatory steps and can even be prepared remotely from the
administration site. However, their slower decay rates mean that subjects may
experience higher radiation doses.

Although PET and SPECT radionuclide decays both result in g-ray (photon)
emissions, hence the term “emission” tomography, their decay and detection pro-
cesses differ. PET radionuclide decay involves ejection of a positively charged elec-
tron (positron) from the nucleus. After traveling a short distance, the positron
collides with an electron creating an “annihilation event” that produces two high-
energy photons. These photons travel away from the collision site in the opposite
(antiparallel) direction and are detected by two photon-sensitive crystals placed at
opposite sides of PET camera circular sensor arrays. PET camera detectors are elec-
tronically linked and only register photons activating opposing crystals within a
short time window (on the order of nanoseconds) as reflecting true radionuclide
decay events. This detection scheme is termed “coincidence detection” and it
ensures high sensitivity by reducing the likelihood that noncoincident photons,
which can be generated as a result of random noise, photon scatter, or other events,
contribute to PET images. Photon paths identified as originating from coincident
photons are registered and their summation is used to form multidimensional images
of radionuclide localization. The fact that multiple (as opposed to single) image
planes are acquired and can be used for image construction makes this a tomo-
graphic, as opposed to a planar, imaging technique. Images can be filtered or other-
wise corrected for confounding processes, such as attenuation or scatter, prior to
final image generation.

In SPECT, radionuclide decay occurs when the extra nuclear proton attracts an
orbital electron by a process termed electron capture, to form a metastable nucleus.
This generates energy (80–160 keV) that is emitted in the form of a single g-ray
(photon). SPECT cameras use the collimation (definition: to make straight or paral-
lel) process for image formation. Collimators contain many parallel narrow, chan-
nels that open to crystal photon sensors. Photons traveling parallel paths pass
through the collimator and are registered and treated similarly to those in PET stud-
ies, with similar filtering and reconstruction methods applied to generate SPECT
images. However, because collimators eliminate signals from photons traveling
nonparallel paths, some photons are unregistered and their signal is lost. Another
source of signal loss in SPECT occurs when photons originally maintaining trajec-
tories parallel to collimator holes are diverted by interactions with soft tissue
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components. These “scattered” photons are excluded from image formation. The inverse
problem also occurs when photons originally traveling in nonparallel paths are
diverted into parallel paths to provide incorrect image localization information.
Photon energy levels are substantially lower for SPECT (80–160 keV) than for
PET radionuclides (511 keV), and SPECT photons can undergo more attenuation
as they pass through tissues (via absorption or scattering) than PET radionuclides,
further lowering SPECT image generation efficiency vs PET. Thus, SPECT is a
less efficient image generation technique and tends to have lower spatial resolution
and than PET. However, SPECT radionuclides have longer half-lives than PET
radionuclides and thus can be handled more easily and synthesized remotely from
the study site. Furthermore, SPECT typically costs less than half of PET. These
advantages in part account for SPECT’s widespread use.

Although both PET and SPECT are highly sensitive for detecting low concen-
trations of radionuclide-labeled probes (subnanomolar concentrations), this sensi-
tivity requires sampling times on the order of multiple seconds to minutes, so that
sufficient quantities of radioactive decays can occur and photon counts be accumu-
lated for image formation. Although this temporal resolution is more than adequate
to study many physiological processes, it presents some limitations in studies of
processes that occur at rates on the order of one to several seconds. Additionally,
neither PET nor SPECT produce high-resolution anatomical images of tissues under
study. Their spatial resolution, on the order of millimeters, is adequate for many
purposes, though some applications require image coregistration with high-reso-
lution anatomical images (e.g., computed axial tomography [CT], or MRI) to pre-
cisely determine radionuclide localization. The image coregistration process
itself has limitations and thus the spatial resolution of anatomically coregistered
PET/SPECT images can approach but not equal that afforded by CT or MRI (24–26).

5.2. Magnetic Resonance

MRI, formerly referred to by the acronym NMR (nuclear magnetic resonance),
is actually a family of techniques whose signals are generated as a consequence of
several fundamental phenomena that when linked, permit structural imaging,
fMRI, and chemical imaging (also known as MRS). The nuclear part of NMR
refers to the fact that the technique is limited to molecules containing atoms with
odd numbers of protons and/or neutrons, which possess net nuclear magnetic
moments. MR-detectible atoms include hydrogen (1H–protons and 2H–deuterium),
helium (3He), lithium (7Li), carbon (13C), oxygen (17O), fluorine (19F), sodium
(23Na), phosphorus (31P), and potassium (39K). Thus, most atoms present in mol-
ecules of biological interest can be visualized with MR techniques. Moreover,
all of these atoms are stable, nonradioactive isotopes, so, as noted above, MR stud-
ies are conducted without exposure to ionizing radiation. Thus, MRI techniques are
inherently safer than those utilizing ionizing radiation (e.g., PET, SPECT, and
CT imaging). This difference is especially important in repeated measures studies
requiring multiple image acquisition sessions.
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The magnetic part of NMR refers to the fact that when MR-visible atoms are
placed in strong magnetic fields, their molecular spins become quantized into higher
and lower energy states, oriented antiparallel and parallel to the main magnetic
field (Bo), respectively. These spins behave like small gyroscopes and rotate around
the Bo axis. As Bo increases, the energy difference between higher and lower spin
states (determined by the Boltzmann constant) increases such that at sufficiently
large Bo, a few excess spins drop down into the lower energy state and become
unpaired. These unpaired spins serve as tracers for the rest of the paired (MR-invis-
ible) spins in the substance of interest. For hydrogen atoms (1H, protons) studied at
1.5 Tesla (1.5 T, equivalent to about 30,000 times the earth’s magnetic field at
Asian, European, and North American latitudes), roughly 10 out of every 1 million
protons have unpaired spins in the lower energy state and are observable in MR
studies. This is the reason that MR techniques are relatively insensitive (can detect
micromolar or higher concentrations) when compared to PET or SPECT imaging.

In MR studies, once tracer spins have been generated by placing an object into a
large magnetic field, a radiofrequency (RF) pulse at the resonance (larmor) fre-
quency (determined by the nucleus under study and the field strength of the mag-
net, e.g., 63.87 MHz for protons at 1.5 T) is broadcast into the object. This is the
resonance part of NMR. Tracer protons spinning at the resonance frequency absorb
RF pulse energy and are boosted to the higher energy spin orientation (antiparallel
to Bo). After the RF pulse is turned off, tracer spins begin relaxing back to the lower
energy state, shedding their excess energy by resonating RF signals at the larmor
frequency. Thus, MR can in some ways, like PET and SPECT, be considered an
emission technique. Each MR-visible atom spins at a different resonance frequency
at a given magnetic field strength, making it possible to selectively detect sub-
stances containing any MR-visible atom by choosing the resonance frequency at
which to broadcast and absorb RF energy.

During relaxation, tracer spins rotate around the main magnetic field axis and
their emitted energy is detected with highly sensitive antennas (e.g., volume, sur-
face, or phased array coils) tuned to the larmor frequency. These antennas detect
two different types of relaxation behaviors, longitudinal relaxation, also known as
spin-lattice or T1 relaxation, and transverse relaxation, also known as spin–spin or
T2 relaxation. Longitudinal relaxation is the process by which higher energy state
tracer spins release their absorbed energy to the environment as they return to the
lower energy state. Transverse relaxation is the process by which higher energy
state tracer spins exchange energy with other local spins either within the same
molecule or with other molecules in the object, as the entire spin ensemble comes
to equilibrium. The parameters T1 and T2 reflect the times it takes half of the excited
spins to return to equilibrium either with the main magnetic field (Bo) or with other
spins in the object of interest, respectively, and T2 generally is much shorter than
T1. MRI measures water relaxation behavior (T1 and T2) that is modulated in
complex ways by its interactions with proteins and lipids in brain or other tissues.
By timing image acquisitions to more heavily represent T1 or T2 behavior or their
combination, one can acquire “T1-weighted,” “T2-weighted,” or “proton density”
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images, respectively. These image types offer different forms of tissue contrast.
For example, in T1-weighted images (used to study normal anatomy), gray matter
looks gray and white matter looks white, whereas in T2-weighted images (used to
assess brain pathology), abnormal tissue is highlighted as bright or white. By manipu-
lating image acquisition timing and thus T1 and T2 contrast, it is possible to study
brain structure (and function) with many image contrast variations.

5.3. fMRI Techniques

5.3.1. Blood Oxygen Level-Dependent (BOLD) fMRI Technique
Perhaps the most well-known fMRI technique used in studies of neurological

and psychiatric disorders is called BOLD fMRI. This technique is, as its acronym
suggests, sensitive to changes in brain oxygenation that occur in response to focal
activations associated with sensations, movements, thoughts, or their combinations.
When brain is activated, local metabolism and blood flow increase to provide extra
oxygen and glucose. However, by design, more oxygen is delivered than required
to support increased metabolic demand, and this leads to oxygen oversupply and a
net reduction in content of the endogenous MR contrast agent, deoxyhemoglobin
(deOHb). Because the iron atom at the active site of deOHb (unbound to oxygen) is
paramagnetic and distorts local magnetic fields (changing water T1 and T2), a reduced
deOHb content improves local magnetic field homogeneity and increases image
intensity. BOLD images obtained during activation are subtracted from baseline
images, revealing areas of deOHb washout, which appear bright. BOLD imaging
can be conducted at high speeds (~1 second) permitting dynamic studies of brain
function. This speed, combined with the fact that BOLD data can be overlaid on
sequentially acquired high resolution anatomical (MRI) images, makes fMRI opti-
mal for localization studies of brain function.

However, although BOLD is extremely fast, versatile, and popular, the BOLD
signal response is a complex and convoluted measurement of dynamic blood flow,
volume, and oxygenation changes (27), and it is difficult to determine absolute
changes in any of these parameters with BOLD fMRI. Additionally, at conven-
tional magnetic field strengths (~1.5 T), BOLD acquisition parameters strongly
influence whether fMRI signals reflect intravascular events in large vessels (some-
what remote from activated neurons, typical of gradient echo acquisitions) or in
small vessels (closer to the site of neuronal activation, typical of spin echo acqui-
sitions). However, as magnet field strength increases, BOLD measurements tend to
reflect extravascular events occurring within tissues. This fact, along with improved
temporal and spatial resolution that can be obtained with stronger magnets, has
driven an instrumentation trend toward the development of high field MRI scan-
ners (>3.0 T). An excellent discussion of advantages and disadvantages of higher
magnetic field strength scanning is presented by Kim and Garwood (28).

In addition to BOLD contrast, other contrast mechanisms are used in fMRI stud-
ies. Some studies involve intravenous administration of contrast agents containing
a chelated form of the lanthanide metal gadolinium, which is strongly paramag-
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netic and potently increases water T1 and T2 relaxation and alters image intensity.
These agents are used clinically to determine blood brain barrier patency, but also
can be infused dynamically to determine cerebral blood volume (CBV) and its
responses to drugs or other challenges. Newer contrast agents containing novel para-
magnetic atoms or particles (e.g., superparamagnetic iron oxide particles) also are
under development. Additionally, “smart contrast agents” containing molecular
structures that respond to specific biological processes are being developed (29).

5.3.2. Arterial Spin Labeling (ASL) fMRI Technique
Active manipulation of the magnetization and relaxation properties of water

flowing through blood vessels is the basis for the ASL fMRI technique, which gen-
erates images of blood flowing through vessels (30). With this technique, the mag-
netization of blood water is altered by scan pulses and the resultant image is
subtracted from a normal image taken from the same plane, revealing a blood flow
image. This method is used to study brain blood flow abnormalities in many disor-
ders and can be used dynamically to quantitatively assess blood flow responses to
functional or chemical challenges.

5.3.3. Diffusion Tensor Imaging (DTI) Technique
Another scan type that is being used increasingly to identify and characterize

white matter integrity and connectivity is DTI, which is a complex variant of diffu-
sion weighted imaging. DTI applies multiple gradients over time to alter water
magnetization in six or more directions, to identify three-dimensional water diffu-
sion patterns. Water tends to diffuse more readily outside of or along neuronal or
glial membranes (as opposed to within or across those membranes). As diffusion
coherence, or anisotropy, increases, so does the DTI signal. The DTI signal is high-
est in white matter areas containing myelinated axons that form tightly packed water
diffusion channels, through which water tends to diffuse unidirectionally. The tech-
nique is very sensitive to white matter disruption or damage, which reduces diffu-
sion anisotropy and DTI signal.

5.4. Chemical Spectroscopy Techniques

5.4.1. Proton Spectroscopy
A chemical form of imaging, known as proton (1H) spectroscopy (1H MRS), is

now widely used to study neurological and psychiatric disorders. Proton MRS stud-
ies (as well as MRS studies of other MR-visible nuclei including phosphorus, car-
bon, and so on) (Table 1) produce spectra containing several types of information
including chemical environment (chemical shift and peak splitting) and concen-
tration (peak amplitude) measures. MRS studies can acquire spectra from single
brain cubes (voxels) and also can simultaneously acquire data from planar arrays of
voxels using a technique called chemical shift imaging, which like imaging, applies
combinations of gradients to localize spectral data from multiple voxels in two or
three dimensions. The chemical shift (horizontal part of the spectrum at which a
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chemical peak occurs) of any particular functional group (e.g., methyl-, methylene,
or hydroxyl-) is determined by the magnetic field experienced by the hydrogen
nucleus when it is in a large magnetic field. Electron-donating and -withdrawing
groups produce more negatively and positively charged nuclei, respectively, and
differentially alter chemical shift. Additionally, the hydrogen atoms attached to
adjacent carbon atoms can magnetically couple with each other to induce peak split-
ting patterns in proton spectra.

In proton spectra, metabolites easily visualized include N-acetylaspartate
(a marker for neuronal viability and perhaps mitochondrial function), choline-con-
taining compounds (membrane phospholipids and other constituents), and a peak
combining creatine and phosphocreatine (the latter of which is the high energy
phosphorus storage form). Proton MRS also can be used to detect the main inhibi-
tory and excitatory neurotransmitters GABA and glutamate. However, glutamate is
both a neurotransmitter and an energy intermediate, and the neurotransmitter com-
ponent is best assessed indirectly by measuring glutamine (the catabolite of
glutamate neurotransmission, which is shuttled from glial to neuronal cells for
resynthesis into neurotransmitter glutamate). MRS studies are the least sensitive of
the techniques discussed in this chapter; sample volumes must be large (>1 cm3)
and sampling times are long (multiple minutes). Despite its limitations, the ability
to acquire chemical information noninvasively makes MRS quite attractive for use
in psychiatric and other types of brain research.

5.4.2. Other Forms of Chemical Spectroscopy

Other MRS forms also provide meaningful information on brain chemistry
and metabolism, and can be used to quantify brain levels of therapeutic drugs
(Table 1). For example, phosphorus spectroscopy (31P MRS) detects both high-
energy phosphate intermediates phosphocreatine and adenosine triphosphate
(ATP), and can also be used to determine tissue pH and magnesium concentra-
tion. Fluorine spectroscopy (19F MRS) can be used to detect the antidepressant
fluoxetine in brain or other tissues, as well as other therapeutic compounds con-
taining fluorine atoms. Lithium (7Li) MRS has been used to determine brain
lithium concentrations during therapeutic administration. Carbon spectroscopy
(13C MRS) can be used to detect signals from molecules involved in tissue
metabolism including glucose, the neurotransmitters GABA and glutamate, as
well as intermediary metabolism. Unfortunately, 31P and 13C MRS signals are
only about 6 and 2% as strong, as the proton MRS signal, respectively. Thus, 31P and
13C MRS are even more limited in terms of spatial and temporal resolution than
proton MRS. This has limited their use in psychiatric research to date. However,
as noted previously, the MR sensitivity problem can be overcome in part by
increasing magnet field strength. For further review of the advantages and disad-
vantages of higher strength magnets on MRS applications and for additional
details on MR imaging methods and applications see Kim and Garwood (28) and
Renshaw and colleagues (31).
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6. CONCLUSION
Principles of neural sciences represent a merger of molecular biology, neuro-

chemistry, neuroanatomy, neurophysiology and embryology. Proper study of neu-
rological and psychiatric disorders begins with the study of the brain. Understanding
neuron–neuron communications and synaptic neurotransmission is necessary for
considering how disruption of neural functions leads to brain disorders. Clinical
treatment of these disorders has been greatly strengthened by novel insights into
cellular neurobiology of neurons. Advanced neuroimaging techniques helped to
identify brain regions and neural pathways that mediate normal emotional, cogni-
tive, motivated, and motor behaviors, which are typically disturbed, at least in part,
in patients diagnosed with neurological or psychiatric disorders.
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Summary
The pharmacotherapeutic management of neurological and psychiatric disorders relies

primarily on the modulation of central nervous system (CNS) neurotransmission with drugs
that intervene at chemical synapses. The receptors, transporters, and enzymes for the dopam-
inergic, serotonergic, and noradrenergic systems are the most common neuropsychiatric
drug targets, because these neurotransmitter systems play a central role in the regulation of
a range of cognitive and motor behaviors. The key to understanding or anticipating the
clinical profile (dose–effect) of a particular drug is to have an appreciation for both its
pharmacodynamic and pharmacokinetic properties.

Key Words: Psychiatric; neuroscience; pharmacology; pharmacodynamics; pharmacokinet-
ics; synapse; G protein-coupled receptors; dose–effect; theory; disorder; neurotransmission.

1. INTRODUCTION
The appropriate, effective, and safe utilization of drugs in the treatment of dis-

ease requires a basic understanding of the dose–effect relationships of medications.
Relating dose to effect requires a combined appreciation of pharmacodynamic
concentration–effect relationships, or what drugs do to the body, and of pharmaco-
kinetic dose–concentration relationships, or what the body does to or with drugs.
For this reason, considerable attention is devoted to both the pharmacodynamic and
pharmacokinetic aspects of drug therapies. The aim of this chapter is to provide a
theoretical rationale that is necessary for appropriately interpreting the results of
basic and clinical neuropharmacology studies and for understanding many of the
drug treatment strategies commonly encountered in clinical neurology and
psychiatry.

Approximately one-fourth of all drugs prescribed worldwide exert their thera-
peutic actions on CNS targets. Of the top five selling drugs in this category, three
are antidepressants and two are atypical antipsychotics (1). The relative success of
pharmacological intervention is highlighted further when one considers that these
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drugs are treating an estimated 7–15% of the population who suffer from one or
more of the neurological or psychiatric disorders discussed in this book. Currently,
the biogenic amine neurotransmitter systems, and in particular dopaminergic,
serotonergic, and noradrenergic receptors, transporters, and metabolic enzymes,
cover the vast majority of neuropsychiatric drug targets. The reason for this is that
the biogenic amine systems are key modulators of neuronal excitability, and the
molecular components of these systems are located at chemical synapses, which
are sites that are accessible to intervention by drugs.

2. THE CHEMICAL SYNAPSE
AS THE MAIN SITE OF DRUG INTERVENTION

Therapeutic approaches to modulating neuronal excitability at chemical synapses
can be categorized as presynaptic and postsynaptic. Presynaptic strategies involve
altering the levels of neurotransmitter in the synaptic cleft. This can be achieved by
changing the amount of endogenous neurotransmitter released or available for
release into the synaptic cleft, or by altering the amount of neurotransmitter taken
back up (reuptake) into the presynaptic terminal. The dopaminergic synapse can be
used as a specific example to illustrate these points (Fig. 1). For example, monoam-
ine oxidase B inhibitors, such as selegiline, block dopamine (DA) degradation,
which makes more DA available for release. Inhibitors of DA synthesis, such as
a-methylparatyrosine, reduce the amount of DA available for release. Drugs like
reserpine and tetrabenazine decrease vesicular-mediated release by blocking
vesicular monoamine transporters, which prevents the storage of neurotransmitter
into synaptic vesicles. Inhibitors of plasmalemmal DA transporters, such as
buproprion or cocaine, block the reuptake of DA from the synapse, and thereby,
keep levels of DA in the synaptic cleft high. Certain drugs, like the psychostimulant
amphetamine, cause nonvesicular DA release by running the DA transporter in
reverse. In some cases, receptors are located on presynaptic terminals that bind the
neurotransmitter being released, e.g., a DA receptor located on a presynaptic
dopaminergic terminal. When these so-called autoreceptors are stimulated they
attenuate, and when blocked they facilitate, subsequent rounds of neurotransmitter
release.

In contrast to presynaptic strategies, which alter the levels of endogenous neu-
rotransmitter in the synaptic cleft, postsynaptic strategies modulate neurotransmis-
sion with chemical agents that act directly on postsynaptic receptors. For example,

Fig. 1. (opposite page) Schematic of a chemical synapse. The dopaminergic synapse is
shown to illustrate the common points of drug intervention, which include presynaptic
effects on dopamine synthesis, storage in synaptic vesicles, release and reuptake, and
postsynaptic effects on postsynaptic dopamine receptors. Degradation is depicted as occur-
ring at both presynaptic and postsynaptic sites, which reflects the different locations of the
different metabolic enzymes (e.g., monoamine oxidases and catechol-O-methyltransferase
[2,3]). See color insert preceding p. 51. (Copyright John A. Schetz, 2003.)
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agonists, such as DA or the antiparkinsonian drug pergolide, directly activate DA
receptors, whereas neuroleptic drugs like thioridazine and haloperidol block DA
receptor activation.

3. CLASSIFICATION OF DRUGS ON THE BASIS
OF THE RESPONSES THEY PRODUCE ON THEIR RECEPTORS

When a drug reversibly binds to the orthosteric (primary) site on its receptor one
of four outcomes are to be expected: the receptor becomes activated, the receptor
becomes partly activated, the receptor becomes inactivated, or the receptor is unable
to be activated. Consequently, drugs are generally classified based on their actions.
A drug is an agonist if it fully activates receptors, a partial agonist if it partly acti-
vates receptors, an inverse agonist if it inactivates receptors (and prevents them
from being activated), or an antagonist if it only prevents receptors from being
activated. For instance, the endogenous neurotransmitter DA is an (full) agonist of
DA receptors, and the antiparkinsonian drug bromocriptine is a partial agonist at
D2 receptors. Antipsychotics like haloperidol and clozapine may be inverse ago-
nists of D2 DA receptors (4,5), whereas L-741,626 is an (neutral) antagonist.

Receptor activation is a thermodynamic process, whereby agonist binding
induces a conformational change in the receptor and converts it from the inacti-
vated state (agonist low-affinity binding state) to the activated state (agonist high-
affinity binding state). Typically, neutral antagonist binding is indifferent to the
conformational (affinity) state of its receptor, because it must only occupy the
orthosteric site rather than occupy and then induce a change in it. However, an
inverse agonist is a special type of antagonist in that when it binds to a receptor in
the activated state it converts it to the inactivated state. For this reason, inverse
agonists reduce the basal levels of constitutive receptor activity, which corresponds
to the (typically small) proportion of receptors that are in the activated state in the
absence of agonist. Such distinctions in the molecular mechanisms of action of
antipsychotic drugs that act on D2-like dopamine and 5-hydroxytryptamine (5-HT)2-
like serotonin receptors may be critical to understanding their unique therapeutic
profiles (4,6).

Although most drugs bind directly to the orthosteric site of the receptor, other
drugs bind at another (secondary) receptor site, called an allosteric site. Ligands
that bind to the allosteric site are known as allosteric modulators, because they
indirectly modulate the binding of primary ligands to the orthosteric site by
remotely altering the orthosteric-binding site. The modulation is said to be positive
if the modulator facilitates a primary ligand’s interaction with the primary site or
negative if the modulator attenuates its interaction with the primary site. The extent
to which the allosteric site and the orthosteric site are coupled, or their cooperativity,
can be weak or strong. Noncompetitive interactions, which result in a complete
occlusion of the orthosteric site leading only to a decrease in the maximum density
of sites with no change in affinity, are also allosteric in nature but they are a special
case of neutral cooperativity. Within the DA receptor family, for example, a diverse
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range of allosteric mechanisms and corresponding allosteric sites exist for modu-
lating the effects of endogenous and therapeutic agents (7). For example, the
endogenous tripeptide proline–leucine–glycine (PLG) is a positively cooperative
allosteric modulator of agonist binding to D2 DA receptors. Sodium ions are nega-
tively cooperative allosteric modulators of agonist binding to D2 DA receptors, and
zinc ions are neutrally cooperative allosteric modulators of antagonist binding to
D4 DA receptors.

4. PHARMACODYNAMICS OF PHARMACOTHERAPIES

Chemical agents that have therapeutic actions are referred to as drugs. The term
pharmacodynamics describes what drugs do to the body. Most drugs exert their
actions on the body by interacting with specific sites called receptors. Consequently,
pharmacodynamics deals with the interactions of drugs with their receptor sites.
The most critical drug–receptor properties concern the strength of their attraction
(binding affinity) and functional effects (potency) expressed in units of drug con-
centration, and the quantity of receptor in the target tissue (receptor density) or the
maximal extent of a receptor’s functional effect (efficacy). The density of receptor
sites is typically expressed as moles receptor per amount of tissue, whereas the
maximal functional effect, which relies in part on receptor density, is usually
expressed as receptor activity per unit amount of tissue. The functional activity of a
receptor can be measured by a variety of endpoints, ranging from changes in bio-
chemical markers to behaviors.

Two coupled events occur when a drug interacts with its receptor. First the drug
binds to its receptor, and second it mediates some functional effect that is trans-
duced by the receptor. Although drug binding and receptor activation are coupled,
they are mechanistically distinct molecular processes under the control of unique
receptor microdomains and they can be influenced by different factors. Conse-
quently, there may not be a direct one to one correspondence linking one process to
the other.

4.1. Determination of Drug Affinity and Maximal Receptor Density:
Ligand–Receptor Binding Interactions

The reversible (noncovalent) binding of a ligand with its receptor is a dynamic
process, which is usually studied in one of two ways. The first way is to measure the
kinetics of binding—the rate of approach to or departure from the equilibrium condi-
tion. The second way is to measure the free energy forces of binding under the equi-
librium condition. It is helpful to review the general principles of receptor binding
theory, in order to know what sorts of experiments to perform to extract kinetic and
equilibrium properties of ligand–receptor binding interactions, and additionally, to
know how to interpret the meaning of such properties in the context of drug therapies.

The theoretical construct that allows one to extract the properties that describe
both kinetic and equilibrium types of ligand binding processes and the relationship
between them is referred to as the mass action law. This law assumes that a ligand
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reversibly binds to a single homogenous population of receptor sites. Because the
law is restricted to reversible reactions, which are those that can attain an equilib-
rium condition, the ligand–receptor interaction can be modeled as an equilibrium
reaction. As with all equilibrium reactions, when equilibrium is achieved the rate of
the forward and reverse reactions are equal; at equilibrium, the rate of ligand–
receptor association equals the rate of ligand–receptor dissociation as shown
in Eq. 1.

Rate of association (forward reaction) = Rate of dissociation (reverse reaction) (1)

The rates at equilibrium can be expressed mathematically in terms of reactants
and products as shown in Eqs. 2 and 3.

Rate of association = [LIGAND][RECEPTOR]kon (2)

Rate of dissociation = [LIGAND·RECEPTOR]koff (3)

in which
[LIGAND] is the ligand concentration expressed in units of Molarity (i.e., moles/liter)
[RECEPTOR] is the total receptor concentration expressed in units of Molarity
[LIGAND·RECEPTOR] is the ligand–receptor complex expressed in units of

Molarity
kon is the association rate constant for the binding of a ligand with its receptor

expressed in units of (s-1 M-1)
koff is the dissociation rate constant for the separation of ligand from its receptor

expressed in units of s-1

A mathematical model of receptor occupancy can thus be formulated from the
theoretical expectation at equilibrium by substitution of the equalities in Eqs. 2 and
3 for those in Eq. 1 to yield Eq. 4.

[LIGAND][RECEPTOR] kon = [LIGAND·RECEPTOR] koff (4)

Equation 4 can be rearranged such that all the concentration variables occur on
one side of the equation and all rate constants occur on the other side as shown in
Eq. 5. The ratio of the reactants (ligand and receptor) to products (ligand–receptor
complex) thus equals the ratio of the rate of complex dissociation over the rate of
reactant association.

([LIGAND][RECEPTOR])/[LIGAND·RECEPTOR] = koff/kon = KD (5)

These ratios are also equal to the equilibrium dissociation constant (KD), which
represents the concentration of ligand required to occupy half of the total number of
receptors. The units of KD are Molarity. A series of substitutions and algebraic
manipulations to Eq. 5 (8) puts it in the general form of a rectangular hyperbola
(Eq. 6) to yield Eq. 7.

y = ax/(b+x) (6)

[LIGAND·RECEPTOR] = ([RECEPTOR][LIGAND])/(KD + [LIGAND]) (7)
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Separation of the dependent and independent variables allows for the graphing
of the data and the extraction of the receptor-binding properties for a ligand that are
the constants in the square hyperbola equation (e.g., a = [RECEPTOR] and b = KD).
In the laboratory, the amount of ligand that is specifically bound to its receptor
([LIGAND·RECEPTOR]) is measured as a function of various ligand concentra-
tions ([LIGAND]), and then the [RECEPTOR] and KD are solved for graphically
(by applying a square hyperbolic math function). A common practice is to intro-
duce a radioactive atom into the ligand (so that it can be detected), incubate various
concentrations of this radiolabeled ligand in a solution containing a fixed amount
of its receptor until equilibrium is reached, and then rapidly separate (so as not to
disrupt the equilibrium condition) the radioligand bound to the receptor ([LIGAND·
RECEPTOR]) from the unbound radioligand in solution ([LIGAND]). The radio-
activity of the receptor-bound and (unbound) free radioligand is then quantified in
a radioactivity counter. The resulting data obtained for such a saturation isotherm
type of binding experiment is depicted in Fig. 2.

As can be seen from Eq. 5, the equilibrium dissociation constant can also be
calculated by measuring the kinetic rates of ligand association and dissociation from
its receptor as the binding reaction proceeds toward or away from the equilibrium
condition. This can be accomplished by measuring the amount of radioligand bound
to its receptor as a function of time. Kinetic determinations of KD require two sepa-
rate experiments (association and dissociation rates) for each KD determination and
provide no information on receptor density. Therefore, they are usually not the
method of choice for determining equilibrium dissociation constant values.

Fig. 2. Example of saturation isotherm data for [3H]mesurguline equilibrium binding to
cloned human serotonin 5-HT2C receptor expressed in COS-7 cells. A saturation isotherm
experiment is conducted by keeping all conditions fixed while varying the concentration of
radioligand. The KD = 0.24 nM and Bmax = 0.5 pmoles/mg protein. (Copyright John A.
Schetz, 2003.)
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Although saturation isotherms have the advantage that they are direct measures
of affinity (KD) and receptor density (Bmax), relatively few radiolabeled ligands are
available, and consequently the binding affinity for most ligands must be deter-
mined indirectly. The inhibition constant (Ki) is an indirect measure of a ligand’s
affinity for its receptor that is numerically equivalent to the equilibrium dissocia-
tion constant (Ki = KD). In contrast to saturation isotherm experiments, in which the
only ligand present is the radioligand, an inhibition type equilibrium binding
experiment examines the ability of a nonisotopic ligand to compete with the
radioligand for binding to the receptor site. The inhibition binding experiment is
performed with a fixed concentration of radioligand and receptor vs increasing con-
centrations of competing ligand. An inhibition affinity constant for the nonisotopic
ligand is derived from its IC50, which is the concentration of nonisotopic (cold)
ligand required to displace half of the total amount of radioligand bound to the
receptor (Fig. 3). The semilog dose–response curves for competition experiments
take on a sigmoidal appearance. The relative IC50 value extracted from the sigmoi-
dal dose–response curve is then converted, by applying the Cheng-Prusoff transfor-
mation (9), to an absolute affinity value (Ki) that is independent of radioligand
affinity and concentration. The competitive form of the Cheng-Prusoff equation
(Eq. 8) is a measure of receptor occupancy at equilibrium that obeys the law of

Fig. 3. Example of competition binding data for raclopride displacement of [3H]methyl-
spiperone from cloned rat dopamine D2 and D4 receptors expressed in COS-7 cells.
The IC50 is the concentration of competing ligand, which is needed to displace half of the
radioligand occupying the receptors. Note that IC50 values are relative measures that are
dependent on the concentration of radioligand employed in the experiment. In order to con-
vert IC50 values to a concentration-independent equilibrium binding constant (Ki) a correc-
tion factor called the Cheng-Prusoff equation must be applied (9). (Copyright John A.
Schetz, 2003.)
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mass action, i.e., it assumes that the nonisotopic ligand binds the same receptor in
the same manner as the radioligand—a perfectly competitive inhibition at a single
homogenous population of receptor sites.

Ki = IC50/(1 + ([RADIOLIGAND]/KD)) (8)

The KD value in Eq. 8 corresponds to the affinity of the radioligand and the
Ki value corresponds to the affinity of the competing ligand.

If the interaction is truly competitive then the linear part of the sigmoidal inhibi-
tion curve will have a negative slope equal to unity (pseudo Hill slope = 1). More
shallow slopes can indicate more than one type of receptor, more than one affinity
state for a single receptor or a negatively cooperative allosteric interaction.
Steeper slopes indicate a positively cooperative allosteric interaction. For example,
agonists can bind different conformational states of the receptor (e.g., high- and
low-affinity states) with different affinities, and in these cases, the apparent slope
will be shallow. When the slope is different from unity the assumptions of the law
of mass action are violated and a true Ki value cannot be determined. In practice
many ligand–receptor interactions are not perfectly competitive, which is some-
times indicated by reporting a relative inhibition constant (K0.5). If the difference
between high- and low-affinity states are large enough (e.g., approx 100-fold) the
binding curve will be clearly biphasic, and in these cases, the binding interaction
can be described with a two-state model. A simple competitive binding model is
usually not appropriate for determining the equilibrium dissociation constants for
allosteric modulators, because they are by definition not acting at the same site on
the receptor as the primary ligand-binding site. Instead Schild-type null pharmaco-
logical methods (10) or complex kinetic methods (11) must be used, in order to
assign an equilibrium dissociation constant that accurately reflects the binding
interaction of the allosteric modulator with its allosteric receptor site.

4.2. Determination of Ligand Potency and Efficacy:
Ligand–Receptor Functional Interactions

Although the description of the binding of a ligand to a receptor provides infor-
mation about the affinity of the ligand for its receptor, it lacks information about
what sort of response the ligand induces in the receptor once it is bound. In order to
accommodate a response component, additional terms, which describe factors that
affect the functional response can be incorporated into the framework of the recep-
tor occupancy model outlined above. For example, the Ariens equation (12)
expresses receptor activity as a fraction, Afraction, of the maximal activity, Amax, and
equates this activity ratio to the fraction of ligand–receptor complex ([LIGAND·
RECEPTOR]) and the total amount of receptors ([RECEPTOR]) as shown in Eq. 9.

Afraction/Amax = (a[LIGAND·RECEPTOR])/[RECEPTOR] (9)

The term a is a proportionality factor that is an expression of the efficiency of
the coupling of the binding of the ligand with its receptor to its subsequent activation
of a receptor response. This efficiency of coupling term is an acknowledgment that
some agonists, known as partial agonists, promote less than the optimal coupling
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that is required to produce a full response. Consequently, even at maximal receptor
occupancy the maximal response for a partial agonist will be less than for a full
agonist. In other words, the amount of receptor occupancy is not directly propor-
tional to the relative amount of response if the ligand is not a full agonist. The
quantity a thus represents the intrinsic activity of a ligand, which is generally
defined as equal to one for the endogenous agonist, 0 for an antagonist, and in
between 0 and 1 for a partial agonist. Because the endogenous agonist is assumed
to be a full agonist, xenobiotic agonists that produce a greater maximal response
than the endogenous agonist can have an efficacy greater than unity.

Inverse agonists are a special case of negative efficacy. The negative value is
owing to the fact that low levels of receptor can, under normal circumstances,
assume the activated state in the absence of agonist. This basal agonist-independent
activated state is known as constitutive activity. The concept of negative efficacy
is a result of defining the basal state (agonist-independent activity) as the 0 or
baseline value for agonist-stimulated activity. Because inverse agonists bind to the
activated (high-affinity) state of the unoccupied receptor and convert it to the inac-
tivated (low-affinity) state, they inhibit basal activity and are said to possess nega-
tive efficacy. In contrast to an inverse agonist, an antagonist has no effect on basal
activity and because it also is incapable of stimulating the receptor to produce a
functional response it is said to have no efficacy.

From Eq. 9 it can be seen that two important factors controlling the measured
functional activity of receptors in response to ligand binding are receptor density
([RECEPTOR]) and stimulus–response coupling efficiency (intrinsic activity, a).
Like Eq. 7, which describes a saturation binding reaction, Eq. 9 describing the func-
tional response also can be expressed in the form of a rectangular hyperbola (Eq. 6)
to yield Eq. 10.

Afraction = (a Amax[LIGAND])/([LIGAND] + (1/ KD)) (10)

When plotted on a semilogrithmic scale the rectangular hyperbolic function takes
on the form of a sigmoidal curve. Consequently, a plot of the fraction of functional
response (Afraction) vs the logarithmic concentration of drug (log[LIGAND]) can be
fitted with Boltzman’s equation describing sigmoidal functions (Fig. 4). The maxi-
mal function response or efficacy for a given ligand is the point in which the func-
tional response reaches a plateau at higher concentrations of ligand (Fig. 4),
although the concentration of ligand that produces half of the maximal response
(Afraction/Amax = 0.5 = EC50) is defined as the potency. Both potency and efficacy
are relative measures whose values rely in part on receptor density. Examples of
the receptor mechanisms underlying the expected functional responses produced
by ligands with different functional activities are depicted in Fig. 4.

The functional response term EC50 and the competitive ligand binding property
IC50 bear some relation to one another, and although it is tempting to try to draw an
analogy between them, there are some important distinctions. Both the EC50 and
the IC50 are terms that correspond to concentrations of ligand that produce a half
maximal measurement (i.e., activity or inhibition of binding). However, the IC50 is
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a measure of the ability of a competing ligand to inhibit the binding of a radioligand
to its receptor that is both independent of receptor density and directly proportional
to receptor occupancy. The EC50 is a measure of functional effect that is dependent
on receptor density and not necessarily directly proportional to receptor occupancy.
The reason that the functional response is not always directly proportional to recep-
tor occupancy by ligand is that the strength of coupling between binding and
response must be considered. This is not the case for a ligand–receptor-binding
interaction because there is no additional coupling component to consider. This
difference between binding interactions and functional responses is the molecular
explanation regarding why, depending on the ligand’s intrinsic activity and the con-
ditions under which it is tested, a ligand’s affinity value for its receptor may be
different from its potency value.

5. PHARMACOKINETICS OF PHARMACOTHERAPIES
The clinical evaluation of a drug in vivo concerns dose–effect relationships, but

the pharmacodynamic measures of the concentration–effect of drugs, described
above, provide only part of the information. Relating dose to effect requires one to
consider the dose–concentration relationships of a drug and then associate this with
its concentration–effect relationships. A knowledge of pharmacokinetics, which is
what the body does to or with a drug once it is administered, is key to understanding
the relationship between drug dose and attaining a concentration of drug at the
desired target site for an appropriate period of time to produce the intended thera-
peutic effect.

Because the drug targets for neuropsychiatric disorders are embedded in brain
structures that are not readily accessible, drugs cannot be easily applied directly to

Fig. 4. Examples of responses for ligands with agonist, partial agonist, inverse agonist
and (neutral) antagonist functional properties. The EC50 is the concentration of ligand that
produces a half maximal effect, while the efficacy corresponds to the relative level of maxi-
mal effect, which can be denoted as intrinsic activity (a). (Copyright John A. Schetz, 2003.)
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the target tissues. Rather neuropsychiatric drugs must be introduced into the body
at some distal site and then travel to their target sites in the brain. Of great impor-
tance to dosing is what happens to a drug once it is administered and en route to its
target site. Although some drugs are applied intravenously in clinical trails,
once their effectiveness is established most drugs are formulated for oral dosing.
The oral administration of drugs is the preferred route of administration for clinical
applications, because it eliminates safety concerns associated with the use of
needles and it facilitates outpatient treatment. Following oral administration and on
its way to its target site, a drug will encounter various biological barriers, metabolic
tissues, and nontarget tissue deposition sites. The collective effect of these factors
largely determines the amount of intact drug that is free to interact with the intended
receptor target within a given time frame after dosing. Some critical pharmacoki-
netic parameters to consider for a drug are the time and concentration of its maxi-
mal blood levels, its apparent volume of distribution, its rate of clearance and its
half-life. These parameters depend on the processes of drug absorption, distribu-
tion, metabolism, and excretion.

5.1. Absorption of Orally Administered Drugs
and the Time and Amount of Maximal Drug Levels in Blood

For orally administered drugs, absorption begins with the transport of a drug
from the gut to portal blood, continues as the drug passes through the liver, and
ends when the drug reaches systemic circulation. If the drug is metabolized by the
liver or its passage across the gastrointestinal barrier is incomplete, then the drug
has reduced bioavailability. Bioavailability is defined as the fraction of intact drug
that reaches the systemic circulation relative to the administered dose. With the
exception of replacement strategies, such as L-DOPA treatment for Parkinson’s
disease, most drugs cannot utilize existing active transport mechanisms utilized by
endogenous agents, and consequently, their transport properties are largely deter-
mined by passive diffusion across biological barriers. The rate and extent of oral
drug absorption depends strongly on the physiochemical characteristics of the drug,
the formulation state of the drug, and the gastric composition. Because the gut–
blood barrier is comprised of cells with lipid membranes and aqueous interiors, the
passive transport properties of a drug correlates well with partition coefficient mea-
sures of its preference for octanol (a lipophilic environment) over water (a polar
environment). Consequently, octanol–water partition coefficients expressed as
logarithmic values are frequently used to estimate a drug’s absorption. Although it
is true that lipophilic drugs are readily transported across lipid barriers, extreme
lipophilicity is detrimental to transport. The reason for this parabolic nature of drug
transport is that drugs with low lipophilicity will have a low probability of entering
the lipid barrier, and those that are very lipophilic have a high probability of enter-
ing the lipid barrier but a low probability of leaving it. If a drug has an ionizable
group, then the pH of the gastric contents can alter lipophilicity by changing the
overall charge character of the drug resulting in altered absorption from the gut.
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The drug formulation is another factor that can affect absorption of a drug.
For example, oral formulations for the antiparkinsonian drug Sinemet® (L-DOPA
plus carbidopa) can range from a rapidly absorbed liquid to a slowly absorbed cap-
sule and even more slowly absorbed controlled release tablet. For many therapeutic
applications it is desirable to gradually increase and then maintain steady blood
levels, as rapid rises in blood levels of drugs can desensitize receptor responses or
produce significant adverse side effects (e.g., nausea in the case of DA receptor
agonists), and large changes in blood levels can result in fluctuating therapeutic
responses. The blood adsorption characteristics of a drug that are usually of most
interest are its maximal blood concentration and the time at which this maximum is
achieved.

5.2. Distribution of Absorbed Drugs and Apparent Volume of Distribution
Distribution is a process involving the exchange of drug in systemic blood with

tissues that it comes in contact with as it travels throughout the body. Circulating
drugs can either remain soluble in the aqueous blood phase or they can be carried
by blood components. Usually the carrier components in blood are proteins, but in
rare instances, such as for the mood stabilizer sodium valproate, lipids can be the
carrier. In many cases, the drug is not very tightly bound to blood components and
it will prefer to associate with a tissue with which it comes in contact. Once the
drug has transferred from blood to a tissue it is said to have been distributed or
deposited. In certain cases, a drug may bind so tightly to carrier proteins that it
cannot readily dissociate and interact with other tissues, and the blood proteins then
act as a nontarget tissue deposition sites. Such tightly protein-bound drugs are usu-
ally therapeutically inactive in vivo.

Distribution can be a complex process requiring passage across more than one
barrier that separates biological compartments. For example, neuropsychiatric drugs
must cross the bloodbrain barrier (central nervous system compartment) before they
can cross the cellular membrane barriers (cellular compartment) surrounding their
target tissues in the brain. Some drugs can redistribute themselves to the periphery
once deposited in the brain, but this effect is rarely significant for neuropsychiatric
drugs. More relevant to the pharmacokinetics of neuropsychiatric drugs is the dis-
tribution of antipsychotic and antidepressant drugs into lipophilic stores such as
fat. The reason for this is that antipsychotic and antidepressant drugs tend to be
very lipophilic owing to having a number of aromatic rings. Such antipsychotic or
antidepressant drugs can remain intact when stored in fatty tissues, and they can be
slowly released over time, which can account for their sometimes long washout
period. On the other hand, the antimania drug lithium is a very water-soluble
elemental ion that distributes in a manner similar to bulk water. Lithium is also
unique among neuropsychiatric agents in that it is not protein bound, and it is pri-
marily transported into cells via passage through voltage-dependent sodium chan-
nels. Once inside cells, lithium is only slowly released, because it does not substitute
for sodium for active transport through the sodium-potassium pump.
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A useful parameter for describing drug distribution is the volume of distribution
(Vd), which is an apparent measure of the accessible space in the body that is avail-
able to contain a drug. It can be defined as the ratio of the amount of drug in the
body to the concentration present in the aqueous portion of blood (blood water) as
shown in Eq. 11.

Vd = amount of drug/concentration of drug in blood water (11)

Vd is only an apparent value, because it often does not relate to the real volume
of the body. Instead, Vd is an operational definition that relates to a volume that
would be required to homogeneously contain drug at the concentration found in
blood. Large volumes of distribution indicate that the amount of drug measured in
the blood is low as a result of distribution of the remaining drug into various tissues.
Drugs that are not highly bound to blood constituents and that readily distribute
into body tissues will have larger volumes of distribution. Note that the Vd values
apply to intravenously administered drugs, unless an orally administered drug is
completely or almost completely bioavailable, otherwise Vd values for an orally
administered drug must be estimated by multiplying Vd by drug bioavailability.

5.3. Termination of Drug Responses
A drug response is terminated by excreting the drug from the body or by meta-

bolically inactivating it. The excretion of a drug from the body depends on its clear-
ance. Systemic clearance is a process by which the portion of drug that it is not
metabolized and not protein-bound is removed from systemic circulation by hepatic
excretion into the bile and/or by renal excretion into the urine. Renal excretion is
common for small or polar drugs. For the majority of neuropsychiatric drugs at the
doses utilized in clinical settings, the clearance is assumed to be a first-order pro-
cess and is constant.

Another parameter that describes the elimination of drug is the elimination rate
constant (Ke). The constant Ke is the fraction of drug excreted at any instant in time,
and it is a function of clearance and volume of distribution as shown in Eq. 12.

Ke = systemic clearance/Vd (12)

The elimination half-life (t1/2) is the time needed to eliminate half of the drug
from the body. The Ke, or its related clearance and Vd values, can be used to esti-
mate the elimination half-life (t1/2) of a drug as shown in Eq. 13.

Elimination half-life = t1/2 = ((ln(2))(Vd))/systemic clearance = (ln(2))/Ke (13)

The value ln(2) in Eq. 13 is the proportionality constant for the first-order elimi-
nation of half of the drug. The elimination half-life value can be utilized to estimate
drug-dosing regimens, the time needed to achieve steady-state levels, and the time
needed to wash out the drug following the last dose. In general, the time needed to
attain steady-state drug levels, or to approximate the drug wash out period is esti-
mated to be greater than five elimination half-lives.
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The dependence of the elimination half-life on Vd is as a result of the fact that
only drugs that are in systemic circulation and in contact with organs of elimination
(e.g., liver and kidney) can be cleared, although drugs distributed into other tissues
cannot. The clearance of many drugs relies on the rate of blood flow to the organs
of elimination. In these cases, the functional status of the heart, as a result of age,
disease, or drugs that alter cardiac function, can significantly affect clearance,
because blood flow rate is altered. The functional status of the major organs of
elimination, owing to disease or age, for example, can also affect clearance rates,
and consequently, the elimination half-life of drugs that are cleared by these organs.
For example, impaired renal function, which is common in the elderly populations,
can essentially double the elimination half-life of lithium as it is primarily cleared
by the kidney (13).

Although clearance is often the predominant factor in the termination of
responses for drugs with low-molecular weights or significant polarity, most drugs
used to treat neuropsychiatric disorders tend to be lipophilic and to have relatively
large molecular volumes. Thus, the majority of such drugs must undergo bio-
transformation to more polar metabolites before they can be effectively excreted.
The production of more polar metabolites can occur by enzymatic reactions that
either induce or unmasked polar functional groups (phase I reactions), or that con-
jugate endogenous polar groups like sugars and polar amino acids (phase II reac-
tions), or both. For example, desimipramine metabolism involves hydroxylation
followed by glucuronidation.

Although many drug metabolites are biologically inactive, some retain activity
or have modified activity. A variety of drugs used to treat neuropsychiatric disor-
ders have active metabolites. For example, desimipramine is an active metabolite
of the tricyclic antidepressant imipramine, and norfluoxetine is an active metabo-
lite of the selective serotonin reuptake inhibitor fluoxetine; in both cases the
metabolites have the same targets as the parent drug. In other cases, the activity
profile of the metabolites is significantly different from the parent drug. For example,
buproprion selectively blocks the DA transporter over the norepinephrine (NE)
transporter, although one of its hydroxylated metabolites gains significant affinity
for the NE transporter (14,15). In another example, the antipsychotic drug loxapine
is metabolized to the antidepressant amoxapine, which converts it from a D2 DA
receptor-blocking drug to a drug with significantly more norepinephrine transport
blocking activity. Consequently, the metabolism of drugs can either terminate their
actions, by forming inactive metabolites, or when active metabolites are formed,
metabolism can be an underlying reason for their unique pharmacological effects.

6. RECEPTOR RESPONSIVENESS AND TIME OF ONSET
OF THE THERAPEUTIC ACTIONS OF DRUGS

The relationship between drug concentration and functional effect described in
the sections above is for a single challenge of drug at a naïve receptor. Following
prolonged or repeated occupancy, most receptors undergo changes in responsive-
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ness or density that protects them from excessive stimulation or blockade. Such
adaptive responses to the repeated application of drugs can have significant conse-
quences with respect to their actions. For example, attenuated responsiveness may
limit the effective therapeutic use of a drug, it may result in tolerance to side effects,
or it may be the underlying cause for their effectiveness.

Persistent activation as a result of persistent receptor occupancy by agonists leads
to a reduction in receptor responsiveness. In the case of G protein-coupled recep-
tors (GPCR), such as DA receptors, NE receptors, and most serotonin receptors,
attenuated responsiveness is characterized by three types of temporally and mecha-
nistically distinct adaptive processes (16). Persistent receptor stimulation by acutely
administered agonists results in GPCR desensitization followed by internalization.
Receptor desensitization is the result of an uncoupling of the GPCRs from their G
proteins. This uncoupling involves a phosphorylation-dependent (e.g., by kinases)
blocking by cytoplasmic accessory proteins (e.g., arrestins) of intracellular por-
tions of the GPCR that interact with G proteins (e.g., the intracellular loops and
cytoplasmic tail). Desensitized receptors then undergo internalization whereby
GPCRs are redistributed from plasma membranes to intracellular membranes via
endocytosis. In some case, the internalized receptors are resensitized by dephos-
phorylation in clathrin-coated vesicles and recycled back to the plasma membrane.
Under conditions of chronic stimulation, internalized GPCRs are not resensitized;
rather, they are downregulated, which leads to a reduction in receptor density owing
to proteolytic degradation. In some cases, chronic stimulation is additionally asso-
ciated with a reduction in the amount of newly synthesized receptor. Although most
GPCRs display attenuated responsiveness following persistent activation, the rate
and extent of this effect can vary considerably depending on the receptor subtype
and drug pharmacokinetics. In contrast to persistent activation, persistent
blockade of GPCRs can lead to receptor supersensitivity or receptor upregulation.
Neurotransmitter transporters and metabolic enzymes can also display changes in
responsiveness as a result of persistent occupancy, but the details of the molecular
mechanisms are distinct from those described for GPCRs (17,18).

The general expectation is that the onset of drug action will be a function of how
long it takes for a drug to reach its target tissue and then act on its receptor, which
in most cases is rapid. For instance, intravenous bolus injection of the appropriate
dose of phenobarbital into the tail vein of a rat produces sedation in less than 1 minute.
However, the rate of onset of the therapeutic actions of drugs used to treat neurop-
sychiatric disorders can vary considerably. The anti-attention deficit hyperactivity
disorder effect of psychostimulants, like D-amphetamine and methylphenidate, pro-
duce dramatic changes in behavior that closely parallels the expected dose–effect
relationship. In contrast, the onset of action of chronically administered antipsy-
chotic or antidepressant drugs can be much longer, requiring weeks for a full thera-
peutic effect to be achieved. In these cases, the large disparity between the expected
and actual time course of the therapeutic effect implies that clinical efficacy is not
as a result of acute effects on the target receptor; rather, it is because of chronic
compensatory changes in the target receptor (e.g., up- or downregulation of recep-
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tor density) or some other receptor system whose function is linked to the target
receptors. For instance, the therapeutic effect of chronic antidepressant treatment
may be as a result of desensitization of presynaptic autoreceptors, such as
somatodendritic serotonin 5-HT1A receptors (19) or terminal serotonin 5-HT1B
receptors (20), and/or downregulation of serotonin transporters (21). The end result
of each of these effects is an increase in the level of synaptic serotonin. A chronic
elevation in synaptic serotonin could be signaling changes in the levels of nuclear
transcription factors, which then regulate the expression of genes related to neu-
rotransmission, and this might also account for the delay between the onset of drug
treatments and their therapeutic effect.

7. THE MEANING OF DRUG SELECTIVITY

When the term “selectivity” is used to describe a drug it can take on a variety of
contextual meanings. Selective effects of drugs can be as a result of differences in
potency, efficacy, or pharmacokinetic accessibility. However, drug selectivity usu-
ally refers to the binding affinity for one receptor (or a subfamily of receptors) over
others. The most important factors to consider are the relative frame of reference
and the magnitude of the drug selectivity. Although it may be possible to accurately
measure a fivefold difference in the affinity for one drug over another in isolated
tissue fractions or when dealing with cloned receptor systems, for whole tissue in
vitro or in vivo work, in which a large number of potential receptor sites are avail-
able, at least a 200-fold difference in affinity is usually required to elicit a truly
selective response. A selectivity window of this size allows for dosing that will
result in a maximal occupancy of the intended receptor target with little or no occu-
pancy at nontarget receptors. An important caveat with respect to drug selectivity is
that the selectivity of any drug may be difficult to rigorously define, because it is
not feasible to screen all known related receptor sites and a drug may bind to recep-
tor sites that have yet to be discovered or pharmacologically characterized.

The term “frame of reference” refers to the number of competing targets for a
particular drug. For instance, a compound like NGD 94-1 has an affinity that is
over 500-fold higher for the D4 subtype of DA receptor than for any of the other
DA receptor subtypes (D1, D2, D3, and D5). It also has over a 500-fold higher affin-
ity for the D4 receptor than for other GPCRs (e.g., serotonin, sigma, and adrenergic
receptors) for which it has been evaluated (22). Thus, within the frame of reference
of receptor sites that were tested, it can be said that NGD 94-1 is a DA D4 receptor-
selective drug. However, drugs this selective for a particular receptor subtype are
not available for many key receptor systems. The antipsychotic haloperidol is a
more prototypical example as it binds with high affinity to cloned D2, D3, and D4

receptors (Ki = 1.2, 4.1, and 1.6 nM, respectively). Because haloperidol has less
than a four-fold lower affinity for the D3 subtype, its in vivo selectivity over the D2

and D4 subtypes is negligible. However, if the comparison is expanded to include
the entire DA family of receptors, then it can be said that haloperidol is D2-like
selective, as it binds with higher affinity to all members of the D2-like subfamily
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(i.e., D2, D3, D4) than to the D1-subfamily (D1 and D5, Ki = 63 and 124 nM, respec-
tively). If our frame of reference is among serotonin 5-HT1A, 5-HT2A, and
5-HT2C receptors (Ki = 2425, 54, and 4475 nM, respectively), then haloperidol
can be said to be 5-HT2A selective. If we extend our frame of reference to include
both these serotonin receptor subtypes and the entire family of DA receptors, then
haloperidol’s selectivity can be said to be mixed and would thus more accurately be
defined as being 5-HT2A/D2-like receptor selective. For these reasons, quantitative
in vitro tissue or in vivo studies often must be interpreted with caution, especially if
one neglects to selectively block, with other selective drugs, known sites that are
not of interest. For instance, low concentrations of the high-affinity serotonin
receptor selective antagonist mianserin and the high-affinity D1-like selective
antagonist SCH23390 could be added to block 5-HT2A and D1-like sites in brain
tissue when using [3H]haloperidol as a radioligand to detect D2-like sites. By anal-
ogy, in vivo chemical lesioning with the neurotoxin 6-hydroxydopamine (6-OH) is
usually performed in the present of a norepinephrine transporter inhibitor, like
imipramine, to permit uptake (via catecholamine transporters) into dopaminergic,
but not noradrenergic neurons.

8. TARGETED PHARMACOTHERAPEUTIC MANAGEMENT
OF SELECTED SYMPTOM MODALITIES

Drugs that target dopaminergic and serotonergic, and to a lesser extent
noradrenergic systems, are the ones most often encountered in the pharmaco-
therapeutic management of the neurological and psychiatric disorders discussed
throughout the following chapters. This may seem odd given the vast array of
unique clinical symptoms observed for the different neuropsychiatric disorders,
but sense can be made of this by realizing that the pharmacotherapies for neurop-
sychiatric disorders are largely palliative, and usually, they are designed to pro-
vide relief for only one of a range of symptom modalities encountered for each
disorder. For example, antipsychotic drugs are prescribed for the treatment of
disorders as divergent as autism, Tourette’s syndrome, and schizophrenia, but
their application is designed to alleviate different symptoms associated with each:
aggression and self-injurious behavior for autism, repetitive motor behaviors for
Tourette’s, and psychosis for schizophrenia. Utilization of similar treatments for
different neuropsychiatric symptom modalities is thus possible because of the
key roles that the various dopaminergic pathways play in the modulation of a
range of cognitive and motor functions.
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Color Plate 2, Fig. 1 (see full caption and discussion in Ch. 3, p. 52). Histo-
pathological abnormalities in Alzheimer's disease (AD).

Color Plate 3, Fig. 1 (see full caption and disscusion in Ch. 7, p. 133). Compos-
ite activation maps superimposed on averaged anatomic images.
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Alzheimer’s Disease
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Summary
Cognitive impairment and psychiatric disturbances in Alzheimer’s disease (AD) result

from the dysfunction and degeneration of synapses, and consequent death of neurons, in the
limbic system and associated regions of the cerebral cortex. A major molecular alteration in
AD is increased amyloidogenic processing of the amyloid precursor protein (APP) resulting
in increased production and accumulation of amyloid b-peptide (Ab) in the brain. Ab may
promote synaptic dysfunction and can render neurons vulnerable to excitotoxicity and
apoptosis by a mechanism involving oxidative stress and disruption of cellular calcium
homeostasis. Some cases of inherited AD are caused by mutations in presenilins (PS)1 and
PS2, which perturb cellular calcium homeostasis. Abnormalities in astrocytes, oligodendro-
cytes, and microglia have also been documented in studies of experimental models of AD,
suggesting contributions of these alterations to neuronal dysfunction and cell death.

Key Words: Amyloid; apolipoprotein E; apoptosis; astrocytes; microglia; oligodendro-
cytes; presenilin.

1. BRAIN PATHWAYS
Alzheimer’s disease (AD) is a devastating, and always fatal, neurodegenerative

disorder characterized by progressive impairment of cognitive function and emo-
tional disturbances (1). AD is most commonly associated with cognitive impair-
ment that results from degeneration of neurons in brain regions involved in learning
and memory including the hippocampus, entorhinal cortex, and basal forebrain.
Within each of the latter brain regions, subpopulations of neurons are selectively
vulnerable including CA1 pyramidal neurons in the hippocampus, layer 2 neurons
in the entorhinal cortex, and cholinergic neurons in the basal forebrain. However,
degeneration of neurons in limbic structures including the amygdala and frontal
cortex, and in serotonergic and noradrenergic pathways also occur in AD (2,3).
Degeneration of the latter pathways may play a major role in the depression, anxi-
ety, and anger of AD patients (4,5). Brain-imaging analyses of AD patients have
revealed significant atrophy of brain structures that control affective behaviors
including the amygdala, hippocampus, and septal area (6).
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2. MOLECULAR MECHANISMS AND TARGETS

Two major histopathological alterations in AD (Fig. 1) are the accumulation of
insoluble aggregates of the amyloid b-protein (Ab) that form plaques, and the
degeneration and death of neurons containing “neurofibrillary tangles,” which are
fibrillar aggregates of the microtuble-associated protein t (7) (Fig. 1). Most cases
of AD are sporadic with no clear genetic basis. However, some cases are caused by
mutations in the amyloid precursor protein (APP), or presenilins (PS1 and PS2) (8).
The genetic mutations, and age-related increases in oxidative stress and metabolic
impairment alter the proteolytic processing of APP such that increased amounts of
a long 42-amino acid form of Abare produced. Ab may promote neuronal dysfunc-
tion and death in AD by inducing oxidative stress and disrupting cellular calcium
homeostasis (8). Because of their high-energy demands and their subjection to
heavy loads of ion fluxes and oxyradical production, synapses are particularly sen-
sitive to the adverse effects of Ab (9,10). Ab can activate apoptotic biochemical
cascades in synapses that may be pivotal for the dysfunction and death of neurons
that occurs in AD (11,12). Several risk factors for AD have been identified, includ-
ing apolipoprotein E (ApoE) genotype (13), a high calorie intake (14), elevated

Fig. 1. Histopathological abnormalities in Alzheimer’s disease (AD). A tissue section
from the hippocampus of an AD patient shows the two cardinal features of AD, amyloid
plaques with associated dystrophic neurites (arrowhead) and neurofibrillary tangles (arrow).
See color insert preceding p. 51.
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homocysteine levels and folate deficiency (15), and reduced levels of intellectual
and physical activities in midlife (16).

Mutations in PS1 and PS2 are believed to cause AD, in part, by increasing pro-
duction of the neurotoxic forms of Ab (17). However, studies of the pathogenic
mechanism of PS1 mutations have revealed a role for perturbed cellular calcium
homeostasis. When AD-linked mutant forms of PS1 are overexpressed in cultured
neural cells or transgenic mice, the cells exhibit increased elevations of cytoplas-
mic calcium levels when stimulated with agonists, such as carbachol and glutamate,
that induce calcium release from the endoplasmic reticulum (ER) (18–20). The PS1
mutations increase the pool of ER calcium and may thereby render cells vulnerable
to death induced by a variety of stimuli including trophic factor withdrawal and
exposure to oxidative, ischemic, and metabolic insults (19,21,22).

Inflammation-like processes occur in association with amyloid plaques and
degenerating neurons in the brains of AD patients (23). These inflammatory pro-
cesses may be a response to neuronal degeneration, but may also be key events in
the propagation of the disease process. Ab may trigger activation of microglia and
cytokine cascades involving tumor necrosis factor (TNF)-a and interleukin (IL)-1b
(24). Microglia express PS1 and PS1 mutant knock-in mice exhibit abnormal cal-
cium homeostasis and an enhanced inflammatory cytokine response to immune
challenge with bacterial lipopolysaccharide (LPS) (25). The latter study showed
that levels of TNF-a, IL-1a, IL-1b, IL-1 receptor antagonist, and IL-6 were induced
by LPS to significantly greater amounts in the hippocampus and cerebral cortex of
PS1 mutant mice as compared to wild-type mice. LPS also induced a greater
increase in levels of inducible nitric oxide synthase and activation of mitogen-acti-
vated protein kinase in cultured microglia from PS1 mutant mice compared to
microglia from control mice (25). Oligodendrocytes, the myelinating cells in the
central nervous system, may also be adversely affected in AD. As evidence, the
vulnerability of oligodendrocytes to damage and death induced by demyelinating
agents and glutamate is increased by AD-linked PS1 mutations (22). Experiments
in which cultured astrocytes were exposed to Ab and related insults have suggested
roles for perturbed calcium homeostasis (26) and impaired glutamate transport (27)
in the pathogenesis of AD. Collectively, the available data suggest that abnormali-
ties in glial cell function caused by Ab, oxidative stress, and perturbed calcium
regulation, contribute to neuronal dysfunction and death in AD.

It has recently become clear that adult mammals, including humans, contain
populations of neural stem cells in their brains that are capable of proliferating and
of differentiating into neurons—some of these newly generated neurons may inte-
grate into circuits and become functional (28). Such adult neurogenesis may even
play an important role in learning and memory processes (29). Although it is not
known if neurogenesis is adversely affected in AD patients, recent studies of mouse
models of AD suggest such a possibility. Hippocampal neurogenesis is impaired in
APP mutant mice with Ab deposits (30). The latter studies further showed that
subtoxic amounts of Ab can impair neurogenesis in human neurosphere cultures.
In other studies, it was shown that infusion of Ab into the lateral ventricles of mice
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impairs neurogenesis in the subventribular zone (31). There may be ways in which
neurogenesis can be enhanced so as to prevent the onset or slow the progression of
AD. Animal studies have identified three manipulations that can stimulate hippoc-
ampal neurogenesis—dietary restriction (32), environmental enrichment (33), and
physical exercise (34). These different environmental factors appear to act through
a common pathway involving upregulation of brain-derived neurotrophic factor
signaling (14,35). Thus, it may be possible to reduce the risk of AD, and perhaps to
the slow the progression of the disease, by environmental manipulations.

3. GENETICS

In rare inherited cases of AD, the alteration in APP processing results from
mutations in APP itself or in PS1 or PS2 (36). In contrast to sporadic forms of AD
in which the age of disease onset is 70 years or older, the age of onset in familial
AD cases caused by APP or PS mutations is typically in the age range of 35 to
50 years. The histopathological and clinical features of familial AD are indistin-
guishable from those of sporadic AD, although disease progression is typically
much more rapid in familial AD cases. The APP mutations result in amino acid
substitutions near or within the Ab sequence, and each mutation increases the
amount of Ab, especially the 42 amino acid form of Ab. Numerous missense muta-
tions in PS1, and a few PS2 mutations are responsible for early onset autosomal
dominant forms of AD. PS1 is an essential component of the g-secretase activity
that cleaves APP at the N-terminus of Ab, and PS mutations may therefore increase
production of Ab. However, PS mutations may also perturb cellular calcium
homeostasis in ways that render neurons vulnerable to synaptic dysfunction and
cell death (8,37).

In addition to disease-causing mutations in APP and PS, genetic factors may
influence the risk of AD. One such genetic risk factor is the ApoE gene, which can
encode one of three isoforms of ApoE (E2, E3, and E4). Individuals who inherit the
E4 isoform of ApoE are at increased risk for AD, whereas those with one or both of
the other two isoforms (E2 and E3) are at reduced risk (38). Several hypotheses
have been forwarded to explain how E4 increases the risk of AD. Three such possi-
bilities include differential effects of the various ApoE isoforms on APP process-
ing (38), oxyradical metabolism (39,40), and cellular calcium homeostasis (41,42).
Further studies will be required to better understand how ApoEs modulate neuronal
plasticity and survival, and so influence risk of AD.

4. ANIMAL MODELS

Prior to the discovery of genes responsible for inherited forms of AD, animal
models were based on the selective damage to neurons in brain regions in which
neuronal degeneration occurs in humans with AD. For example, administration of
the excitotoxin kainic acid to rats results in selective destruction of hippocampal
pyramidal neurons and impairment of spatial learning and memory (43). Injection
of ibotenic acid or N-methyl-D-aspartate into the basal forebrain damages cholin-
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ergic neurons and impairs learning and memory in rats (44). Once the amino acid
sequence of Ab was determined, synthetic Ab was shown to be neurotoxic in cell
culture and in vivo (45,46). When administered into the lateral ventricles or basal
forebrain of rats, Ab can impair learning and memory (47). Excitotoxins can induce
some changes in t and the cytoskeleton of hippocampal neurons similar to those
seen in the neurofibrillary tangles (48), suggesting a role for excitotoxicity in
the pathogenesis of AD. Although informative, the lack of Ab deposition in the
toxin-based models, clearly made these animal models inadequate replicates of the
human disease.

Once mutations in APP and PS were identified as being responsible for early
onset autosomal dominant AD, transgenic mouse models were developed in which
progressive plaque-like deposits of Ab occur. Transgenic mice overexpressing the
APP Swedish mutation exhibited Ab deposits in the hippocampus and cerebral cor-
tex and impaired performance in spatial learning tasks (49,50). Interestingly, learn-
ing and memory impairment occurs very early in these mice, prior to the appearance
of visible deposits of Ab, suggesting that soluble oligomeric forms of Ab may be
neurotoxic. Mice expressing AD mutations in both APP and PS1 exhibit more rapid
Ab deposition and more severe deficits in spatial learning, as well as an increase in
open field activity and motor dysfunction (51). Transgenic and knock-in mice
expressing disease-causing PS1 mutations exhibit no overt abnormalities, but neu-
rons in their brains are more vulnerable to oxidative, excitotoxic, and apoptotic
insults (19,37). PS1 mutant transgenic mice exhibit enhanced hippocampal synap-
tic potentiation, which can be normalized by treatment with a g-aminobutyric acid
receptor agonist (52,53).

Although t mutations have not been linked to familial AD, they have been iden-
tified in families with the inherited disorder frontotemporal dementia and Parkin-
sonism linked to chromosome 17 (FTDP-17), a disorder characterized by extensive
degeneration of neurons that accumulate neurofibrillary tangles indistinguishable
from those in AD. t deficient mice exhibit hyperactivity in a novel environment
and an impairment in contextual fear conditioning (54), suggesting a role for t in
regulating behavior. Most recently, a triple-mutant mouse model of AD (3 · TgAD
mice) was produced, which express APP, PS1, and t mutations (53). In these mice,
Ab first accumulates intracellularly in CA1 hippocampal pyramidal neurons and
neurons in layer IV of the neocortex. Subsequently, plaque-like Ab deposits accu-
mulate in the hippocampus and cortex and activated microglia are associated with
these Ab deposits. The 3 · TgAD mice also develop progressive neurofibrillary
tangle-like t pathology in the hippocampus and cerebral cortex. Severe impairment
of hippocampal synaptic plasticity occurs relatively early in the 3 · TgAD mice,
during a time period when intracellular Ab begins to accumulate (53). The abnor-
malities of CA1 and cortical layer IV neurons in the 3 · TgAD mice is of interest
from the perspective of the role of neuroendocrine stress in the pathogenesis of AD,
because these two populations of neurons contain very high amounts of glucocorti-
coid receptors. Studies of other animal models of AD suggest a role for abnormal
neuroendocrine stress responses in disease pathogenesis. For example, prolonged
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uncontrollable stress can promote neuronal degeneration and may contribute to
neuronal degeneration in AD (48). Additionally, recent studies have documented
abnormal stress responses in APP mutant mice characterized by an enhanced glu-
cocorticoid response and hypoglycemia following immobilization stress (55).

Many of the features of AD in humans are reproduced in the 3 · TgAD mice
(53) including Ab deposition, neurofibrillary pathology, synaptic dysfunction, and
memory impairment. However, overt death of neurons has not yet been clearly
established in this or any other transgenic model of AD. The reasons for the lack of
neuronal death are unclear and it will be important to elucidate the cellular and
molecular basis of this relative resistance of neurons to death in the mouse models.

5. DISEASE PREVALENCE

Obtaining accurate estimates of the prevalence rates for AD among populations
throughout the world is difficult because there is no definitive premortem diagnos-
tic test and symptoms similar to those in AD occur in other disorders. The available
epidemiological data suggest that there are no major differences in the prevalence
of AD among countries or ethnic groups. However, women have a greater risk of
AD than do men. The prevalance of AD in the United States has been estimated in
several studies (56) with the resulting numbers of AD cases ranging from 2 to
5 million in the year 2000. Taking into account the increasing number of individu-
als that live to more advanced ages in which their likelihood of developing AD
increases, it is estimated that there will be 8 to 13 million Americans living with
AD in the year 2050. The estimated health care cost for patients with AD is
$38,000 per patient per year. The dire projections for large increases in the number
of individuals with AD in the coming decades are, of course, based on the assump-
tion that no effective means of preventing the disease are identified. In this regard,
there is room for optimism based on recent research findings in several areas of
investigation. One example comes from studies showing that dietary restriction is
effective in protecting neurons from degeneration in mouse models relevant to AD (57)
and that individuals with high-calorie intakes may be at increased risk of AD (58).

6. SIGNS AND SYMPTOMS

Impairment of short-term memory is considered the behavioral hallmark of AD
(1). The memory deficits arise insidiously and progressively worsen over periods
of years. Most patients die within 5 to 10 years of diagnosis, but some may live for
several decades. In addition to memory impairment, anxiety, aggression, depres-
sion, perturbed sleep–wake cycles, and other behavioral abnormalities are promi-
nent symptoms of patients with AD (59,60). Severe behavioral problems are often
the reason that AD patients are placed in a nursing home. AD patients are typically
prescribed a variety of drugs to alleviate their psychiatric symptoms including
antipsychotics, sedatives, and antidepressants (61). Patients with AD often suffer
from depression and aggression and agitation and these disturbances may occur
very early in the course of the disease (62).
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Damage to serotonergic pathways is a likely explanation for the anxiety and
aggressive behaviors of patients with AD. Genetic factors related to serotonin sig-
naling may influence psychiatric symptoms in patients with AD as is suggested by
a study showing that patients with AD homozygous for the long variant of a biallelic
polymorphism of the serotonin transporter promoter region have an increased risk
of aggressive behavior (63). Links between psychiatric disturbances and polymor-
phisms in dopamine receptor genes have also been reported (64).

7. PREVENTION AND TREATMENT
Advances are being made in identifying ways to prevent AD and to treat symp-

tomatic patients. On the prevention front there are several promising approaches.
Data from epidemiological and animal studies suggest that individuals with high-
calorie intakes and elevated homocysteine levels are at increased risk of AD (65,66).
Dietary restriction or dietary supplementation with folic acid (which lowers
homocysteine levels) can protect neurons against neuronal dysfunction and degen-
eration. By keeping homocysteine levels low, folic acid may prevent DNA damage
and protect neurons against age-related oxidative and metabolic stress. In rodents,
dietary restriction can enhance learning and memory during aging (67) and can
protect synapses against insults relevant to AD pathogenesis (68). Moreover,
neurogenesis in the hippocampus is stimulated by dietary restriction in mice (32,35),
suggesting another way in which dietary restriction might protect against AD.
Oxidative stress is thought to play an important role in various steps of the
neurodegenerative process in AD, with production of superoxide anion radical,
hydroxyl radical, peroxynitrite, and lipid peroxidation being increased in cell cul-
ture and animal models of AD, as well as in vulnerable brain regions of AD patients
(69,70). Dietary supplementation with antioxidants such as vitamin E, lipoic acid,
and polyphenols might be expected to reduce the risk of AD, although this remains
to be established. Because there is evidence that iron plays a role in the neuro-
degenerative process in AD, studies should be conducted to determine if dietary
iron is a risk factor for AD.

Another promising approach for the prevention of AD is the use of a vaccine.
When APP mutant mice with extensive amyloid deposits in their brains were
immunized with aggregated forms of human Ab1-42 much of the amyloid deposits
were cleared from their brains (71,72). Passive immunization with Ab antibodies
also resulted in a reduction in the amyloid burden in mouse models of AD (73).
Some data suggest that behavioral deficits of APP mutant mice can be improved by
Ab immunization (74). However, the initial results of a clinical trial of an Ab vac-
cine in patients with AD suggest that there are potential side effects of Ab immuni-
zation including an encephalitis-like condition (75). It has been suggested that,
depending on the specific Ab antibodies that the patient’s immune system pro-
duces, the antibodies may either promote Ab clearance and reduce neurotoxicity,
or they may enhance the toxicity of Ab (76).

There are currently no treatments that can slow the progression of the neuro-
degenerative process in AD. However, some patients show improved memory when
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treated with acetylcholinesterase inhibitors (77), and psychiatric/behavioral abnor-
malities can be relieved by drugs used to treat anxiety disorders and depression
(78). Acetylcholinesterase inhibitors are particularly beneficial in the early stages
of the disease, presumably during a time period when cholinergic synapses are still
present, but dysfunctional. There have been clinical trials of several promising
approaches for slowing the neurodegenerative process including antioxidants such
as vitamin E (79), anti-inflammatory agents (80), and estrogens (81). However, no
evidence of a clear slowing of the course of the disease was obtained in these stud-
ies. The vaccine—or passive immunization—approaches hold promise and the
results of further clinical studies are eagerly awaited. Another approach that initial
results suggest may prove effective in treating patients with AD involves adminis-
tration of a copper-chelating drug called clioquinol, which was effective in remov-
ing amyloid from the brains of APP mutant mice, and is currently being evaluated
in clinical trials in AD patients (82). Finally, glutamate receptor-modulating drugs
have proven beneficial in the treatment of AD patients (83).

One continuing impediment to developing effective treatments for AD is the
inability to identify patients in presymptomatic stages of the disease. Additionally,
it would be of great value to identify healthy individuals with increased risk of AD.
Early diagnosis will likely result in treatments that delay the onset of the disease.

GLOSSARY OF MEDICAL TERMINOLOGY
Alzheimer’s disease (AD): A neurodegenerative disorder in which neurons in brain regions

involved in learning and memory processes become dysfunction and die, and charac-
terized by amyloid deposits and neurofibrillary tangles.

Amyloid b-peptide (Ab): A 40- to 42-amino acid peptide generated by proteolytic process-
ing of the amyloid precursor; Ab is the major component of amyloid deposits in the
brains of AD patients.

Amyloid precursor protein (APP): A transmembrane protein that is the source of Ab;
APP may normally function in the regulation of synaptic plasticity and cell survival.

Dementia: An impairment of cognitive function that is a major symptom of AD, but may
also occur in other disorders including cerebrovascular disease.

Dietary restriction (DR): A reduction in the size and/or frequency of meals with maintenance
of nutritional requirements; DR can increase life span and may reduce the risk of AD.

Hippocampus: A brain region that plays a central role in learning and memory processes,
and a site of pathology in AD.

Homocysteine: An amino acid derivative of methionine that can promote damage to cells;
individuals with elevated homocysteine levels are at increased risk of AD.

Membrane lipid peroxidation: An autocatalytic process in which free radicals attack
double bonds in unsaturated membrane fatty acids resulting in the production of neuro-
toxic peroxidation products such as 4-hydroxynonenal.

Neurofibrillary tangles: Abnormal intracellular accumulations of fibrillar deposits of the
microtubule-associated protein t in neurons.

Neurogenesis: The process in which neurons are produced from neural stem cells;
neurogenesis occurs in some regions of the adult brain and may be impaired in AD.

Oxidative stress: A circumstance in which levels of reactive oxygen species (e.g., super-
oxide anion radical, hydrogen peroxide, hydroxyl radical, and peroxynitrite) are such
that oxidative damage to proteins, lipids, and DNA occurs to such an extent that it
disrupts cellular functions.



Alzheimer’s Disease 59

Presenilins: Integral membrane proteins localized primarily in the endoplasmic reticulum;
mutations in presenilins are responsible for many cases of inherited forms of early
onset AD.

Synaptic plasticity: Changes in synaptic structure and function that occur in response to
environmental demands including learning and memory
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Huntington’s Disease

Susan E. Browne

Summary
Huntington’s disease (HD) is an autosomal dominantly inherited, fatal neurodegenerative

disorder, named for George Huntington, the author of the first definitive report of the condi-
tion in 1872. It is characterized by the progressive development of involuntary choreiform
movements, although neuropsychiatric symptoms are sometimes the earliest and often the
most devastating features of HD. These include detrimental emotional disturbances, behav-
ioral and personality changes, and cognitive impairment. Gross pathological changes are
restricted to the brain. Degeneration of specific basal ganglia neurons is a hallmark of HD,
but dysfunction in multiple central nervous system pathways contributes to the motor and
neuropsychiatric phenotype. HD is caused by an abnormal expansion of a trinucleotide
repeat in the huntingtin gene. It is a relatively rare disease with highest prevalence rates of
5 to 10 per 100,000 found in Europe and the United States, whereas incidence is extremely
low in Japan and Africa. The typical duration of disease before premature death is 15 to
20 years. Age of onset is associated with the size of the trinucleotide expansion and is
generally in adulthood, although approx 10% of cases have juvenile onset. There are cur-
rently no effective treatments for the disease.

Key Words: Huntington’s disease; trinucleotide; polyglutamine; neurodegeneration;
striatum; movement disorder.

1. BRAIN PATHWAYS AFFECTED
IN HUNTINGTON’S DISEASE

The motor and behavioral disturbances in Huntington’s disease (HD) result from
alterations in specific neurotransmitter systems and degeneration of selective neu-
ronal subpopulations in the brain. The principal neuropathological feature of HD is
progressive caudal to rostral degeneration of the neostriatum (caudate and puta-
men) (1). A postmortem grading system classifies patients according to the extent
of neuropathological severity at death, grades ranging from 0 to 4 with increasing
severity and extent of striatal involvement. Grade 0 brains show 30 to 40% neu-
ronal loss in the head of the caudate, with no visible gliosis. In grade 4 brains, the
striatum is severely atrophic with neuronal depletion exceeding 95%, gliosis is
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extensive, and 50% of cases show cell loss in the nucleus accumbens. Most patients
with HD reach grade 3 or 4 by the time of death, in which neuronal degeneration is
evident in several nonstriatal regions including the globus pallidus (GP) and cere-
bral cortex, and to a lesser extent in thalamus, subthalamic nucleus, substantia nigra,
white matter, and cerebellum. Cerebellar atrophy is particularly prevalent in juve-
nile-onset HD.

Striatal medium spiny projection neurons are most vulnerable to degeneration in
HD. Positron emission tomography (PET) has demonstrated that the first clinical
symptoms of the disease correlate with loss of 30 to 40% of striatal dopamine (DA)
D1 and D2 receptors, which are localized on the medium spiny neurons (2). These
constitute 80% of all striatal neurons and are the principal input and output neurons
of the striatum. They utilize the inhibitory neurotransmitter g-aminobutyric acid
(GABA), and subsets additionally contain either enkephalin (ENK), substance-P
(SP), dynorphin, or calbindin. Aspiny interneurons containing nicotinamide adenine
dinucleotide phosphate diaphorase (NADPH-d), neuropeptide-Y (NPY), somatosta-
tin (SS), and nitric oxide synthase (NOS) are relatively spared in HD, but are even-
tually affected by the disease process. Striatal spiny projection neurons containing
SP or ENK degenerate earliest in the disease, ENK-positive neurons projecting to
the external segment of the globus pallidus (GPe) degenerating prior to SP-contain-
ing neurons that project to the internal segment (GPi). Neuronal degeneration even-
tually affects other brain regions and dysfunction within the cerebral cortex and
limbic subcortical circuitry is thought to underlie the mood and personality changes
prevalent in many HD patients (3).

1.1. Neuropathologic Basis of Motor Dysfunction

The uncontrolled, hyperkinetic choreic movements typical of HD result from
the disruption of basal ganglia–thalamocortical pathways that regulate movements
(4). Signals to stimulate initiation and execution of movements originate in the
cerebral cortex in response to sensory afferent input. Excitatory glutamatergic
efferents from the cortex innervate the neostriatum, which sends projections to other
basal ganglia nuclei where signals are processed. Basal ganglia output nuclei (GPi,
GPe, the substantia nigra pars reticulata [SNr], and ventral pallidum) then transmit
“sorted” impulses to appropriate thalamic nuclei. From the thalamus, excitatory
projections are sent back to topographically organized motor output areas of the
frontal cortex to initiate execution of the appropriate motor response. The type of
movement initiated thus depends on the combination of neostriatal neuron path-
ways activated, their downstream routing to the thalamus, and the resultant cortical
activation (as discussed in Chapter 1). An imbalance in the relative contributions of
the two regulatory basal ganglia pathways (“direct” mediated by GABA and SP,
“indirect” mediated by GABA and ENK) triggers the motor dysfunction in HD and
dictates its phenotype. In HD, there is preferential loss of the GABA/ENK neurons
comprising the indirect pathway. Disinhibition of the thalamus and increased exci-
tation of cortical motor output regions result (Fig. 1), manifest in HD patients by
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the development of involuntary, unregulated choreic movements. The late onset of
rigidity and akinesia in some HD patients is thought to be owing to disruption of the
direct motor pathway following additional loss of striatal GABA/SP neurons.
The predominance of bradykinesia in juvenile-onset HD results from simultaneous
loss of SP and ENK neurons.

1.2. Neuropathological Basis of Psychiatric Symptoms
A number of psychiatric disorders are prevalent in HD, often occurring before

motor symptoms. Although neuropathological pathways underlying these traits spe-
cifically in the context of HD are not well documented, these syndromes generally
involve anatomical and neurotransmitter pathways that are disrupted by HD pathol-
ogy. Common psychiatric syndromes including depression, apathy, mania, and

Fig. 1. Modulation of the “indirect” basal ganglia pathway controlling movement in
Huntington’s disease (HD). A representative diagram showing the major neurotransmitter
systems involved in the indirect basal ganglia output pathways. Under normal circumstances
(left), activation of the indirect pathway increases the inhibitory input to thalamic nuclei,
resulting in reduced excitatory output to the cortex. Choreic movements in HD are thought
to result from decreased activity of the indirect pathway as a result of loss of GABA/Enk
neurons projecting from the striatum to GPe, reducing the tonic inhibition of the thalamo-
cortical projection (4). HD, Huntington’s disease; CTX, cerebral cortex; GPe, Globus
pallidus, external segment; GPi, Globus pallidus, internal segment; Thal, Thalamus;
SNR, substantia nigra pars reticulata; STN, Subthalamic nucleus; Stri, Striatum. “X” rep-
resents pathways inhibited by presynaptic inhibitory input, or in the case of GABA/ENK
Stri-GPe projection in HD, by neuronal loss.
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cognition changes in HD generally involve dysfunction in the cerebral cortex and
the subcortical limbic system.

Loss of cerebral cortex neurons is well documented in HD brain. At disease end-
stage more than half the neurons in layer VI of frontal cortex that project to thala-
mus, claustrum, and other cortical regions are lost, and in excess of 70% of
cortico-striatal projection neurons in layer V (1). PET studies of cerebral glucose
metabolism in presymptomatic and at-risk patients indicate cortical dysfunction
prior to disease manifestation in many patients (3). In particular, reduced cerebral
metabolism in the prefrontal cortex of symptomatic and presymptomatic patients,
and at-risk individuals, correlates with depression and increased suicide risk. Apa-
thy is also associated with frontal lobe dysfunction. Bipolar disorder and mania are
associated with alterations in neurotransmitter systems affected by HD pathology,
including glutamatergic transmission in the cerebral cortex and striatum, and
GABAergic transmission in cortex and hippocampus. Dysfunction and damage to
neurons in the cerebral cortex and striatum, and subsequent dysfunction within syn-
aptic projections from these regions to limbic structures including cingulate cortex
and hippocampus are therefore likely to contribute to several of the emotional dis-
turbances identified in HD.

2. GENETIC BACKGROUND

2.1. The HD Gene Mutation

HD is caused by a mutation in a gene on chromosome 4p16.3 termed “huntingtin”
(HD; formally IT15, “interesting transcript 15”) (5). The mutation is an expansion
of an unstable CAG repeat region in exon 1 of HD that is manifest as an expanded
polyglutamine (Qn) stretch in the 348 kDa protein product “huntingtin” (Htt).
The polyQ stretch is associated with a proline (P)-rich domain. Wild-type HD in
unaffected individuals contains 11 to 34 CAGs. Repeat lengths of 35 to 39 CAGs in
one allele are variably penetrant, conferring the possibility of developing HD late
in life, while the disease shows complete penetrance when triplet repeats exceed 39.

HD, generally a monozygotic trait, is considered a true dominant disorder with
full penetrance because carriers with greater than 39 CAG repeats will develop the
disease during a normal life span (6). Homozygosity does not alter either age
of onset, duration, or severity. Another disease trait is anticipation, whereby age of
onset in an individual precedes that in their affected parent. Trinucleotide repeats of
27 or more are polymorphic and undergo alterations during meiosis, fluctuating by
–1 to 5 repeats per transmission with a bias toward expansion. Instability in sper-
matogenesis typically yields the largest expansions, meaning that anticipation is
more pronounced following paternal inheritance. This characteristic contributes to
the appearance of “sporadic” HD cases estimated to constitute about 8% of HD
patients. Nonpenetrant but unstable repeats (27–35 CAGs) may expand to penetrant
length during transmission, or expand owing to novel mutations. Other factors con-
tributing to apparent sporadic onset include lack of knowledge of a family history
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of HD, for example because of adoption, no parental contact, or presymptomatic
death or misdiagnosis of the affected parent.

Several features of the HD phenotype are influenced by CAG repeat length.
Age of onset is inversely correlated with CAG expansion size, and especially long
repeats (>55) confer juvenile onset. The most common repeat lengths of 42 to
50 generally correspond to symptom onset in the fourth and fifth decades, although
the large variances in onset ages mean that repeat sizes in this range are often not
accurate predictors for the age of symptom appearance. Disease severity, extent of
neuropathological degeneration, and degree of DNA damage are all positively cor-
related with triplet repeat length. In contrast, rates of functional decline do not cor-
respond with mutation size. It therefore seems likely that aspects of the disease
process are influenced by extrinsic factors such as stochastic, environmental, or
genetic modifiers. Genomic studies in HD families have revealed a number of
genetic loci that may influence disease course including genes encoding ubiquitination
enzymes (such as UCHL1, which encodes ubiquitin carboxyl-terminal hydrolase
L1), the glutamate GluR6 kainate receptor subunit, and apolipoprotein E (6,7).

Polymerase chain reaction (PCR)-based assays to quantify CAG repeat lengths
are now available for confirmatory diagnostic testing, predictive testing in at-risk
individuals, and prenatal testing in known mutation carriers (for review see ref. 8).
Linkage-based exclusion testing is offered to pregnant at-risk women who choose
not to know their own gene status (termination is only an option if gene linkage
analysis implies the fetus shows the same 50% genetic risk as the mother). Pre-
implantation testing of in vitro fertilized embryos is also available. Genetic testing
is an emotive subject and testing procedures are closely governed by international
guidelines. Genetic counseling is a prerequisite for participants. Current testing
approaches are not 100% reliable, but identify CAG repeat number to within one or
two triplets. Potential problems include interpretation of disease risk when CAG
repeat lengths in the mutable or at-risk lengths are detected, which provide no accu-
rate determination of the probability of disease onset or the risk of transmission to
a child.

2.2 Htt Protein
Huntingtin (htt) protein was unknown until identification of the HD gene muta-

tion in 1993, and the endogenous functions of both wild-type and mutant huntingtin
have still to be definitively elucidated (6).

2.2.1. Wild-Type Huntingtin (Htt)
A role in developmental apoptosis is suggested by observations that (a) mice

entirely lacking the murine HD homologue gene Hdh die in utero, but heterozygous
knock-out mice show little or no pathology, and (b) abnormally low levels of
huntingtin expression are associated with developmental abnormalities. Huntingtin
protein is ubiquitously expressed throughout the body. At the subcellular level it is
present in multiple compartments with a largely cytoplasmic distribution in perikarya,
axons, dendrites and some nerve terminals. The protein contains a nuclear export
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signal domain and at any given time approx 5% of the protein is found in the
nucleus, suggesting that huntingtin shuttles between the nucleus and the cytoplasm.
Reports of colocalization with synaptic vesicles and microtubules infer an involve-
ment in trafficking, and possibly RNA biogenesis or signaling (see Section 3) (9,10).

Htt is a large protein that takes on multiple conformations within cells, putatively
as a result of multiple HEAT domains throughout the protein (approx 40 amino acid
sequence repeats, named for the first four disease-related proteins this motif was
identified in: htt, elongation factor 3, regulatory A subunit of protein phosphatase
2A, and TOR1). HEAT repeats form hydrophobic a helices that can generate elon-
gated superhelices. Htt binding with other proteins is facilitated by several protein
components, including the HEAT superhelices, htt amino terminal, and the
polyglutamine/proline tract.

2.2.2. Mutant Htt
Mutant htt’s toxicity is a result of the gain of a novel function, rather than loss of

wild-type huntingtin function, because (a) mice homozygous for the mutant gene
still develop normally, and (b) expression of a single allele of mutant huntingtin is
sufficient to rescue Hdh-null mice from death in utero (6). Mutant htt is also
expressed ubiquitously throughout the body and its distribution shows no apparent
selectivity for cerebral regions targeted by the disease process, suggesting that
another property of neurons within these regions confers vulnerability to htt toxicity.

Htt contains multiple cleavage sites and proteolytic processing of htt appears to be
a normal physiological event (11,12). Studies suggest that polyQ-induced toxicity is
exacerbated in protein fragments, and is inversely correlated with fragment length.
Therefore cleavage of mutant htt to generate N-terminal htt fragments encompassing
the expanded polyQ region may contribute to htt toxicity. Htt fragments are most
abundant in cortical projection neurons, suggesting that accumulation of mutant htt
fragments contributes to cortico-striatal dysfunction in HD pathogenesis.

N-terminal fragments of mutant htt eventually form ubiquitinated sodium
dodecyl sulphate-resistant protein aggregates in neuronal nuclei (neuronal intra-
nuclear inclusions [NII]) and in dystrophic neurites (cytoplasmic inclusions).
Aggregates have been identified in HD brain and in the brains of transgenic mice
expressing mutant htt, but are not restricted to central nervous system (CNS) cells.
Aggregate deposition patterns differ between CNS and somatic cells. In skeletal
muscle cells, for example, aggregates are found solely within nuclei, whereas in the
brain the bulk of aggregates are neuritic. The mechanism of inclusion formation is
not yet known, but CAG repeat length is critical for aggregate formation and mutant
polyglutamine stretches lend themselves to the formation of b-pleated sheets held
together by hydrogen bonds between amide groups.

3. CELLULAR AND MOLECULAR TARGETS OF THE DISEASE
How the HD gene defect leads to progressive, selective neurodegeneration

remains a tantalizing question. In vivo imaging and analysis of postmortem human
tissue, in vitro studies, and animal models expressing mutant htt, have identified a
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number of cellular components and pathways that involve wild-type htt interac-
tions, or are altered during mutant htt-mediated toxicity, discussed below and sum-
marized in Table 1. The htt-mediated event triggering toxicity remains elusive.

3.1. Abnormal Protein–Protein Interactions
One hypothesis of neurotoxicity in HD is that mutant htt influences cellular func-

tions via interactions with proteins that are either novel, or modify the effects of
wild-type htt binding (reviewed in ref. 9). Htt contains several binding sites for
protein interactions:

1. The polyglutamine/proline (Q/P)-rich domain binds with proteins with Src homology
region 3 (SH3) or tryptophan (WW) residues. These include protein kinase C and
casein kinase substrate 1 (PACSIN1) and SH3GL3/endophilin3 involved in endocyto-
sis, the transcription factor p53, and the synaptic scaffold protein PSD-95. Other
interactors include the multifunctional enzyme glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), the calcium sensor protein calmodulin, and pro-apoptotic caspase-3.

2. HEAT domains bind with several proteins, including the transcription factor NFkB,
and contribute to binding with htt-associated protein (HAP) 1, and htt-interacting pro-
teins (HIP) 1 and 14 (HYP-H) involved in intraneuronal trafficking and endocytosis.

3. The amino terminal region (including the polyQ region) binds to molecules involved
in endocytosis (e.g., a-adaptin C/HYP-J) and several transcription regulators includ-
ing cAMP response element binding protein (CREB) binding protein (CBP), specificity
protein 1 (Sp1), TATA-binding protein-associated factor (TAFII-130), and Sin3a.
Other interactors include components of signal transduction pathways including
Cdc42-interacting protein 4 (CIP4), Akt/PKB, and Ras GTPase-activating protein
(RasGAP). The functional consequences of some of these interactions are reviewed next.

Findings of increased transglutaminase (TGase) activity in HD caudate and in
transgenic mouse models imply that the gene mutation increases the extent of htt–
protein interactions. TGases catalyze the covalent linkage of Q residues with lysine
(K) and polyamines in other proteins. The concentration of glutamyl-lysine
crosslinks is also elevated in HD brain and cerebrospinal fluid, and crosslinks
are found in htt-positive aggregates. TGase-mediated htt–protein interactions
appear to contribute to htt-mediated toxicity, because knocking out the TGase-2
gene delayed neuronal damage in HD transgenic mice (13).

3.2. Endocytosis Pathways
Endocytosis is the process whereby the cell membrane invaginates to form

membrane-bound vesicles containing substances previously bound at the cell sur-
face. A number of proteins that interact with htt modulate steps in the endocytosis
process, and thus mutant htt may deleteriously affect this pathway (reviewed in
ref. 9). An early stage in vesicle generation is the formation of pits in the cell mem-
brane that are lined with the structural protein clathrin, via clathrin’s interaction
with adaptor protein-2 (AP2), which binds to membrane phospholipids. A number
of htt-interacting proteins may modify the formation of clathrin-coated pits and
vesicles. HIP1 can interact with clathrin, and both HIP1 and htt directly interact
with the AP2 a-adaptin subunit. HIP1 and HIP12 influence vesicle budding and
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actin-mediated transport. PACSIN1 has roles in actin polymerization and phos-
phoinositide turnover, and is thought to contribute to vesicle detachment. Another
htt interactor, SH3GL3 (endophilin 3), appears to affect membrane curvature,
invagination and vesicle scission. Htt also binds to HIP14 (HYP-H), which has
sequence similarity with a yeast endocytotic protein, Ark1p. Because HIP14 local-
izes to the Golgi apparatus and cytoplasmic vesicles in cell lines, it has been pro-
posed to act as a perinuclear endocytosis regulator. Thus, wild-type htt may serve
regulatory roles in clathrin-mediated endocytosis, and mutations in htt could del-
eteriously modify clathrin binding to membranes, vesicle budding, and actin-medi-
ated vesicle transport.

3.3. Intraneuronal Trafficking
Mutant htt-induced defects in axonal trafficking were first proposed on the basis

that distribution of htt aggregates within neuropil seemed to correlate with
neurodegeneration more closely than nuclear deposition, in HD patients and
“knock-in”  mouse models. Additionally, htt is enriched in membranous cell frac-
tions and shows affinity for cytoskeletal and vesicular components. More compel-
ling evidence for a role of wild-type htt in trafficking is provided by a recent study
demonstrating that reduced expression of htt in Drosophila induces abnormal
accumulations of cellular organelles in larval neurons, termed axonal blockages,
and concomitant disruption of axonal transport. Another study demonstrated that
mutant polyQ expansions in truncated htt and androgen receptor (AR) proteins
impair intergraded and retrograde fast axonal transport in squid giant axons.
Increased polyQ repeat length exacerbates this defect (reviewed in ref. 10).

3.4. Transcriptional Regulation
Huntingtin protein can bind to and functionally alter the activity of several tran-

scription factors, co-activators, and repressors (14).

1. Transcription factors: Mutant htt exon 1 interacts with both p53 and CBP and represses
transcription of the p53-regulated promoters p21WAF/CIP1 and MDR1. CBP colocalizes
with htt aggregates in HD mouse models, cell culture preparations, and in human HD
postmortem brain tissue. PolyQ toxicity in vitro can be blocked by overexpression
of CBP.

2. Transcriptional activators: Htt binds to the transcriptional activator Sp1 that recruits
the transcription factor TAFIID to DNA. It also binds the co-activator TAFII-130.
Because TAFII-130 interacts directly with Sp1, it has been proposed that htt may form
a support to facilitate transcription activation.

3. Transcriptional repression: Htt also interacts with repressor machinery, including the
complex containing N-CoR and Sin3A that represses transcription induced by some
ligand-activated nuclear receptors (e.g., retinoic acid receptors). N-CoR links DNA-
binding proteins to histone deacetylases, and interacts directly with transcription fac-
tors through TFIIB. Several genes regulated by NcoR-Sin3A-mediated transcription
are altered in HD (9,14). Furthermore, mSin3 also colocalizes with htt and CBP in
protein aggregates.

The mechanism underlying mutant htt’s effects on gene transcription is currently
unclear. It was initially suggested that reduced transcriptional activity of some fac-
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tors (e.g., CBP and TAFII-130) might result from sequestration into htt-containing
aggregates. Sequestration now seems unlikely to be the primary step in HD patho-
genesis because transcriptional changes precede aggregate formation in several
experimental models. An alternative hypothesis is that a deficiency in cAMP
underlies decreases in CRE-mediated gene transcription. Adenosine triphosphate
(ATP)-dependent cAMP generation is reduced in HD CSF, cerebral cortex, and
lymphoblastoid cell lines, whereas the adenylate cyclase stimulator forskolin
attenuates mutant htt-induced toxicity in cell lines. Reduced cortical and striatal
levels of cAMP also precede alterations in PKA/CREB signaling, nuclear aggre-
gate formation, and neuronal death in a mouse model of HD (15).

Changes in cAMP-mediated transcription will have downstream effects on many
cell components. There is substantial evidence of defects in brain-derived neu-
rotrophic factor (BDNF) function, a cell-survival protein regulated by CREB, in
HD. BDNF protein and mRNA levels are markedly reduced in the frontoparietal
cortex of symptomatic patients. Reduced BDNF gene transcription and protein lev-
els are also evident in cerebral cortex and striatum of multiple mouse models
expressing mutant htt (15). In contrast, mice expressing human wild-type huntingtin
show increased levels of BDNF. It has therefore been hypothesized that the selec-
tive vulnerability of striatal neurons may result from loss of neurotrophic support
by BDNF, because the striatal pool of BDNF arises from cortical projection
neurons.

3.5. Postsynaptic Signaling
Htt binds to postsynaptic density-95 (PSD-95), a member of the membrane-

associated guanylate kinase (MAGUK) protein family that is involved in organiza-
tion of the postsynaptic density. PSD-95 binds to kainite and N-methyl-D-aspartate
(NMDA) glutamate receptor subtypes, as well as to cytoplasmic signaling mol-
ecules including SynGAP (synaptic GTPase-activating protein). SynGAP also
modulates excitatory synapses via down-regulation of GTPase Ras. PSD-95 further
influences dendritic spine morphology via effects on Rac1 signalling involved in
actin cytoskeleton remodeling. Htt binding to CIP4 and FIP-2 may also affect den-
dritic spine morphology (9).

3.6. Apoptotic Cascades
One putative function of wild-type htt is regulation of apoptosis during develop-

ment, and it has been suggested that striatal htt protects neurons from pro-apoptotic
pathways, possibly through inhibition of the cytochrome C (cyt C)-dependent
procaspase-9 pathway. The htt interactor HIP1 induces caspase-3-dependent cell
death, but co-expression of htt abrogates this toxicity in cell lines. Mutant expan-
sion of the htt polyQ tract reduces the ability of htt to bind HIP1, suggesting a
possible pathway for increased apoptotic damage in HD. Free HIP1 can associate
with HIP1 protein interactor (Hippi) to induce procaspase-8 cleavage and apoptosis
in vitro (16). It has also been proposed that htt acts as a survival factor in the
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phosphoinositide 3-kinase (PI3K)-Akt pathway, as it is a substrate for Akt. This
pathway stimulates the expression of survival genes including Bcl-xL and BDNF,
and represses death genes including BAX and Bcl-2.

3.7. Mitochondria and Energy Metabolism Pathways
Energy metabolism is impaired in affected brain regions of HD patients (17).

Reduced ATP generation can be detrimental to cells in a number of ways, including
direct reduction of functional activity within cells, increasing free radical genera-
tion, and increasing neuronal vulnerability to excitotoxic damage. Thus energetic
defects are postulated to be important contributors to HD pathogenesis.

The most prominent metabolic alteration in HD patients is profound weight loss,
even when caloric intake is maintained. In the CNS, impairments in energy
metabolism have been found in brain regions targeted by the disease. Glucose
uptake is reduced in the caudate, putamen, and cerebral cortex prior to the bulk of
tissue loss in symptomatic patients, and presymptomatically in approx 50% of gene-
positive mutation carriers. Cerebral levels of lactate are abnormally elevated in
affected basal ganglia and cerebral cortex of HD patients. This abnormality can be
ameliorated by treatment with the metabolic co-factor Coenzyme Q10 (CoQ10) (18).
Biochemical studies in HD postmortem tissue have revealed selective dysfunction
of components of the mitochondrial tricarboxylic acid (TCA) cycle and electron
transport chain (ETC) in affected brain regions, in particular succinate dehydroge-
nase in complex II and the TCA cycle, complex IV, and aconitase. Further indirect
evidence that energetic defects contribute to neurodegeneration in HD is provided
by findings that creatine and CoQ10 are protective in animal models of HD, puta-
tively via enhancing the efficiency of energy production and delivery in neurons.

Involvement of mitochondrial damage in HD is supported by observations of
degenerating mitochondria in mutant mouse models of HD, in some cases con-
comitant with symptom onset. Htt staining in degenerated mitochondria in
symptomatic mice suggests that mutant htt may interact directly with neuronal
mitochondria (19). Another HD mouse line (N171-82Q) shows evidence of
apoptotic cell death in the striatum and cerebral cortex associated with mitochon-
drial cytochrome C release and caspase-9 activation in the striatum and cerebral
cortex. In vitro studies show that mutant htt can alter mitochondrial function by
influencing mitochondrial calcium handling (17). Pathogenic polyglutamine con-
structs have also been shown to decrease mitochondrial membrane potential and to
increase mitochondrial vulnerability to Ca2+-induced depolarization.

3.8. Excitotoxic Processes
Mutant htt expression induces alterations in several components of the glutamate

neurotransmitter system in affected brain regions that may render cells vulnerable
to glutamate-mediated excitotoxic damage (17). The considerable glutamatergic
innervation of the neostriatum from the cerebral cortex is postulated to exacerbate
the risk of excitotoxic damage to striatal neurons.
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Studies of glutamate receptor subtypes in postmortem tissue from late-stage and
presymptomatic HD patients show that NMDA receptors are selectively depleted
in HD striatum. Findings suggest that NMDA receptor-bearing neurons are prefer-
entially vulnerable to degeneration, and that excitotoxic stress may occur early in
the disease course. In animal models, striatal lesions induced by excitotoxins
(glutamate receptor agonists) in rodents and primates closely resemble those seen
in HD brain. The NMDA receptor agonist quinolinic acid produces neuronal-spe-
cific lesions typical of HD, with relative sparing of NADPH-diaphorase and
parvalbumin-positive neurons. NMDA receptor-mediated lesions in primates are
associated with an apomorphine-inducible movement disorder resembling the chor-
eic movements in HD. Some genetic models of HD (discussed further in Section 4)
also show age-dependent declines in glutamate receptor densities in striatum and
cerebral cortex, and increased vulnerability to excitotoxic damage.

Excitotoxic damage may also occur in circumstances when extracellular
glutamate levels are normal but energy metabolism is impaired, by so-called “sec-
ondary excitotoxicity” (20). Reduced ATP production disrupts energy-dependent
processes within neurons, including the maintenance of pumps regulating ionic and
voltage gradients across cell membranes. Impaired Na+/K+-ATPase activities at the
cell membrane may cause prolonged or inappropriate opening of voltage-depen-
dent ion channels leading to partial depolarization. If depolarization is severe
enough, normally inert extracellular levels of glutamate can trigger NMDA recep-
tor activation resulting in Ca2+ influx, nitric oxide synthase (NOS) activation and
free radical production. Secondary excitotoxicity is responsive to blockade by
NMDA receptor antagonists and glutamate release inhibitors.

3.9. Htt and Oxidative Damage
Mutant htt expression is linked with oxidative damage to multiple cellular com-

ponents in HD, including proteins, DNA and phospholipids (21). Studies in HD
postmortem brain show increased levels of DNA strand breaks, DNA oxidative
damage products such as 8-hydroxydeoxyguanosine (OH8dG), 3-nitrotyrosine
(a marker for peroxynitrite-mediated protein nitration), malondialdehyde (marker
for oxidative damage to lipids), lipofuscin accumulation (a marker of lipid
peroxidation), and heme oxygenase (formed during oxidative stress) in HD stria-
tum and cortex. Findings that oxidative damage to DNA and lipids is increased
after symptom onset in mouse models of HD suggest that it is a downstream conse-
quence of htt-induced damage. Glutamate agonists, Ca2+ influx, and nitric oxide
can stimulate free radical generation, and therefore oxidative damage in HD may
result from excitotoxic damage or energy impairments.

3.10. Htt Aggregates in Pathogenesis
Intracellular htt-containing protein aggregates are a hallmark of HD. In some

experimental models, including Drosophila photoreceptors, mutant htt’s toxicity is
associated with the presence of neuronal aggregates (NII). Thus, it has been pro-
posed that htt-positive aggregates could be detrimental to cells by sequestering other
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critical cell proteins and macromolecules, by preventing htt from performing its
normal function, or by disrupting vital processes such as proteosome pathways.
However, this hypothesis is countered by observations that aggregates are found
throughout the body of HD patients and deposition patterns do not mirror cell death
in postmortem tissue. Additionally, several studies in cell lines have shown that
human mutant htt can induce cell-selective neurodegeneration independent of the
presence of NII, whereas suppression of NII formation can increase htt-mediated
toxicity, suggesting that aggregate deposition may be part of a protective mecha-
nism within cells (17). Transgenic and knock-in mouse models (discussed in Sec-
tion 4) further support the argument that NII are not a prerequisite for toxicity in
HD models, because there is no direct link between the timing and distribution of
NII deposition and cell damage or dysfunction in the majority of models. Aggre-
gates may, therefore, be the result of an intrinsic mechanism to remove toxic htt
from the cell milieu, or alternatively be an inert side effect of the propensity for htt
to self-aggregate.

4. ANIMAL MODELS

The existing approaches for modeling Huntington’s disease in animals utilize
knowledge of the genetic basis of the disease and neurochemical facets of its etiology
(largely the involvement of the glutamate neurotransmitter system and energetic
defects). Three categories predominate: models recapitulating specific neurotrans-
mitter pathway lesions using either (a) excitotoxic or (b) mitochondrial toxins in
rodents and nonhuman primates, and (c) models expressing the HD gene defect.

4.1. Excitotoxins
Excitotoxic striatal lesions in rodents and primates closely resemble those seen

in HD brain (17). Intrastriatal injection of the NMDA agonist quinolinic acid
induces striatal neurodegeneration of medium spiny projection neurons, but spares
NADPH-diaphorase and parvalbumin-positive neurons. In primates, NMDA recep-
tor-mediated striatal lesions result in an apomorphine inducible movement disorder
resembling that seen in HD patients. This phenomenon appears to be NMDA recep-
tor-specific, because degeneration induced by AMPA and kainate receptor agonists
does not target the same neuronal populations.

Expression of the HD gene mutation also confers some susceptibility to
excitotoxic damage, but reports to date suggest that the context in which the mutant
gene is expressed influences vulnerability. For example, striatal NMDA receptor-
mediated quinolinic acid lesions are exacerbated in a full-length htt mouse model
(YAC-72Q mice), possibly associated with expression of the NMDA receptor
NR2B subunit in this model. In contrast, another transgenic mouse model express-
ing an N-terminal fragment of mutant huntingtin (N171-82Q) showed no preferen-
tial susceptibility to quinolinic acid lesions, while expression of a shorter gene
fragment with longer CAG repeats (in R6/2 and R6/1 mice) conferred resistance to
quinolinic acid, malonate, NMDA and 3-NP toxicity. Hypotheses to explain the
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differences between models include reduced synaptic activity in resistant lines, or
differential vulnerabilities of background mouse strains. In contrast, R6/2 striatal
and cortical neurons show increased susceptibility to NMDA ex vivo. The fact that
the glutamate release inhibitor riluzole prolongs survival in R6/2 mice reinforces
suggestions of an excitotoxic component of pathogenesis in this model.

4.2. Mitochondrial Toxins:
3-Nitropropionic Acid (3-NP) and Malonate

Mitochondrial defects are implicated in HD by findings of reduced glucose
metabolism and mitochondrial succinate dehydrogenase (SDH) activity in the cau-
date and putamen of symptomatic patients. SDH, located on the matrix surface of
the inner mitochondrial membrane, catalyzes the oxidation of succinate to fumarate
in both the TCA cycle and complex II of the electron transport chain (ETC).
Impaired SDH activity therefore decreases substrate delivery from the TCA cycle
to complex I of the ETC and impairs electron transfer, ultimately reducing ATP
generation. Some of the clinical and pathological characteristics of HD are repli-
cated by inhibiting striatal SDH activity with 3-nitropropionic acid (3-NP) and
malonate (17).

4.2.1. 3-Nitropropionic Acid
Systemic administration of 3-NP causes selective degeneration of striatal

medium spiny neurons and motor abnormalities resembling HD. 3-NP’s utility as a
HD mimetic was discovered by chance, when a group of children in China devel-
oped motor disturbances and dystonia associated with discrete basal ganglia lesions
after eating sugar cane contaminated with the fungus Arthrinium. The toxic moiety
was found to be the 3-nitopropanol metabolite 3-NP (22). 3-NP toxicity in humans
induces gait abnormalities, multiple cognitive symptoms including acute encepha-
lopathies and coma, and may be fatal. Systemic administration of 3-NP to both rats
and primates produces age-dependent striatal lesions that are strikingly similar to
those seen in HD. For example, striatal 3-NP lesions in nonhuman primates show
sparing of NADPH-d neurons and proliferative changes in the dendrites of spiny
neurons. Animals also develop both spontaneous and apomorphine-inducible move-
ment disorders. The extent of basal ganglia lesions induced in animals are minutely
dependent on the dosing regimen used, with chronic low dose paradigms inducing
cerebral pathology most closely mimicking HD.

4.2.2. Malonate
Malonate is another selective inhibitor of SDH activity that induces motor

impairments following intrastriatal administration in rodents. Because malonate does
not cross the blood brain barrier systemic administration is ineffective, but it remains
a useful tool for modeling the effects of complex II inhibition in vitro and in vivo.

4.2.3. Selective Toxicity of Mitochondrial Toxins
The striatum is discretely targeted by 3-NP toxicity despite uniform distribution

of 3-NP throughout the brain and uniform depression of SDH activity following
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systemic administration. It has been suggested that this susceptibility of striatal
neurons to metabolic stress might contribute to their selective vulnerability in HD,
supported by findings that improving energy generation within neurons (by creat-
ine or CoQ10 administration) protects against 3-NP toxicity. 3-NP administration
also causes activation of NMDA receptors, and lesions can be prevented by prior
removal of glutamatergic excitatory cortico-striatal inputs by decortication, by
glutamate release inhibitors, and by glutamate receptor antagonists, suggesting that
3-NP toxicity is mediated by excitotoxic mechanisms secondary to metabolic
defects (23). NMDA receptor antagonists also abrogate malonate toxicity. 3-NP
and malonate lesions induce oxidative damage, resulting in increased hydroxyl radi-
cal generation, DNA, and protein damage. Free radical scavengers and nitric oxide
synthase inhibitors attenuate lesions (21).

4.3. Genetic Models of HD
One of the major drawbacks of relying on human tissue to determine disease

mechanism in progressive neurodegenerative disorders is the inability to adequately
map early events in the disease process. The development of animal models
expressing the HD gene mutation has been invaluable in circumventing many of
these issues. A number of model organisms have been utilized, including C. elegans
and Drosophila, which are particularly useful for rapid, high-throughput screening
applications, and HD-mutant rodent models, which allow multisystem evaluation
of potential disease pathways.

Mutant mouse lines are the most thoroughly characterized HD genetic models
currently available (Table 2) (17,24). Several different mutants have been gener-
ated that vary in the technique used to incorporate the gene mutation into the mouse
genome. As a result, phenotypes vary between mouse lines depending on the nature
of the mutation incorporated (full-length human HD, a fragment of human HD, or
precise “knock-in” of a polyglutamine repeat into the murine HD homologue Hdh),
CAG repeat length, copy number of the mutant gene, promoter-dependent cellular
specificity of expression, expression levels, and background strains of the mice.
The utilities of these different types of mouse models can be divided into three
broad categories.

4.3.1. Mice Expressing N-Terminal Exon-1 Fragments
of the Human Huntingtin Gene Containing CAG Expansions
(Plus Both Alleles of Murine Wild-Type Huntingtin, Hdh)

Typical characteristics of “fragment” mouse models are short life spans, and
relatively rapid onset of phenotype that includes reductions in body weight and
brain weight, htt aggregate formation, and neuronal atrophy. R6/2 mice expressing
about 150 CAGs were the first mutant HD mice developed, and are therefore the
best characterized to date (25). Mice have extremely short life spans (approx 13–
17 weeks), and develop NII (approx 3–4 weeks); gait abnormalities, rotarod
impairments, glucose intolerance, body weight loss, brain weight loss, diabetes,
striatal atrophy and ventricular enlargement (6–10 weeks); and cerebral neurotrans-
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mitter receptor alterations including depletions of metabotropic glutamate and DA
receptors (approx 12 weeks). N171-82Q mice express a longer fragment of human
htt exon 1 with a shorter polyQ repeat (82Q). As a result, phenotype onset is later
and progression slower than R6/2s, but mice develop a behavioral phenotype more
closely reminiscent of HD. Weight loss, gait abnormalities, impaired motor perfor-
mance, systemic glucose intolerance, and NII deposition are evident by 3 to 4
months of age, before premature death at 4 to 6 months (26). There is little evidence
of overt neuronal loss in R6/2 mice, but degeneration of organelles including mito-
chondria has been reported in symptomatic mice (19). End-stage N171-82Q mice
show evidence of apoptotic cell death in striatum and cortex.

Another genetic HD modeling strategy uses an inducible tetracycline-respon-
sive gene system to turn on expression of an HD gene fragment postnatally (27).
Gene expression in this context induced a progressive phenotype of intranuclear
and cytoplasmic inclusion formation, striatal atrophy and astrocytosis, hind-limb
clasping and rotarod motor impairments, and receptor changes in the striatum. Some
of these changes partially reverse or resolve following transgene turn-off, includ-
ing aggregate load, receptor fluctuations, and motor performance. These observa-
tions suggest that appropriate HD treatments may still be beneficial when applied
after symptom onset.

4.3.2. Mice Expressing the Full-Length Human HD Gene (and Murine Hdh)
“Full-length” mouse models show behavioral phenotypes and selective neuronal

degeneration more closely resembling HD than fragment models, but onset and
progression is slower. YAC128 mice express full length HD using the human pro-
moter, with expression levels approx 75% of endogenous (28). Mice show early
hyperkinetic movements, followed by impaired motor function, reduced brain
weight, cortical and striatal atrophy, neuronal atrophy and striatal cell loss (affect-
ing primarily medium spiny neurons), and late deposition of htt aggregates. These
full-length mutant mice live normal life spans.

4.3.3. Mice With Pathogenic CAG Repeats Inserted Into Murine Hdh
“Knock-in” mice generated by inserting mutant CAG expansions into the murine

HD homologue Hdh represent the most accurate models for mutant htt expression.
In general, these models develop pathologic phenotypes most closely resembling
HD, but behavioral phenotypes are less severe and slower progressing than human
full-length and fragment HD models. Mice have normal life spans. Several knock-
in models have been generated of which the HdhQ92 and HdhQ111 mice are the best
characterized (29). Mice show nuclear localization of htt selectively in striatal
medium spiny neurons, eventual htt aggregate formation, and striatal-specific cell
loss around 24 months of age in HdhQ111 mice. Increased CAG repeat length is
associated with acceleration of NII formation and cell death. Other knock-in mod-
els show overt behavioral abnormalities including hypoactivity, hindlimb clasping,
and gait abnormalities (24).

In summary, although all mutant HD models exhibit some features of the human
disorder, invariably involving htt aggregate formation, few develop the cardinal
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signs of striatal neuronal degeneration. Neurodegeneration seems to depend ulti-
mately on the context in which the HD mutation is expressed. Some generalities
can be drawn from a survey of existing mouse lines. First, mice require longer CAG
repeats than humans to elicit pathogenic events, putatively as a result of their rela-
tively short life spans. Second, onset is accelerated when gene fragments are
expressed, and both age of onset and survival decrease with shorter fragments.
In contrast, expression of longer fragments or full-length huntingtin is associated
with neuronal death patterns more closely resembling human HD pathology. Age
of phenotype onset, aggregate formation, and cell death are all slower in full-length
models (including knock-in mice), compared with fragment models. Within each
of these subsets, longer CAG repeats accelerate all phenotypes.

5. CLINICAL PHENOTYPES
A diagnosis of HD is based largely on the development of the hallmark choreic

movement disorder, and is aided by a positive family history. Genetic testing to
detect the abnormal CAG repeat may now be used to confirm suspected HD.
Approximately one-third of HD cases initially present with emotional disturbances
and neuropsychiatric conditions, however, which can lead to misdiagnosis. In the
absence of a family history, a correct diagnosis in these cases may be difficult until
the movement disorder presents.

The clinical phenotype of HD includes a primary movement disorder, emotional
disturbances, and cognitive decline. The heterogeneous clinical presentations of HD
and treatment paradigms are extensively reviewed by Rosenblatt and colleagues (30).

5.1. HD Movement Disorder
The earliest motor abnormalities in HD typically affect the eye. Initiation of eye

movement is delayed, the speed of saccades declines, patients show impaired abil-
ity to suppress blinks when saccades are initiated, and pursuit movements become
jerky. Choreic body movements gradually develop, and are the most noticeable
feature of HD. The earliest changes are subtle and are often suppressible at first.
These include clumsiness, variable stride length, a propensity to fidget, restless-
ness, and the appearance of fragmentary or exaggerated facial expressions or ges-
tures. As the movement disorder becomes more profound and disabling patients
develop a choreic “dancing” or “drunken” gait. Patients are unable to suppress
involuntary movements involving many muscle groups, principally affecting the
limbs and trunk generating irregular jerking and writhing movements, and often
face, mouth, and tongue. As a result, HD patients show an increasing frequency of
falls and muscle movements controlling respiration may become irregular. Motor
impersistence develops, typified by incomplete chewing (increasing the risk of
choking and aspiration), inconsistent driving speed, and a tendency to drop objects.
Dystonia and bradykinesia become prominent later in the disease. Voluntary move-
ments and postural reflexes slow, and patients lose facial expression. As a result,
dysphagia, dysarthria, aspiration, reduced dexterity and coordination, and balance
problems are common occurrences in HD.
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5.2. Emotional Disturbances
Mood and behavioral disorders are often the most disruptive features of HD not

only for patients, but also their families and other relationships. Emotional changes
precede the appearance of overt motor symptoms in approximately one-third of
patients, and an increased risk of suicide has been identified in presymptomatic
HD patients. Although the appearance of emotional disturbances is quite variable
between individuals, they may include depression (with concomitant social with-
drawal and suicide risk), increased impulsivity, obsessive-compulsive behavior,
increased anxiety and irritability, or psychosis. Overt changes in personality are
also common, including the development of uncharacteristically rude behavior and
impatience, violent outbursts, changes in sexual behavior, and errors in social
judgment.

5.3. Cognitive Decline
As the disease progresses, symptoms of cognitive decline become prevalent.

Patients become easily distractible and the speed of their intellectual maneuvers
decreases. Visuospatial abilities become impaired, often manifest as a decreased
awareness of their environment and the relationship of their body to objects, and a
tendency to get lost. Executive function is impaired, affecting attention, decision-
making, planning, and organization abilities, and initiation and sequencing of
actions. Decline in short-term memory and learning skills are also prevalent.
Cognitive changes in HD are considered “subcortical” in origin, because they gen-
erally lack cortical-associated symptoms such as aphasia, agnosia, and amnesia
typical of Alzheimer’s type dementia.

5.4. Juvenile- and Late-Onset HD
Consistent with the pathological differences between adult and juvenile-onset

forms, juvenile HD shows phenotypic variations. Chorea is much less prominent,
and bradykinesia is overt and occurs early (the so-called Westphal variant). Juve-
nile patients also typically show tremor, rigidity, and dystonia. Myoclonic jerks
and seizures may occur. Behavioral problems are often manifest as attention defi-
cit, poor impulse control, inappropriate behavior, and failure at school. Late-onset
HD may present purely as chorea.

6. CURRENT AND PROTOTYPICAL TREATMENTS

6.1. Current Treatments
There are no therapeutic approaches to prevent the neuronal degeneration in HD

available at present (agents in clinical trial are discussed later). Approaches cur-
rently used treat the symptoms rather than the disease. The multiple neurological
and psychological components of HD mean that medications used to treat these
symptoms often have side effects that compound other features of the disease.
Wherever possible, therefore, nonpharmacological techniques are applied first, and
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if pharmacological agents are necessary the lowest effective doses are used. HD is
associated with reduced energy metabolism, weight loss, and associated loss of
strength. Therefore, nutrition is important and patients should be maintained on
high-calorie diets, with supplements if necessary. Swallowing is often impaired
and easy-to-swallow food should be chosen. An eating environment designed to
reduce distractions and improve food access (e.g., using adapted utensils) is also
beneficial. Pharmacological and nonpharmacological approaches are discussed in
detail in “A Physician’s Guide to the Management of Huntington’s Disease” (30).

6.1.1. Movement Disorder
Although the appearance of involuntary choreic movements is typically the most

overt feature of HD, it is often the least troublesome symptom for patients and
therefore often needs no treatment. If chorea is severe and distressful, standard
antipsychotics such as the neuroleptics haloperidol or fluphenazine may be used to
suppress movements. Possible side effects include sedation, parkinsonism, and dys-
tonia, of which the latter two can be addressed by using less potent antipsychotics
(e.g., clozapine or quetiapine [31]). Benzodiazepines including clonazepam and
diazepam, or DA-depleting agents (e.g., reserpine and tetrabenazine) may have
some beneficial effects. The impaired initiation and control of voluntary move-
ments have greater impacts on functional ability in HD, but no effective pharmaco-
logical agents are available. Physical, occupational, speech, and swallowing
therapies can delay decline of these functions. Bradykinesia, dystonia, and spastic-
ity may develop late in the disease. Antiparkinsonism drugs such as levodopa/
carbidopa and amantadine can be used to treat bradykinesia, but are associated with
delirium and tolerance. Benzodiazepines may relieve stiffness, although increased
bradykineisa is a potential side effect. Myoclonus may respond to clonazepam or
divalproex sodium, although it is often not debilitating enough to warrant treat-
ment. Divalproex sodium is also used to treat myoclonic epilepsy or seizures that
occur in approx 30% of juvenile HD patients.

6.1.2. Emotional Changes
Many of the symptoms of mood disturbances and personality changes can be

improved by conventional pharmacological approaches. Antidepressants are com-
monly used, and do not generally affect motor deficits. Selective serotonin reuptake
inhibitors (SSRIs; including fluoxetine, sertraline, paroxetine, and fluvoxamine)
are usually the class chosen because they have less severe side effects and less
chance of overdose. Tricyclic antidepressants are avoided if possible, especially in
impulsive or suicidal patients, as a result of their adverse cardiovascular effects and
relatively high risk of toxicity in overdose, although they may be used for acute
treatment if depression is unresponsive to SSRIs (e.g., Nortryptaline). Psychotherapy
can be beneficial, and in refractive or severe cases electroconvulsive therapy has
been used (30). Concomitant presentation of hallucinations, delusions, or severe
agitation can be treated with antipsychotic medications. Standard antipsychotics
should be administered at low doses to avoid the detrimental side effects of parkin-
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sonism, rigidity, or sedation. If chorea is not an overt problem in psychotic patients,
newer agents that are less sedative and display low or no parkinsonian side effects
(e.g., quetiapine or aripiprazole) may be beneficial (31).

A small cohort of patients with HD develop mania, and some may develop
bipolar disorder (alternating between depression, mania, and normal mood). Mood
stabilizers such as lithium are useful in these cases. Impulsivity can also be
treated with mood stabilizers (e.g., carbamazepine, gabapentin, divalproex sodium,
and valproic acid). SSRIs or the tricyclic antidepressant clomipramine are typically
used to treat obsessive-compulsive behavior. Commonly used anti-anxiety agents
include SSRIs and benzodiazepines. Mood stabilizers, SSRIs, and antipsychotic
agents are often useful to treat irritability. One prevalent behavioral affect of HD is
a change in sexual behavior. If inappropriate sexual activity is a problem, agents
that reduce libido as a side effect such as propranolol or fluoxetine may be useful.

6.1.3. Cognitive Changes
No pharmacological interventions are currently available. Nonpharmacological

approaches include compensating for poor organizational skills by instigating daily
routines, prompting patients to initiate activity, and behavioral approaches to deal
with impulsivity and temper outbursts.

6.2. Prototypical Treatments
Mutant htt interactions and animal models of the disease have revealed several

targets for pharmacological interventions aimed at preventing or arresting the pro-
gression of neurodegeneration in HD. A number of agents induced moderate ben-
eficial effects in animal models, including agents that improve energy metabolism,
modulate glutamate receptor activation, inhibit free radical-mediated oxidative
damage, modulate DA and cannabinoid neurotransmission, and prevent caspase
activation. The most promising agents identified to date are being assessed in clini-
cal trials in the HD population.

CoQ10 and creatine improve aspects of HD phenotype putatively via enhancing
cerebral energy metabolism (17). Oral administration of CoQ10 ameliorated
elevated lactate levels seen in the cortex of patients with HD, an effect that was
reversible on withdrawal of the agent (18). CoQ10 attenuated neurotoxicity induced
by the mitochondrial toxins MPTP and malonate in animal models, and increased
survival and delayed symptom onset in genetic mouse models of HD. These find-
ings led to CoQ10 being tested in a 30-month clinical trial in early-stage HD
patients, both alone and in combination with the weak NMDA-receptor antagonist
remacemide (32). Although this multiarm trial did not detect a significant amelio-
rative effect of CoQ10, it did demonstrate a trend toward a protective effect with
treatment slowing the decline in “total functional capacity” of patients with HD by
13%. Although findings were not immediately conclusive, results are encouraging
and further studies of different doses are planned.

An alternative strategy to enhance cerebral energy metabolism is to increase
brain energy stores of the high-energy compound phosphocreatine (PCr) via sys-
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temic creatine administration. Oral creatine treatment successfully attenuated neu-
rotoxicity induced by 3-NP in rats, ameliorating increases in striatal lactate levels
and decreases in energy metabolites including ATP induced by the toxin (17). Fur-
thermore, oral creatine administration delayed disease onset in HD mouse models,
and protected against purkinje cell loss in a transgenic mouse model of another
polyglutamine repeat disease, SCA1. As a result of these promising effects,
creatine’s efficacy in HD is currently being assessed in clinical trials.

Riluzole is a glutamate release inhibitor that has been shown to abrogate damage
in models of excitotoxic damage, and of HD and other neurodegenerative disor-
ders. The effects of riluzole on components of the Unified HD Rating Scale
(UHDRS) were recently assessed in an 8-week two-dose study in 63 patients with
HD (33). The higher dose tested (200 mg/kg per day) significantly reduced the
progression of chorea over this period, but had no effects on motor, cognitive,
behavioral, or functional components of the UHDRS.

The modified tetracycline antibiotic minocycline is currently in initial clinical
trials as an HD therapeutic. This agent has been shown to inhibit htt aggregation,
caspase-3 activation, and calpain cleavage. It has been reported to be protective in
some animal models of focal and global cerebral ischemia, mitochondrial toxicity,
and neurodegenerative disorders including HD and amyotrophic lateral sclerosis.
However, beneficial effects are not universal, and a number of recent studies report
no effects or even detrimental effects of this agent, suggesting its reported benefi-
cial effects may be associated with a small dosing window. The potential utility of
this agent in HD therapy is controversial.

A number of other therapeutic approaches are being actively explored for HD,
including stem-cell transplantation, viral vector delivery of neurotrophic hormones,
gene-therapy approaches, and genetic technology designed to silence mutant HD
gene expression. As a result, HD is currently at the forefront of therapeutic design
in neurodegenerative disorders, and the current high volume of HD-related research
implies that ameliorative treatments may be available in the near future.

GLOSSARY OF MEDICAL TERMINOLOGY

Anticipation: Age of disease onset decreases in successive generations, owing to mutation
instability.

Atrophy: A wasting or decrease in size of a body organ, tissue, or part, owing to disease,
injury, or lack of use.

Apoptosis: Programmed cell death (or “cell suicide”) induced by intracellular signals in
response to a variety of stimuli. Apoptosis may occur in development, or as a result of
disease, or age. Cell death occurs in a controlled fashion, requires energy, and gener-
ally occurs without inflammatory responses.

Autosomal dominant: A dominant trait (expressed even if represented in only one of two
alleles) in a nongender-determining chromosome.

Chorea: Irregular, sustained jerking or writhing movements involving multiple muscle groups.
Dysarthria: Difficulty with the physical production of speech.
Dysphagia: Difficulty swallowing.
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Dystonia: A neurologic movement disorder characterized by sustained muscle contractions,
usually producing twisting and repetitive movements or abnormal postures or positions.

Monozygotic: Trait resulting from expression of a gene carried on only one of a pair of
chromosome alleles.

Mutation: A random change in a gene or chromosome resulting in a new trait or character-
istic that can be inherited.

Myoclonus: Sudden brief jerking movements involving discrete groups of muscles.
Oxidative damage: Detrimental events in cells induced by altering the function or

bioavailability of molecules by oxidization, for example by interaction with free radicals.
Polyglutamine (polyQ): Repetitive sequence of glutamine amino acid moieties.
Transcription: The first step in converting genetic instructions encoded in DNA. The genetic

code in DNA is transferred to messenger RNA molecules that carry the code to pro-
tein-generating machinery.
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Parkinson’s Disease

Thomas Wichmann

Summary
Parkinson’s disease (PD) is the second most common neurodegenerative disorder,

affecting millions of patients worldwide. Individuals with parkinsonism develop a slowly
progressive and disabling disorder with motor, cognitive, and behavioral symptoms. It is
well established that neurodegeneration in this disease affects mainly dopaminergic neu-
rons in the basal ganglia, and recent progress in neuroscience research has begun to estab-
lish the pathophysiological links that lead from loss of dopaminergic transmission to the
symptoms of parkinsonism. The newly gained knowledge in this area has already resulted in
the development of a number of new therapeutic options for patients with PD. The process
of neurodegeneration itself is also under very active investigation, primarily using genetic
and molecular research. Results from these studies promise to help in the future develop-
ment of neuroprotective treatments. This chapter outlines the scientific basis for established
treatments as well as therapeutic options that are currently under development.

Key Words: MPTP; primate; pathophysiology; pallidum; subthalamic nucleus; substan-
tia nigra.

1. CLINICAL ASPECTS

1.1. Incidence and Prevalence
The incidence of Parkinson’s disease (PD) is reported to be between 5 and 24

per 100,000 persons worldwide; in the United States, this figure is 20.5 per 100,000.
Estimates of the prevalence of the disease are similarly wide ranging, between
57 and 371 per 100,000 worldwide, and about 300 per 100,000 for the United States
and Canada. At any given time, about 40% of cases are considered undiagnosed.
With the increasing age of the population, there will be a large (up to fourfold)
increase in the prevalence of PD over the next 20 years. The age of onset differs
substantially between patients. Although the average age of onset is 62 years, 4 to
10% of cases occur before the age of 40. The younger cases are commonly suffer-
ing from familial forms of PD (see Subheading 2.2.). Males appear to be affected
slightly more frequently than females.
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1.2. Signs and Symptoms
In his seminal paper, written in 1817 (1), James Parkinson described many of the

salient behavioral abnormalities of the disease that later went on to carry his name.
He recognized that the disease manifests itself in most patients with prominent
abnormalities of movement, including a tremor at rest, typically occurring at 5 Hz,
rigidity (velocity-independent muscle stiffness), bradykinesia (slowness of move-
ment), and akinesia (a failure of movement initiation). Bradykinesia and akinesia
are often early and insidious signs, most evident in problems such as slowed and
illegible handwriting, reduced volume of speech, dysarthria, freezing episodes,
reduced arm swing, or facial masking, and varying degrees of apraxia or dystonia.
Many of these motor signs predominate unilaterally early in the disease, with a
gradual progression to involve the opposite side in later stages. Other symptoms
and signs develop in more advanced phases of the disease, such as autonomic insuf-
ficiency, ranging from mild constipation to autonomic failure with severe orthos-
tatic hypotension, impotence, or postural abnormalities, such as stooping or
retropulsion (often described by patients as the experience of being “pulled back-
ward”). Prominent psychiatric and cognitive complications also develop. The cog-
nitive disability often represents a continuum of problems, starting with a mild
disruption of sleep, followed by the development of a propensity to have night-
mares, rapid eye movement sleep (REM) behavioral problems, drug-induced
daytime hallucinations, and cognitive decline. Dementia has been described in up
to 60 to 70% of patients.

1.3. Differential Diagnosis
PD has to be separated from a variety of other conditions that can mimic the

parkinsonian phenotype. Some of the more important conditions are listed in
Table 1. Typical “red flags” that betray the presence of a parkinsonian syndrome
different from idiopathic PD include bilaterally symmetric onset of the disorder,
an abrupt onset of motor abnormalities, the absence of tremor, or the presence of
unusual physical signs that are not part of typical PD, such as oculomotor abnor-
malities, prominent apraxia, cerebellar signs, upper motor neuron signs, and the
early development of dementia, hallucinations, or autonomic failure. In any patient
with parkinsonism, a particularly important differential diagnostic consideration is
the possibility that symmetrically appearing parkinsonian signs may be induced by
medications such as commonly used antipsychotic drugs, for instance, haloperidol,
antiemetics drugs, such as metoclopramide, or antihypertensive drugs, such as
reserpine. All of these medications may produce parkinsonism by interference with
dopaminergic transmission (see Section 3). In addition, other neurodegenerative
conditions may mimic PD. These disorders are often accompanied by physical signs
that are not usually part of parkinsonism. The most common among these disorders
is progressive supranuclear palsy, a condition in which patients develop a promi-
nent supranuclear gaze palsy, stiff posture, a typical “staring” facial expression and
early dementia and autonomic signs. Another neurodegenerative disorder to con-
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sider is cortico-basal ganglionic degeneration. In this condition, patients typically
present with an akinetic rigid syndrome, associated with cortical signs, such as
limb apraxia, or corticospinal tract signs, dystonia, and myoclonus. Striatonigral
degeneration and the Shy-Drager syndrome are also in the differential diagnosis.
Both are accompanied by early and severe autonomic insufficiency. Finally, the

Table 1
Differential Diagnosis of Parkinson’s Disease

1. Neurodegenerative diseases
a. Idiopathic Parkinson’s disease

i. Sporadic forms
ii. Genetic forms (PARK1–PARK11)

b. Progressive supranuclear palsy
c. Cortico-basal ganglionic degeneration
d. Multiple systems atrophy

i. Striatonigral degeneration
ii. Shy-Drager syndrome

e. Hallervorden-Spatz syndrome
f. Neuroacanthocytosis
g. Segawa syndrome (Dopa-responsive dystonia)
h. Spinocerebellar ataxias (Machado-Joseph disease [SCA 3])
i. Olivopontocerebellar atrophy
j. Dementias

i. Diffuse Lewy body disease
ii. Alzheimer’s disease

2. Drug-induced parkinsonism
a. Antipsychotics: haloperidol, chlorpromazine, perphenazine, olanzapine, others
b. Antiemetics: metoclopramide, perphenazine, prochloperazine
c. Dopamine depleting agents: methyldopa, reserpine, tetrabenazine

3. Metabolic causes of parkinsonism
a. Often reversible
b. Hypo- or hyperthyroidism
c. Hypo- or hyperparathyroidism
d. Liver failure
e. Central pontine myelinolysis

4. Infectious causes of parkinsonism
a. Postencephalitic
b. Prion diseases
c. Brain abscess
d. HIV infection

5. Toxic
a. Mitochondrial toxins: MPTP, rotenone (?)
b. Carbon monoxide
c. Manganese
d. Cyanide

6. Vascular parkinsonism
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olivopontocerebellar atrophies are worth considering when cerebellar signs are
prominent. More recently, these conditions, as well as others that are part of the
differential diagnosis of Parkinson’s disease, such as Machado-Joseph disease,
and dentato-rubro-cerebellar atrophy have been grouped with the inherited
spinocerebellar ataxias (SCAs) rather than with PD. In all of these conditions,
some aspects of parkinsonism, particularly akinesia and rigidity, are present to
varying degrees, although other aspects, such as tremor at rest, are often missing.
All of these parkinsonian conditions differ pathologically from true idiopathic PD
(see Subheading 2.1.).

Although the characteristics mentioned here appear to clearly distinguish PD
from its look-alikes, in clinical practice, this distinction is often difficult, particu-
larly in more advanced stages of the diseases. In a study by Hughes et al., it was
found that one-fourth of cases of PD, diagnosed by experienced movement disorder
specialists, may, in fact, represent one of the Parkinson-plus syndromes, as judged
by autopsy examination (2). Commonly available laboratory tests rarely help in
making distinctions between these conditions, but magnetic resonance imaging
scans of the brain may show lesions suggestive of vascular parkinsonism or
olivopontocerebellar atrophy. 18F-DOPA-poistron emission tomography scans
may demonstrate the striatal dopamine (DA) deficit typical of PD (see Section 3),
and genetic testing may help with identifying the SCAs or one of the genetic forms
of parkinsonism.

2. PATHOLOGIC SUBSTRATE,
GENETIC ASPECTS, AND MOLECULAR TARGETS

2.1. Pathology

Although recent studies have suggested that the earliest pathological changes in
PD may occur in structures outside of the basal ganglia, such as the lower brainstem
nuclei or the olfactory bulb (3), it is well documented that the most salient patho-
logical abnormality in later stages of the disease is the relatively selective degen-
eration of dopaminergic neurons in the substantia nigra pars compacta (SNc), which
projects to the striatum, and, to a lesser extent, to other basal ganglia nuclei such as
the external and internal pallidal segments (GPe, GPi, respectively), the subtha-
lamic nucleus (STN), and the substantia nigra pars reticulata (SNr). DA loss in
these nuclei is easily compensated for in early stages of the disease; identifiable
symptoms occur only when more than 70% of striatal DA is lost. Degenerating
dopaminergic cells leave characteristic eosinophilic inclusions in their wake, called
Lewy neurites and Lewy bodies. Recent studies have also shown that low-level
inflammatory responses may accompany the loss of dopaminergic cells, and may
contribute to cell death (4).

In early phases of PD, DA loss affects particularly the sensorimotor portion of
the striatum, the posterior putamen, resulting in the appearance of motor distur-
bances. In later stages, more widespread DA loss, affects other regions of the basal
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ganglia (such as the caudate nucleus and the pallidum) and extra-basal ganglia areas,
such as cortex, hypothalamus, and thalamus. Further spread of neuronal degenera-
tion to nondopaminergic systems, such as the locus coeruleus and the raphe nuclei,
may cause the development of the aforementioned nonmotor signs and symptoms of
the disease, such as cognitive disabilities, sleep disorders, and mood disturbances (5).

2.2. Etiology
The etiology of the disease is varied. Most cases of parkinsonism are multifacto-

rial in origin, caused by genetic as well as environmental/toxic factors. Purely
genetic forms of the disease probably account for less than 10% of cases, but even
in sporadic parkinsonism, the risk of family members of an affected patient to
develop PD is significantly increased. Studying familial forms of parkinsonism has
significantly enhanced our understanding of the molecular mechanisms that under-
lie the neurodegenerative process in PD. Such familial forms of parkinsonism have
been known at least since the early 1900s. In the last decade, a large number of
specific genetic mechanisms have been described to underlie specific forms of PD.
Several of these genetic defects appear to interfere with DA metabolism or release.
An example of this is Segawa’s disease, also known as DA-responsive dystonia.
This disease is caused by a defect in the gene coding for GTP-cyclohydrolase (6),
an enzyme needed in the production of DA. Patients with this disease develop a
characteristic combination of dystonia and parkinsonism, which are both strikingly
responsive to dopaminergic medications.

A larger group of genetic defects resulting in parkinsonism is characterized by
degeneration of dopaminergic neurons. The best example for this is parkinsonism
owing to a-synuclein accumulation in dopaminergic cells. In fact, one of the first
identified genetic defects leading to parkinsonism is the result of a mutation of the
gene encoding for a-synuclein (7). a-Synuclein abnormalities may also occur in
“sporadic” PD. Thus, a-synuclein has been identified as one of the major compo-
nents of the hallmark eosinophilic inclusion bodies that are found in the SNc of
patients with the disease (Lewy bodies; see Subheading 2.1.).

This constellation of findings has resulted in the classification of PD as an
synucleinopathy, together with less frequent diseases that also share synuclein
abnormalities, including some of the multiple system atrophies, cortical Lewy body
disease, olivopontocerebellar atrophy and the Hallervorden-Spatz syndrome. These
clinically distinct entities differ pathologically in the location of synuclein depos-
its. Interestingly, some diseases, which clinically mimic PD (such as progressive
supranuclear palsy) appear to be associated with aggregation of t-protein rather
than a-synuclein, and are now classified as tauopathies, a group of diseases that
also include Alzheimer’s disease.

The hydrophilic protein a-synuclein is a normal constituent of many neurons in
the adult nervous system, including dopaminergic and other vulnerable cells (3).
It is preferentially found in synaptic vesicles and membranes along axons and ter-
minals. The pathological process leading to aggregation of a-synuclein in PD
appears to result from a conformational change of the a-synuclein molecule from
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its usual unfolded, soluble form into a b-pleated sheath, which readily aggregates
with itself and with other proteins (8), eventually forming large deposits that appear
to be toxic to the cell.

Even under normal conditions, dopaminergic cells seem to be exposed to a high
level of oxidative stress as a result of the presence of dopaminergic metabolism and
other factors. This may render these neurons particularly vulnerable to nonspecific
genetic or environmental insults that, by themselves, would not be sufficient to
induce cell death in other cells. Interestingly, many of the factors known to be
involved in neuronal damage in PD, including many of the known genetic defects,
mitochondrial diseases, or toxins appear to interfere with the cell’s ability to elimi-
nate damaged or mutated proteins through the ubiquitin proteasome system (9).
Failure of this system may result in the accumulation of toxic proteins, such as
mutated a-synuclein, in the cell, eventually leading to cell death (9). Although this
is still under considerable debate, the DA cell degeneration in PD is, at least in part,
due to apoptosis (programmed cell death).

3. BRAIN PATHWAYS INVOLVED IN PARKINSONISM

A substantial body of research has addressed the question of how loss of dopam-
inergic cells in the SNc may affect the function of the basal ganglia, and related
structures to eventually result in the behavioral signs of parkinsonism. The current
anatomic and functional model of basal ganglia circuitry will first be introduced,
followed by a discussion of the abnormalities seen in parkinsonism.

3.1. Anatomy
The neuroanatomy of the basal ganglia has been reviewed extensively in previ-

ously published comprehensive reviews (10–12). In brief, the basal ganglia are a
group of functionally related subcortical nuclei that include the neostriatum (com-
prised of the caudate nucleus and the putamen), the ventral striatum, GPe, STN,
GPi, SNr, and SNc. They are anatomically connected to large portions of the cere-
bral cortex, thalamus, and brain stem. These nuclei appear to be organized in segre-
gated modular re-entrant circuits, a structural setup that is thought to significantly
enhance the efficiency and speed of cortical processing.

Most research focused on the dysfunction of basal ganglia circuits in parkin-
sonism had concentrated primarily on the “motor circuit,” which will be described
in some detail. In primates, this circuit is centered around the somatosensory, motor,
and premotor cortices that send projections to the “motor portion” of the striatum,
the postcommissural putamen, and to the STN. A second major group of inputs to
striatum and STN arises from the intralaminar thalamic nuclei (i.e., the centromedian
and parafascicular nucleus [CM/Pf]).

Topographically segregated cortical information is conveyed from the striatum
to the output nuclei of the basal ganglia (GPi and SNr). The connections between
the striatum and the basal ganglia output nuclei are thought to be organized into
“direct”  and “indirect”  pathways (10). The direct pathway arises from striatal neu-
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rons that project monosynaptically to neurons in GPi and SNr, whereas the indirect
pathway arises from a different set of neurons that projects to Gpe (11). Some
striatofugal neurons may also collateralize more extensively, reaching GPe, Gpi,
and SNr (13). GPe conveys the information it receives to GPi/SNr either directly,
or via the STN. The population of striatal neurons that gives rise to the direct path-
way can be further characterized by the presence of the neuropeptides substance P
and dynorphin, by the preferential expression of DA D1 receptors, and by the fact
that these neurons (as well as some striatal interneurons) appear to be targets of
inputs from the intralaminar thalamic nuclei. The population of striatal neurons that
gives rise to the indirect pathway expresses preferentially enkephalin and DA D2

receptors (11). The functionally important segregation of D1 and D2 receptors
between the direct and indirect pathways has been most clearly demonstrated in
DA-depleted animals, although several studies in normal animals have supported
the existence of a degree of overlap between D1- and D2-positive cell populations.
However, the D1–D2 dichotomy may still serve to explain the apparent dual actions
of DA, released from the nigrostriatal pathway arising in the substantia nigra pars
compacta, on striatal output. DA appears to modulate the activity of the basal gan-
glia output neurons in GPi and SNr by facilitation of transmission over the direct
pathway and inhibition of transmission over the indirect pathway (11). The net
effect of striatal DA release appears to be a reduction of basal ganglia output.
On the other hand, a reduction of DA release as is seen in PD will result in a net
increase in basal ganglia output.

Movement-related basal ganglia output arises particularly from the caudo-ven-
tral “motor” portion of GPi. This region of GPi projects almost exclusively to the
posterior part of the ventrolateral nucleus (VLo in macaques), which in turn sends
projections toward the supplementary motor area, the primary motor cortex
and premotor cortical areas. Another source of movement-related output from
the basal ganglia are projections from the dorsolateral sensorimotor territory of the
SNr. These projections terminate in the ventral anterior (VA) nucleus and in the
mediodorsal (MD) nucleus of thalamus. These nuclei, in turn, innervate premotor
(and non-motor) regions of the frontal lobe. Both GPi and SNr also send projec-
tions to noncholinergic neurons in the pedunculopontine nucleus (PPN) and to the
intralaminar thalamic nuclei. Additional projections from the SNr reach the supe-
rior colliculus. This connection may play a critical role in the control of saccades
and orienting behaviors.

3.2. Normal Function of the Basal Ganglia
Voluntary movements appear to be initiated at the cortical level of the motor

circuit. Cortical activation of those striatal neurons that give rise to the direct path-
way is thought to lead to a reduction of inhibitory basal ganglia output, subsequent
disinhibition of related thalamocortical neurons, and facilitation of movement.
In contrast, activation of those striatal neurons that give rise to the indirect pathway
will lead to increased basal ganglia output and, presumably, to suppression of move-
ment. Because the majority of neurons in GPi increase their firing rate with move-
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ment, it has been speculated that the main role of the basal ganglia is to inhibit and
to stabilize the activity of the thalamo-cortical network. The basal ganglia may also
play a role in the control of specific kinematic parameters, such as amplitude,
velocity, or direction of movement or may focus movements, allowing intended
movements to proceed while suppressing competing motor acts (12). Besides these
elemental functions in motor control, the basal ganglia may also be involved in
other motor functions, such as the generation self-initiated (internally generated)
movements, procedural learning, and movement sequencing (14).

3.3. Animal Models
The study of pathophysiological changes in the basal ganglia that result from

loss of dopaminergic transmission has been greatly facilitated by a variety of ani-
mal models. Earlier models of the disease such as the reserpine-treated rodent, or
treatment of animals with DA-receptor blockers are no longer in common use
because of the nonspecificity and transitory nature of the symptoms they produce.

More recent models of PD utilize specific dopaminergic toxins that may
induce pathological changes in the SNc that are strikingly similar to those seen in
the human disorder. Thus, the 6-hydroxydopamine (6-OHDA)-treated rat has
become the standard rodent model for the disease. Injections of this toxin into the
SNc, or into the median forebrain bundle result in oxidative damage to dopaminer-
gic neurons in the SNc, and large reductions of the striatal DA content. Another
potentially useful rodent model can be produced by treatment of the animals with
Rotenone (15). In primates, by far the most faithful model of parkinsonism,
both in terms of behavioral and pathological changes, is produced by treatment
with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (16). Like rotenone,
MPTP is an inhibitor of the mitochondrial complex I.

The most recent attempts to model parkinsonism in animals have been based on
overexpression of a-synuclein, either globally through the use of transgenic meth-
ods, or targeted to the SNc through the use of viral vectors (17). Although these
models replicate some of the neurodegenerative aspects of the disease, they do not
reproduce the movement abnormalities typically observed in parkinsonism.

3.4. Pathophysiology
Current views concerning the pathophysiology of parkinsonism are in large part

based on studies in the MPTP- and 6-OHDA models of the disorder. These studies
focused initially on global activity changes in the basal ganglia. Thus, metabolic
and microelectrode recordings of neuronal activity showed that MPTP-induced
parkinsonism in primates is associated with reduced tonic neuronal discharge in
GPe, and increased discharge in STN, GPi and SNr, as compared to normal con-
trols (Fig. 1). These results, and the known anatomical connections between the
different structures, have been used to develop the model shown in Fig. 2. Accord-
ing to this pathophysiological scheme, which remains the most widely used model
for circuit dysfunction in parkinsonism, DA loss in the striatum results in a cascade
of activity changes throughout the basal ganglia nuclei. On the one hand, DA loss
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may result in reduced activity in the direct pathway, resulting in disinhibition of the
basal ganglia output nuclei. More importantly, however, it seems that DA loss in
the striatum results in greater inhibition of GPe, and, consequently, in disinhibition
of STN and GPi. The circuit dysfunction within the indirect pathway has been fur-
ther corroborated by microdialysis studies (18).

The net effect of the change, in the direct and indirect pathways is an increase in
basal ganglia output to the thalamus, which may result in greater inhibition of

Fig. 1. Raster displays of spontaneous neuronal activity recorded in different basal gan-
glia structures within the basal ganglia circuitry in normal and parkinsonian primates. Shown
are 10 consecutive 1000-ms segments of data from GPe, STN, and GPi. The neuronal activ-
ity is reduced in GPe, and increased in STN and GPi. In addition to the rate changes, there
are also obvious changes in the firing patterns of neurons in all four structures, with a marked
prominence of burstiness and oscillatory discharge patterns in the parkinsonian state.
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thalamo-cortical neurons. Conceivably, this may reduce the responsiveness of cor-
tical mechanisms involved in motor control. Increased tonic inhibition of thalamo-
cortical neurons by increased basal ganglia output in parkinsonism may also render
precentral motor areas less responsive to other inputs normally involved in initiat-
ing movements.

Brainstem areas such as the pedunculopontine (PPN) region may also be
involved in the development of akinesia. It has been shown that lesions of this
nucleus in normal monkeys can lead to hemiakinesia, possibly by reducing stimu-
lation of SNc neurons by input from the PPN, or by a direct influence on descend-
ing pathways (19). It remains unclear, however, whether the motor abnormalities
seen after PPN inactivation are, in fact, related to parkinsonism, or represent
changes in the behavioral state or other disturbances that have no direct relation to
Parkinson’s disease. It is noteworthy that these animals do not manifest rigidity or
tremor, which appear to be critically dependent on thalamic circuitry.

Fig. 2. Basal ganglia–thalamo-cortical circuitry. The basal ganglia circuitry (grey box)
involves striatum, external and internal pallidal segment (GPe, GPi, respectively), substan-
tia nigra pars reticulata and pars compacta (SNr, SNc, respectively), subthalamic nucleus
(STN). Cortical input reaches the basal ganglia via the corticostriatal and the cortico-
subthalamic connections. Basal ganglia output is directed toward the centromedian (CM)
and ventral anterior/ventral lateral nucleus of thalamus (VA/VL), as well as the pedunculo-
pontine nucleus (PPN). Excitatory connections are shown in grey, inhibitory pathways in
black. In the parkinsonian state, loss of dopamine in the striatum results in activity changes
throughout the basal ganglia (represented by the thickness of the connecting arrows), which
lead to increased basal ganglia output to the thalamus.
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Because parkinsonism is a network or circuit disease, surgical or pharmacologi-
cal interventions at a variety of targets within the network could be successful.
This can indeed be appreciated when considering the results of lesion studies in
parkinsonian primates. One of the most important and dramatic experiments in this
regard was the demonstration that lesions of the STN in MPTP-treated primates
reverse all of the cardinal signs of parkinsonism, presumably by reducing GPi
activity (20). Similarly, GPi and SNr inactivation have been shown to be effective
against at least some parkinsonian signs in MPTP-treated primates (21,22).

Several important findings in animals and patients with basal ganglia lesions are
not compatible with the rate-based model outlined above. For instance, lesions of
the “basal ganglia-receiving” areas of the thalamus (VA/VL) do not lead to parkin-
sonism, as the model would suggest. Such lesions are, in fact, beneficial in the
treatment of tremor and rigidity. Similarly, lesions of GPi in the setting of parkin-
sonism lead to improvement in all aspects of Parkinson’s disease without any obvi-
ous detrimental effects. Furthermore, they are effective against both parkinsonism
and drug-induced dyskinesias (23). Dyskinesias are thought to arise from patho-
logic reduction in basal ganglia outflow, and should, thus, not respond positively to
further reduction of pallidal outflow. Additionally, some of the more recent ana-
tomical and biochemical studies have provided results, which are not in full agree-
ment with the aforementioned model (13). For instance, comparisons between
MPTP-intoxicated monkeys or PD patients and their respective controls failed to
reveal any significant decrease in the density of GPe output neurons expressing the
messenger RNA (mRNA) coding for the g-aminobutyric acid (GABA)-synthesiz-
ing enzyme glutamic acid decarboxylase (GAD) in the parkinsonian state. Assum-
ing that GAD activity reflects the production and subsequent release of GABA, the
lack of change in GAD activity in GPe suggests that activity changes in GPe may
not be significant. Furthermore, the expression of mRNA coding for cytochrome
oxidase subunit I (COI mRNA) was significantly increased in parkinsonian mon-
keys in neurons of STN, GPi and SNr, confirming that their activity is increased
after nigrostriatal denervation, but there was no significant change in COI mRNA
in GPe. Taken together, these findings suggest that the simple rate-based model of
parkinsonian pathophysiology may not be sufficient to explain the circuit abnor-
malities in PD, and that other factors may be important as well.

Among these, alterations in discharge patterns and synchronization between
neighboring neurons have been extensively documented in parkinsonian monkeys
and patients. For instance, neuronal responses to passive limb manipulations in
STN, GPi, and thalamus occur more often, are more pronounced and neurons have
widened receptive fields after treatment with MPTP (24). There is also a marked
change in the degree of synchronization of discharge between neurons in the basal
ganglia. Cross-correlation studies have revealed that a substantial proportion of
neighboring neurons in globus pallidus and STN discharge in unison in MPTP-
treated primates (25), in contrast to the virtual absence of synchronized discharge
of such neurons in normal monkeys. Finally, the proportion of cells in STN, GPi,
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and SNr with discharge in oscillatory or nonoscillatory bursts is greatly increased
in the parkinsonian state (25).

Although some of these abnormal discharge patterns may reflect abnormal prop-
rioceptive input in parkinsonian individuals, it now seems that tremor and other
parkinsonian abnormalities are indeed caused by synchronized oscillations in the
basal ganglia. In agreement with this, lesions of the STN or GPi significantly reduce
tremor in MPTP-treated monkeys and in patients with parkinsonism (26). Such
abnormal oscillatory activity may arise from changes in local pacemaker networks,
such as a feedback circuit involving GPe and STN (27), or through loss of
extrastriatal DA (28). Additionally, intrinsic membrane properties of basal ganglia
neurons are conducive to the development of oscillatory discharge (29). Increased
inhibitory basal ganglia output may also contribute to the generation of oscillatory
discharge in the thalamus, which may then be transmitted to cortex. It has proven to
be extremely difficult to identify a single source of oscillatory discharge in the
basal ganglia–thalamo-cortical circuitry. Oscillations throughout the entire basal
ganglia–thalamo-cortical network may be tightly related to each other, so that no
one oscillator can be identified as their sole source (29).

Although tremor is perhaps the most obvious example of a parkinsonian sign
that may develop as a direct consequence of abnormally patterned basal ganglia
output, certain aspects of akinesia or bradykinesia may also be related to altered
neuronal activity. Thus, the role of oscillatory discharge in the basal ganglia and its
relationship to parkinsonian motor signs was recently re-evaluated, primarily based
on results in patients in whom deep brain stimulation leads, implanted into the STN
were used to record local field potentials from that nucleus (30). These and other
studies have lead to the concept that oscillatory interactions between basal ganglia
and cortex may be a normal phenomenon, and, that high-frequency (>60 Hz) oscil-
lations, may, in fact be prokinetic. In parkinsonism, however, low frequency
oscillations (<30 Hz) dominate the cortico-basal ganglionic interaction. These
oscillations are seen as antikinetic.

Nonoscillatory, phasic activity in the basal ganglia may also be deleterious to
normal movement, because it may erroneously signal excessive movement or
velocity to precentral motor areas, leading to a slowing or premature arrest of ongo-
ing movements and to greater reliance on external clues during movement. Alterna-
tively, phasic alteration of discharge in the basal ganglia may simply introduce
noise into thalamic output to the cortex that is detrimental to cortical operations.

4. TREATMENT

4.1. Pharmacotherapy

4.1.1. Symptomatic Therapy
The currently available treatments for PD are in large part symptomatic, and do

not alter the course of the disease. The oldest type of therapy that is still in use
today, are the anticholinergic medications, such as trihexiphenidyl or benztropine.
These drugs remain useful, particularly in cases of tremor-predominant PD.
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However, their use is often problematic because of unpleasant side effects, such as
memory disturbances, sedation, dry mouth, or urinary retention, particularly in older
patients.

After its introduction in the early 1960s, DA-replacement therapy quickly
became the mainstay of treatment of the disorder. The available treatments aim to
replace the lost striatal DA, but may, of course, also work in other location, such as
GPi, SNr, and STN, or areas outside of the basal ganglia, such as thalamus and
cortex. The first agent to be introduced was the DA precursor levodopa, an amino
acid, which is metabolized into DA both peripherally and centrally. It quickly
became apparent that the peripheral conversion into DA results in gastrointestinal
and autonomic side effects, which significantly limit the usefulness of this agent.
This problem was partially remedied by combining levodopa with blockers of dopa-
decarboxylase (carbidopa or benserazide). These combination treatments have had
an enormous impact on the outlook of patients with PD, greatly ameliorating many
of their clinical problems, and virtually normalizing their life expectancy. More
recently, blockers of another enzyme, which is involved in peripheral metabolism
of levodopa, catechol-O-methyl-transferase (COMT), was added to the therapeutic
arsenal. The two available COMT inhibitors—tolcapone and entacapone—are par-
ticularly useful in patients who suffer significant fluctuations in their clinical status
throughout the day. Although problems with liver toxicity forced almost complete
withdrawal of tolcapone from the market, entacapone is now offered as a separate
preparation, or as part of a combination drug, which also contains levodopa and
carbidopa. The key to the effectiveness of both, carbidopa and entacapone, is that
they do not cross the blood–brain barrier, so that their effects are strictly peripheral.

Levodopa therapy has a number of troubling side effects. The most prevalent
short-term problems include autonomic disturbances, such as orthostatic hypoten-
sion and nausea. However, more troublesome are long-term complications, includ-
ing drug-induced dyskinesias, hallucinations, and effect fluctuations (such as
wearing-off phenomena). Although hallucinations and fluctuations are likely to be
related to the acute presence of the drug, and are thus treatable by reducing the dose
of levodopa, this drug appears to predispose the patient to develop involuntary
movements. Additionally, it remains a possibility that levodopa may favor the pro-
duction of free radicals in dopaminergic cells, and may hasten the degeneration of
these neurons. Although this hypothesis is supported by some in vitro studies, it has
not been convincingly demonstrated to be applicable to the human disorder.
However, because of these potential problems associated with the long-term use of
levodopa, many physicians recommend to delay the use of this agent as long as
possible.

The most important alternatives to levodopa therapy are direct acting DA-recep-
tor agonists, such as ropinirole, pramipexole or pergolide. Although there are sig-
nificant differences in their DA-receptor subtype specificity, the clinical differences
between these medications are minor. A number of studies have shown that use of
these agents may help to delay the need for use of levodopa/carbidopa. This has
prompted the recommendation that DA-receptor agonists should be used as first-
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line agents in patients with PD. It appears that these agents may also have a mild
neuroprotective effect (31), which has further bolstered the case for their early use,
often as monotherapy. However, in all stages of the disease, the maximal benefit
that can be accomplished with these agents does not reach that of levodopa, so that
most patients have to use levodopa when the direct acting agonists are no longer
sufficiently active. Because all of the direct acting DA agonists have a longer half-
life than levodopa/carbidopa, they are also often useful as add-on agents in later
stages of the disease, when the response to levodopa/carbidopa may become erratic.

The side effects of the direct-acting DA-receptor agonists are similar to those of
levodopa, including nausea, cognitive side effects, and dyskinesias (although these
agents do not appear to “kindle” involuntary movements). Although also described
for levodopa, recent studies have shown that daytime sedation is a particularly sig-
nificant side effect of these compounds that frequently limits their use. Addition-
ally, pergolide is an ergot derivative, and, like other ergot compounds, may result
in ergotism, and may also induce cardiac fibrosis. This agent should therefore only
be used with caution in patients with pre-existing heart conditions. Ropinirole and
pramipexole are nonergot compounds, and, therefore, do not have these side effects.

4.1.2. Neuroprotective Therapy
Based on recent insights into the pathogenesis and pathophysiology of PD,

a large number of compounds have been suggested for neuroprotection in this
disease. Drugs that reduce a-synuclein aggregation or inhibit apoptosis (pro-
pargylamine, caspase inhibitors), antioxidants (glutathione enhancers, tocopherol,
flavonoids), anti-inflammatory drugs (nonsteroidal anti-inflammatory agents,
inhibitors of cyclooxygenase-2), as well as glutamate receptor antagonists, given in
an effort to reduce excitotoxicity, may all serve to provide some level of neuro-
protection. Additionally, growth factors and agents to protect mitochondrial func-
tion have also been proposed as neuroprotective agents. Conceivably, cocktails of
such drugs may be used to provide effects beyond those achievable with single-
drug approaches.

Fortunately, some of these neuroprotective agents are already available for clini-
cal use. One of them, the monoamine oxidase (MAO)-B inhibitor selegiline, was
introduced based on the premise that PD may be caused by an (unknown) environ-
mental toxin akin to MPTP, which requires an MAO-B dependent toxification step
(32). The initial studies with this medication were complicated by the fact that
selegiline also has modest symptomatic effects that were not completely accounted
for in these experiments. This drug remains widely used to prevent the progression
of PD, and it is now thought that mechanisms independent of its MAO-B-block-
ing actions may contribute to its neuroprotective actions. Additionally, DA-recep-
tor agonists such as ropinirole or pramipexole, and the glutamate receptor
antagonists amantadine and riluzole, as well as Coenzyme Q-10 (CoQ10), an agent
that may help to protect mitochondrial function, are available to parkinsonian
patients. Other agents, such as glia-derived nerve growth factor are under active
investigation as new neuroprotectants.
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4.2. Treatment Algorithm
It is useful to consider the use of the available pharmacotherapies in the context

of an algorithm that takes into account the patient’s most prominent problem (Table 2).
Thus, many patients with minimal or no disabling symptoms may be best served
with a recommendation to not use any medications, or to use only the neuro-
protective agents, such as selegiline or CoQ10. Once symptoms become more
disabling, other medications can be added. In cases of tremor-predominant parkin-
sonism, it may be sufficient, particularly in young patients, to use one of the anti-
cholinergic agents, otherwise, dopaminergic medications should be added in a
stepwise fashion, starting with a relatively mild agent such as amantadine, then
using DA-receptor agonists, and finally levodopa in combination with either
carbidopa alone, or carbidopa and entacapone. Complications such as dyskinesias
or cognitive impairments can often be treated with a reduction of the dose of the
used medication. However, if the patient truly needs the dopaminergic medication
to control otherwise disabling symptoms, it may be necessary to add other medica-
tions to treat the side effects. For instance, dyskinesias appear to respond to
amantadine in many patients, likely as a result of its anti-glutamatergic effects, and
drug-induced hallucinations can be treated with the newer atypical antipsychotic
agents such as clozapine, quetiapine, ziprasidone, aripiprazole, or risperidone.
All of these agents have a low rate of extrapyramidal side effects, and can therefore
be used in parkinsonian patients. Finally, effect fluctuations (wearing-off phenom-
ena) can be treated by shortening the interdose intervals, by using slow-release
forms of levodopa/carbidopa, or by adding the COMT inhibitor entacapone or a
direct agonist to the regimen.

Nonmotor signs and symptoms of PD usually require other types of treatment.
Thus, depression in PD often responds readily to serotonin reuptake inhibitors such
as fluoxetine and sertraline, or tricyclic antidepressants such as imipramine and
amitriptyline. Symptomatic orthostasis may require the use of mineralocorticoids
(fludrocortison) or the a-receptor mimetic midodrine. Finally, nonpharmacological
interventions such as speech therapy or physical therapy are also often useful.
Additionally, many patients and their families require extensive help through reha-
bilitation services or social interventions to adjust to the emerging physical or cog-
nitive deficits.

4.3. Surgical Treatment
Many patients eventually reach a clinical state in which the commonly used

antiparkinsonian pharmacotherapeutic agents are no longer effective. For these
patients, functional neurosurgical approaches can be very beneficial. Neurosurgi-
cal procedures were, in fact, widely used in the 1950s and 1960s, but were essen-
tially abandoned with the dawn of the levodopa era. After highly promising results
from animal experimentation, which demonstrated reversal of parkinsonian motor
signs through lesioning of the STN in MPTP-treated monkeys (20), there has been
renewed interest in surgical treatments of parkinsonism. This was first employed in
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the form of GPi lesions (pallidotomy) (33) and, more recently, with STN lesions
(34). Additionally, high-frequency deep brain stimulation (DBS) of both the STN
and GPi have been shown to reverse parkinsonian signs, probably by multiple
modes of action, for instance, by inhibition of STN neurons through depolarization
block, by activation of inhibitory afferents, or by true activation of STN efferents to
the pallidum. Follow-up studies in patients who have been treated with these proce-
dures have demonstrated that the disease continues to progress in patients with
lesions or DBS, but that these patients get strong symptomatic benefits, which may
last in excess of 5 years.

The available surgical procedures should also be tailored to the needs of the
individual patient. Thus, thalamotomy or thalamic DBS implantation procedures
(targeting the thalamic ventral intermediate nucleus [Vim]) are most effective
against parkinsonian tremor (and, perhaps, rigidity), whereas interventions at the
level of the STN appear to be effective against akinesia, bradykinesia, and tremor.
GPi lesions or stimulation are particularly useful in the treatment of disabling
dyskinesias and dystonia.

Through the use of modern imaging techniques and microelectrode mapping
prior to lesioning or DBS lead placement, these procedures have a lesser incidence
of surgical and other complications than they had in the 1950s and 1960s. Similar
to other neurosurgical procedures, they may induce hemorrhages, infections,
or more specific complications such as cognitive problems (likely in part due to
collateral damage from probe passage through frontal areas), visual field defects
owing to optic tract damage during pallidal procedures, or stroke-like symptoms as
a result of vascular or mechanical damage (35).

Most researchers believe that lesions and DBS procedures are either equally
effective, or that DBS procedures may be (marginally) superior to pallidotomy in
the treatment of PD. The advantages of lesions are that they are generally relatively
straightforward and inexpensive to carry out, and that patients with lesions do not
need any particular follow-up. However, these procedures are irreversible.
Additionally, bilateral pallidal lesions have an increased risk of side effects, such
as speech and swallowing dysfunction. DBS procedures, on the other hand, are
reversible, and can be done bilaterally without significantly increased risk of side
effects. However, DBS procedures carry the risk of infection and hematoma
associated with any permanent introduction of a foreign body into brain matter,
stimulators require battery replacements, and patients with these devices need rela-
tively intensive follow-up because frequent adjustments of stimulation parameters
are needed.

One of the persistent paradoxes in basal ganglia research remains that these
invasive procedures seem to have very little effect on normal motor performance.
Thus, no clear motor deficits and only subtle cognitive side effects have been dem-
onstrated. Mood disturbances, such as depression or manic episodes have been
described, but are also relatively uncommon. It appears that the brain can tolerate
or compensate for a lack of basal ganglia function much more readily that for the
abnormal basal ganglia output that occurs in PD.
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4.4. Treatments Under Development
A variety of new treatment options are currently under development, and may

become available in the near future. Among these are new dopaminergic medica-
tions such as transdermal application of short-acting dopamine agonists, or attempts
to use DA-D1-receptor specific agents, such as dihydrexidine and others. Non-
dopaminergic treatments are also under development. For instance, adenosine A2A
receptors antagonists have antiparkinsonian effects in animal experimentation and
humans (36). There is also substantial interest in drugs that target glutamatergic
system. Initial attempts have focused on antagonists that block ionotropic glutamate
receptors. Preclincial and clinical studies with these medications (such as MK-801
or remacemide) have yielded mixed results, mostly because of the development of
substantial side effects because such glutamate receptors are ubiquitously distrib-
uted throughout the central nervous system (37). More recently, metabotropic
glutamate receptors has emerged as worthwhile targets for therapeutic interven-
tions, and several laboratories and pharmaceutical companies are actively investi-
gating the possibility of using these drugs in parkinsonism. These compounds have
the advantage of being relatively selectively distributed to certain basal ganglia
loci, so that side effects may be less likely to occur than with the ionotropic
glutamate receptor ligands. Although these agents are developed to provide symp-
tomatic relief, a large number of neuroprotective treatments are under very active
development, as was mentioned earlier.

Finally, other surgical procedures are also being tested. For instance, there has
been a long history of using dopaminergic transplants in patients with PD. Initial
transplantation studies have focused on the use of dopaminergic adrenal or fetal
mesencephalic donor tissues. Owing to the mixed results of studies investigating
the use of such grafts in parkinsonian patients, these procedures remain experimen-
tal. A particular problem that has become apparent is the appearance of trans-
plantation-induced dyskinesias that may be the result of unregulated DA release
from the transplanted tissue (38). Because of ethical and efficacy concerns, it is
likely that graft procedures will increasingly rely on stem cells or encapsulated
genetically modified cells that may offer the opportunity to regulate the graft’s DA
production.

Another promising surgical approach is based on primate and rodent experi-
ments that have shown that treatment of SNc cells with glia-derived nerve growth
factor may protect such neurons from degeneration and may induce sprouting of
dopaminergic terminals (39).

GLOSSARY OF MEDICAL TERMINOLOGY
Akinesia: Inability to initiate or sustain movements.
Apraxia: Inability to perform a previously learned motor activity in the absence of motor,

sensory or comprehension deficits. Apraxia is often described as an impairment of
selection or sequencing of voluntary movement.

Ataxia: Uncoordinated or inaccurate movement that is not the result of paresis, alteration in
tone, loss of postural sense or involuntary movements.
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Basal ganglia: A group of subcortical brain structures strongly implicated in the develop-
ment of movement disorders such as Parkinson’s disease.

Bradykinesia: Abnormal slowness of movement, sluggishness.
Cerebellar signs: Physical signs of cerebellar disease. Ataxia is a typical cerebellar sign.
Chorea: Discrete involuntary arrhythmic movements.
Dementia: Loss of cognitive abilities; usually affects more than one area of cognition

(e.g., memory and executive functions and visuospatial abilities).
Dystonia: Slow, sustained involuntary movements or postures, often associated with promi-

nent co-contraction of antagonist muscle groups and overflow of activation to inap-
propriate muscle groups; severely disruptive to the execution of intended movements.

Dyskinesia: Descriptive summary term which encompasses all abnormal, nonoscillatory,
nonepileptic involuntary movements (including chorea, athetosis, dystonia, ballismus,
myoclonus).

Freezing: Sudden and unexpected occurrence of akinesia.
Hypophonia: Voice of low volume.
Incidence: Number of new cases of a disease diagnosed each year.
Lewy body: Pathologic abnormality found on microscopic examination of degenerating

dopaminergic neurons in patients who died of Parkinson’s disease.
Movement disorder: Term used either to describe a physical sign of involuntary or abnor-

mal movement in the absence of weakness, or to describe the syndrome that causes
such motor abnormalities; encompasses hypokinetic disorders (e.g., Parkinson’s dis-
ease) and hyperkinetic disorders (associated with dyskinesias or nonparkinsonian
tremor).

Myoclonus: Jerking, nonoscillatory movements.
Orthostasis: Precipitous fall in blood pressure on arising; a sign of autonomic failure.
Paratonia: Increased muscle tone, which has a voluntary component to it. Paratonia is a

classical sign of frontal lobe dysfunction, and is seen in advanced Parkinson’s disease.
Parkinson’s disease: Pathological entity in which loss of dopaminergic neurons in the sub-

stantia nigra and the occurrence Lewy bodies are associated with the development of
physical motor (such as akinesia, bradykinesia, rigidity and postural abnormalities)
and nonmotor signs (such as orthostasis and dementia).

Parkinsonism: The behavioral syndrome associated with Parkinson’s disease and other
conditions.

Parkinson-plus syndrome: A condition in which patients show signs of parkinsonism in
addition to physical signs that are not part of Parkinson’s disease.

PET: A nuclear medical examination technique that traces the distribution of radioactive
materials in the brain.

Prevalence: Total number of people in a population with a certain disease at a given time.
Rapid eye-movement sleep behavior disorder: A failure of movement suppression during

rapid eye-movement (REM) sleep, associated with complex behavior although
dreaming.

Retropulsion: The sensation of being pulled backward. Retropulsion is a typical form of
postural instability seen in Parkinson’s disease.

Rigidity: Increased muscle tone, which, on examination by passive movements of the
affected limb is independent of the velocity of the imposed movement. Rigidity is a
classic sign of Parkinson’s disease.

Spasticity: Increased muscle tone, which, on examination by passive movements of the
affected limb, is more pronounced with imposed movements of high velocity. Spastic-
ity is seen in many diseases in which the cortical control of spinal motor neurons is
disrupted.
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Supranuclear gaze palsy: The inability to carry out voluntary eye movements in patients
in whom the same eye movements can be elicited as a response to activation of
brainstem reflexes.

Tremor: Oscillatory involuntary movement.
Micrographia: Small handwriting.
Upper motor neuron signs: Physical signs that indicate the presence of damage to the

cortical or subcortical control of brain stem and spinal motor neurons. Classical upper
motor neuron signs are spasticity and increased deep tendon reflexes.

Wearing-off: The premature loss of the effect of a given dose of a medication.
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Schizophrenia

Stephan Heckers and Sabina Berretta

Summary
Schizophrenia is one of the major diagnostic and treatment challenges in medicine.

Although approx 1% of the population suffers from schizophrenia, available treatments
remain symptomatic and rarely allow for a full functional recovery. This results in a large
burden for persons afflicted with schizophrenia, their families, and the society at large.

We have made progress in reliably diagnosing schizophrenia and in exploring the neural
basis of schizophrenia. Neural circuits involving dopaminergic, glutamatergic, and
g-aminobutyric acid (GABA)ergic neurons in prefrontal cortical regions, in the temporal
lobe, and in the thalamus are involved in mediating the psychotic features and the cognitive
deficits of schizophrenia. Studies of this emerging neural circuitry include the mapping of
brain structure and function in patients, the quantification of cellular and molecular changes
in postmortem specimens, and the validation of changes in animal models of schizophrenia.
Recently, several risk genes for schizophrenia have been identified, providing specific tar-
gets for the development of diagnostic tests and therapeutic interventions.

In this chapter, we review basic concepts of the clinical presentation, the neural and
genetic basis, and the pharmacological treatment of schizophrenia.

Key Words: Schizophrenia; psychopathology; epidemiology; genetics; neurochemis-
try; neuroanatomy; pathology; animal models; treatment; outcome.

1. INTRODUCTION

Schizophrenia is a severe mental illness. Although many questions remain—
about the diagnostic boundaries, disease mechanisms, optimal treatment, and dis-
ease progression and outcome—there is no debate about the seriousness of
schizophrenia. Schizophrenia affects about 1% of the population, typically in the
second and third decade of life. A person suffering from schizophrenia often does
not accept the diagnosis, which can lead to poor compliance with pharmacological
and nonpharmacological treatment and unstable social relationships. The limited
resources of the existing mental health care system only add to the daunting chal-
lenges a person with schizophrenia has to overcome.
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In this chapter, we review the diagnostic concept of schizophrenia and its his-
tory, the signs and symptoms on which the diagnosis is based, the current status of
neuroscientific and genetic investigations of schizophrenia, the currently available
pharmacological and nonpharmacological treatment modalities, and the predictors
of disease progression and outcome

2. DIAGNOSIS OF SCHIZOPHRENIA

The term schizophrenia was coined by the Swiss psychiatrist Eugen Bleuler in
1911. It was his intention to change the diagnostic term for a group of severely ill
psychiatric patients, who at that time were diagnosed with dementia praecox, a
concept introduced by the German psychiatrist Emil Kraepelin in 1886. It is impor-
tant to understand the concept of dementia praecox first, before we can appreciate
Bleuler’s contribution, as well as the still ongoing debate about the boundaries of
the diagnostic construct schizophrenia.

Kraepelin introduced new diagnostic entities for patients who presented with
similar (but not always overlapping) signs and symptoms, and—this was the cru-
cial criterion—showed the same course and outcome. The term dementia praecox
captures this notion very well: it describes a group of patients who suffer a decline
of function in the realms of cognition and affect regulation (i.e., dementia) at an
early age (i.e., praecox). Three years after his conceptualization of dementia prae-
cox, Kraepelin introduced the diagnosis manic-depressive illness (now referred to
as bipolar disorder), to separate from dementia praecox a group of patients who
also present with abnormalities of cognition and affect regulation, often at an
early age, but who do not progress to dementia and severe impairments of social
functioning.

It was exactly this dichotomy into dementia praecox and manic-depressive ill-
ness that Bleuler wanted to overcome: he felt strongly that the patients who were
diagnosed with dementia praecox did not always progress to an end stage of
dementia, but could recover some, if not all, of their skills lost during the acute
episodes of their illness. Therefore, he abandoned the term dementia praecox, and
proposed schizophrenia, which translates best into “splitting of the mind.”
This term is often misunderstood as a split identity (as in the concept of the mul-
tiple personalities). Instead, Bleuler felt that at the core of the illness was an inabil-
ity to synchronize cognition (which leads to rational decisions) and affect (which
allows for more immediate assessments and responses). This leads to abnormal
associations between thoughts, to affective indifference, to an ambivalence about
most life decisions, and to an uncoupling from reality to the degree that the inner
life assumes pathological predominance (i.e., autism). These four cardinal symp-
toms—association, affectivity, ambivalence, and autism (often referred to as
Bleuler’s Four As)—can be accompanied by accessory symptoms, that emanate out
of the cardinal symptoms. Accessory symptoms include the well-known symptoms
of hallucinations and delusions, as well as other abnormalities of cognition and
motor behavior.
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The debate about the exact definition of the diagnostic construct schizophrenia
and about the boundaries between psychosis (i.e., the impairment of reality testing
as seen in delusions and hallucinations) and affective illness still continues. There
are some who strongly endorse the Kraepelinian dichotomy into schizophrenia and
bipolar disorder, whereas others favor the unitary concept of psychosis, which
encompasses all patients with schizophrenia and affective psychosis (1). These
debates are not just of interest for the academic psychiatrist—they impact on our
ability to predict disease outcome, select the best treatment, and ultimately uncover
the mechanisms and causes leading to schizophrenia.

The diagnostic system proposed in the fourth edition of the Diagnostic and Sta-
tistical Manual of Mental Disorders (DSM-IV) is currently considered to be the
gold standard for the diagnosis of schizophrenia (Table 1). To be given the diagno-
sis schizophrenia, the person has to present with at least two of the following
symptoms: delusions, hallucinations, disorganized speech, grossly disorganized
behavior, and negative symptoms (such as flat affect, social withdrawal, or anhe-
donia) for at least 6 months, during which the symptoms have to be prominent or
continuous for at least 1 month. These changes must lead to a decrease of social
function (e.g., poor school or job performance, strained relationships). Once these
criteria of severity and duration are met, it must be confirmed that these changes
are not a result of another medical illness or the use of drugs, and that the person
does not suffer from major abnormalities of affect regulation, in which case the
diagnoses bipolar disorder or schizoaffective disorder (an intermediate between
schizophrenia and bipolar disorder) have to be considered.

These widely used diagnostic criteria have greatly improved the reliability of
the diagnosis, i.e., there is generally good agreement between clinicians in arriving
at the diagnosis. However, there still remains a great deal of uncertainty, even for
very experienced clinicians, when evaluating patients who straddle between
nonaffective psychosis and affective psychosis. More importantly, it is not clear at
all whether the reliable concept of schizophrenia guarantees a common cause and

Table 1
The DSM-IV Diagnosis of Schizophrenia

Criterion
A >2 criteria for >1 month

delusions
hallucinations
disorganized speech
grossly disorganized/catatonic behavior
negative symptoms

B Social dysfunction
C Duration: 6 months
D Schizoaffective/mood disorder exclusion
E Substance/general medical condition exclusion
F Relationship to a pervasive developmental disorder
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disease mechanism. For example, it is possible that distinct causes and pathologies
will be uncovered for subgroups of schizophrenia patients. Evidence for such het-
erogeneity has been difficult to obtain, but is accumulating for dichotomous mod-
els (e.g., patients with and without prominent negative symptoms, i.e., deficit and
nondeficit schizophrenia) (2) and for even finer parcellation into more than two
subgroups.

3. THE SIGNS AND SYMPTOMS OF SCHIZOPHRENIA

The diagnosis of schizophrenia rests entirely on the observation of signs by the
evaluator and the report of symptoms by the patient. There are, as of yet, no other
objective markers (such as blood test, radiological exam, or physiological stress
test) to assist with the diagnosis. Furthermore, the documentation of signs and symp-
toms is not as straightforward as in other fields of medicine, in which the physical
exam and the interview often provide the data necessary to make a diagnosis.

A major challenge in the diagnostic process of schizophrenia is poor coopera-
tion, because the person often rejects being labeled with a psychiatric illness.
However, a skilled clinician is able to arrive at a tentative psychiatric diagnosis
after a thorough interview of the patient. The diagnostic process can be supported
by information gleaned from an inspection of available records and, most impor-
tantly, further interviews with relatives and friends. The cornerstone of the diagno-
sis of schizophrenia, however, is the structured patient interview, often referred to
as the Mental Status Exam (MSE). The material provided by the MSE comes in
three different flavors: observation of behavior (signs), report of experiences by the
patient (symptoms), and inferences of abnormal mental states based on observation
and report.

The initial contact can provide evidence that the person suffers from a mental
illness. The attire might be inappropriate (such as three winter coats in summer
time) and the grooming might be poor. Eye contact is often avoided or, at times,
prohibited by wearing sunglasses. The facial expression can be flat and with little
or no range throughout the interview. The attitude toward the interviewer might be
guarded or suspicious and at times frankly hostile. The person’s body might show
very little activity and movement (so-called psychomotor retardation) and no modu-
lation throughout the interview. This might range from a frozen facial expression,
to bradykinesia or abulia, and ultimately catatonia. In contrast, some patients, espe-
cially those who feel constrained by the interview setting, might become agitated
and possibly assaultive. All of these observations are not diagnostic for schizophre-
nia, but in aggregate with the symptoms and inferences are very helpful in making
the diagnosis. They inform primarily about the item “grossly disorganized/cata-
tonic behavior” of criterion A (see Table 1) for the diagnosis of schizophrenia.

Documenting how the person responds verbally is a crucial part of the MSE.
The normal person responds logically, coherently, and with direction toward a goal.
The schizophrenia patient might show a lack of coherence and no clear path when
providing a narrative or when answering questions. This can vary from circumstan-
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tiality or tangentiality, over flight of ideas, to loose associations and complete
derailment of the thought process. Additionally, other abnormalities such as
perseveration, clang association, and thought blocking can be found. These abnor-
malities of thought process inform about the item “disorganized speech” of crite-
rion A (see Table 1).

An important piece for making the diagnosis of schizophrenia is the patient’s
report of unusual sensory experiences in the form of illusions (misperceived objects)
or hallucinations (a percept-like experience in the absence of an appropriate stimu-
lus, but with the full force and impact of an actual perception, which is not under
the voluntary control of the experiencer) (3).

Such experiences are often in the auditory modality and typically in the form of
distinct voices. If the voices provide a running commentary to the person’s actions
or if two voices are conversing, then this experience is considered to be of high
diagnostic significance, and no additional criterion A item (see Table 1) is needed
to make the diagnosis schizophrenia. But hallucinations are often less prominent, at
times barely identifiable, and over time can become integrated into the everyday
life of the patient with schizophrenia. A concerning form of auditory hallucination
are command hallucinations, in which a voice orders the person to engage in a
particular behavior. This can range from mundane acts, such as brushing teeth, to
serious self-injury and possibly the death of others or oneself. Hallucinations occur
in other sensory domains as well, especially the visual and the somatosensory realm.

The reported mood and the description of the person’s life provide important
information as well. Most schizophrenia patients withdraw from their friends and
family members and become isolated. This almost invariably leads to a decrease of
social functioning, with strains in personal relationships and poor school/work per-
formance. Such data provide information about the item “negative symptoms” of
criterion A.

The interviewer has to weigh the validity of the person’s responses to questions
and the free verbal production. In some cases, it is obvious that the thought content
is bizarre and clearly not congruent with normal reality testing. For example, when
a woman reports that she avoids her own apartment because she is convinced that
her neighbors have planted metal devices into her own, her daughter’s, and her
dog’s bowel, in order to control their movements, it is intuitively clear that this
belief (and possibly her sensory experience, which would constitute a viscerosen-
sory hallucination) is not grounded in reality. However, many other reports remain
more ambiguous. What do we make of the fear that all actions are monitored by a
secret agency—it is possible but is it true? How do we evaluate overvalued and
rigidly held religious beliefs? To diagnose a delusion, the interviewer has to evalu-
ate how the opinions and beliefs fit into a commonly shared sense of reality and
then infer that the person is in an abnormal mental state.

The quality of delusions can vary considerably: they can be rational and highly
systematized or they can be bizarre and internally inconsistent (4). Delusions may
lead to strong affective responses and at times violent acts or they can be well
integrated into the person’s life without affecting the person’s feelings and deci-
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sions. Delusions may also affect the ability of the patient to accept the diagnosis of
a mental illness. Such lack of insight can create a major challenge, because the
patient may refuse treatment or avoid contact with treaters all together.

To summarize, the schizophrenia patient might present with a lack of function
(i.e., negative symptoms such as decreased psychomotor activity, anhedonia, social
withdrawal) or abnormal experiences (i.e., positive symptoms such as delusions,
hallucinations, and thought disorder). Now that we have a basic understanding of
the signs and symptoms of schizophrenia, how can we explain them? How does the
brain give rise to positive and negative symptoms?

4. THE NEURAL BASIS OF SCHIZOPHRENIA

Kraepelin’s dementia praecox concept was closely linked to the hypothesis that
distinct brain areas and brain functions are affected, giving rise to the panoply of
clinical features. At the end of his career, Kraepelin was convinced that the pathol-
ogy of dementia praecox had been defined (i.e., specific abnormalities in the upper
three layers of the cerebral cortex).

We know now that multiple, interconnected brain regions, including cortical
areas such as the anterior cingulate gyrus and medial orbitofrontal cortex, and
paleocortical and subcortical regions, e.g. hippocampus, thalamus, amygdala, and
nucleus accumbens, are involved in the pathophysiology of schizophrenia (see
Table 2). These regions are reciprocally connected with each other, with higher
order association areas of the cerebral cortex such as the dorsolateral prefrontal
cortex (governing cognition, judgment, and insight), and with the hypothalamus
(modulating vegetative functions such heart rate, temperature control, feeding
behavior, and sexual drive). This allows cortico-limbic brain circuits to play an
important role in assigning emotional and motivational significance to sensory
inputs. These interactions are crucial for the creation of representations and in the
evaluation of the intentionality of others. Such functions are perturbed in schizo-
phrenia. Compelling parallels can be drawn between disturbances observed follow-
ing lesions of specific cortico-limbic regions (such as the amygdala or the anterior
cingulate gyrus) and the clinical symptomatology of schizophrenia, particularly flat
or inappropriate affect, social withdrawal and delusional thinking, loss of attentive-
ness, and “akinetic mutism.” Furthermore, stimulation of the human amygdala
evokes a variety of highly complex emotions and hallucinations and patients with
temporal lobe epilepsy can develop psychotic symptoms similar to schizophrenia
(5). This supports the notion that pathology of limbic regions such as the amygdala
and hippocampus can give rise to some of the clinical features of schizophrenia.

Support for a circuitry-based pathology of schizophrenia involving multiple,
interconnected, cortico-limbic brain regions comes also from the wide array of neu-
rotransmitters and neuromodulators, as well as synaptic proteins, that appear to be
affected in this disease. The original “dopamine (DA) hypothesis” of schizophre-
nia originated from the observation that drugs of abuse increasing DA release
(e.g., cocaine, amphetamine) can trigger psychotic symptoms and the finding that
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antipsychotic drugs block DA D2-like receptors in a direct correlation with their
antipsychotic efficacy. Although it has been surprisingly difficult to uncover the
genetic and molecular basis for DA dysfunction in schizophrenia, there is little
doubt that DA plays an important role in schizophrenia.

More recent hypotheses on DA and schizophrenia propose that altered dopamin-
ergic transmission, and in particular the phasic increase of DA release at the time of
psychosis, may result from a disruption of its regulation by other neurotransmitters,
such as glutamate (6). A dysfunction of glutamatergic neurotransmission, possibly
with a selective decrease of N-methyl-D-asparate (NMDA) glutamate receptor func-
tion, is also gaining increasing support (7). Glutamate is the most prevalent excita-
tory neurotransmitter, involved in many brain functions. A drug-induced psychosis
provided some of the initial evidence for a role of glutamate in schizophrenia: the
anesthetic ketamine and the illicit drug phencyclidine (also known as PCP or angel
dust) block the NMDA glutamate receptor and can induce a mental state that
resembles schizophrenia. As for the DA hypothesis, uncovering the exact details of
glutamatergic dysfunction in schizophrenia has been challenging, although recent
postmortem and genetic findings (see Section 6) have supported the notion that
glutamatergic neurotransmission is perturbed in schizophrenia.

A role for serotonin in the pathogenesis of schizophrenia had been originally
proposed on the basis of the similarity between LSD, which is psychotomimetic,
and serotonin (8) and was lately supported by the finding that LSD activates
5-hydroxytryptamine (5-HT)2A receptors. Furthermore, the atypical antipsychotics
clozapine, olanzapine, risperidone, and quetiapine exhibit antagonistic activities at
multiple serotonin receptors and have been found to downregulate cortical 5-HT2A

following chronic treatment in animal studies (9). Although the actual occurrence
of disruptions of the serotoninergic system in schizophrenia is still a matter of
debate, recent findings seem to support its role in this disease (10). Interestingly, a
number of serotoninergic receptor families have been shown to modulate the effect
of other neurotransmitters, such as glutamate, GABA, acetylcholine, and DA (11).

Abnormalities of GABAergic transmission in schizophrenia appear to be among
the most consistent findings in postmortem studies and strongly suggest involve-
ment of specific interneuronal subpopulations in multiple limbic regions (12).
Altered numbers of GABAergic interneurons, as well as changes in the expression
of several markers for GABAergic transmission, have been reported in most of the
brain regions currently believed to be involved in schizophrenia. GABA is an
inhibitory neurotransmitter broadly expressed throughout the central nervous sys-
tem. Intrinsic GABAergic circuits in cortical and subcortical regions tightly regulate
the activity of glutamatergic projection neurons. Thus, alterations of glutamatergic
and GABAergic transmission are inextricably linked to each other. It has been
hypothesized that the overinclusive (unable to filter out extraneous information),
disorganized thought processes typical of schizophrenia may reflect, at least in part,
a disruption of GABAergic transmission resulting in failure of appropriate gating
mechanisms. On a highly speculative level, it is intriguing to note that specific
subpopulations of interneurons have been shown to generate and support oscilla-
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tory patterns of brain activity, which play an important role in information process-
ing and storage.

Within the context of circuit-based hypotheses of schizophrenia, it may be of
interest to understand how specific anatomic models of schizophrenia could link
distinct signs and symptoms to specific brain areas or neural circuits. For example,
how does the brain give rise to hallucinations? It had long been proposed that the
same brain areas that are engaged in normal perception also give rise to an abnor-
mal hallucinatory experience. Recent neuroimaging studies have now convincingly
shown that this is indeed the case (13).

Let us review this for the auditory domain. Information arrives from the inner
ear via the brainstem and the thalamus to tonotopically organized regions in the
primary auditory cortex, located in a region of the superior temporal gyrus called
Heschl’s gyrus. The highly segregated auditory information is then processed in
the surrounding auditory association cortex and integrated with all other sensory
modalities (i.e., vision, somatosensory) in the large areas of the prefrontal and pari-
etal cortices. When a person experiences auditory hallucinations in form of voices,
the region of the primary auditory cortex is significantly activated, indicating that
the experience of hearing the voices is similar to the perception of “real” voices
at the level of the brain (13). Similar findings have also been reported for the visual
system and the experience of hallucinating colors and shaped objects. Many ques-
tions still remain unanswered: how is the primary auditory cortex information inte-
grated into the larger mental representation, including the ability to remember
previously stored information and the ability to identify the person behind the voice
experience? How is it possible, for most schizophrenia patients, to gain insight into
the nonveridical nature of the hallucinatory experience?

In summary, we are steadily gaining insight into the specific neuropathology of
schizophrenia, affecting distinct cortico-limbic regions such as the anterior cingu-
late gyrus, the dorsolateral prefrontal cortex, the hippocampus and limbic thala-
mus. It is now obvious that schizophrenia is the result of a disruption of information
processing within multiple, interconnected circuits linking these regions. Such dis-
ruption involves complex interactions among numerous neurotransmitters (GABA,
glutamate) and neuromodulators (DA, several neuropeptides such as cholecystoki-
nin, neuropeptide Y, neurotensin). To explore the cellular basis of schizophrenia
further, animal models have proven to be a fruitful area of investigation.

5. ANIMAL MODELS

As for other diseases, modeling schizophrenia in experimental animals serves a
necessary, indispensable role. The main purpose and advantage is to allow experi-
mental testing of specific hypotheses regarding schizophrenia. However, the design
of heuristic models for schizophrenia, with adequate face, construct, and predictive
validity has represented an enormous challenge and has met, at least until recently,
with limited success. Construct validity has been restricted by our incomplete
understanding of the pathophysiological mechanisms of schizophrenia and by its



120 Heckers and Berretta

heterogeneous etiology involving complex interaction among genetic, epigenetic,
and environmental factors. Convincing face validity is hampered by the fact that
schizophrenia is a disorder of the highest human functions (e.g., hallucinations,
delusions, thought disorder, lack of speech content), so that reproducing the full
clinical spectrum of this disease is not a meaningful goal. Predictive validity, par-
ticularly considered in relationship to neuroleptic treatment, has been somewhat
more successful.

Despite these difficulties, increasingly sophisticated animal models of schizo-
phrenia have contributed useful and much needed information to the understanding
of this disease. These models have naturally developed in parallel with our under-
standing of this disease. For instance, initial hypotheses postulating excessive
dopaminergic transmission in schizophrenia prompted a generation of animal mod-
els designed to mimic such condition. We know now that such models, by them-
selves, hold little construct validity. More recently, however, dopamine-based
models have been used in combination with other experimental manipulations, such
as NMDA receptor blockade, to test the role of DA in the context of more complex,
circuit-based, abnormalities. In turn, postmortem findings indicating abnormalities
in glutamatergic transmission in several brain regions support the basic assumption
of NMDA receptor antagonist-based models but point to subtle, neurochemically
and anatomically selective, changes rather than the generalized disruption induced
by systemic administration of NMDA receptor antagonists.

These recent phases of the evolution of animal models of schizophrenia indicate
that the emerging strategy has shifted from models designed to reproduce the dis-
ease as a whole to what has been defined as “component” or “partial” modeling
(12,14). The basic idea is to focus on specific aspects of the disease with the ulti-
mate goal of recomposing the complex, multifaceted puzzle that schizophrenia still
represents. A specific example of this strategy is to consider the multiple, intercon-
nected brain circuits involved in this disease and investigate how a distinct abnor-
mality within a specific brain region, as detected in schizophrenia, can affect
downstream target regions. Recently, this approach has been used to dissect out,
from a complex network of cortico-limbic circuitry, one potential source of abnor-
mal afferent activity to the hippocampus. In these experiments, a broad set of
changes detected in the hippocampus of schizophrenic patients, involving specific
subpopulations of hippocampal interneurons, was reproduced in experimental ani-
mals in which a local disruption of GABAergic transmission within the amygdala
was induced pharmacologically (15).

Another interesting example of “component” modeling is the study of specific
behavioral responses known to be impaired in schizophrenia that can be tested in
experimental animals. These include behavioral paradigms such as prepulse inhibi-
tion of startle, auditory sensory gating, latent inhibition and social isolation (16).
These behavioral paradigms are used as models for psychophysiologic constructs
of schizophrenia and are particularly useful in combination with other experimen-
tal manipulations as a way to test the face validity of specific models.
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Finally, recent animal models have been developed to investigate the etiology of
schizophrenia with respect to genetic abnormalities, prenatal and postnatal events,
epigenetic factors, and disrupted neurogenesis and stress. Some of these models
successfully reproduce neurochemical and behavioral changes similar to those
found in schizophrenia and, in some cases, have a degree of predictive validity,
i.e., changes can be reversed by neuroleptics. Other animal models, involving neo-
natal brain lesions, are aimed at disrupting the development of specific brain regions
involved in schizophrenia in order to test their effects on cortical and subcortical
regions connected to them. Interestingly, neonatal lesions of the hippocampus
induce schizophrenia-related behaviors and molecular changes that emerge only
after puberty, thus mimicking the typical course of this disease (17).

6. CAUSES OF SCHIZOPHRENIA

Schizophrenia is caused by genetic as well as nongenetic factors. Genetic fac-
tors include mutations in the DNA, abnormalities of DNA transcription into RNA,
and abnormal translation of mRNA into protein. Nongenetic factors vary from
insults during early brain development (e.g., in utero infection/hypoxia and birth
trauma), postnatal developmental phases (e.g., viral infections and malnutrition),
as well as social stressors during adolescence and adulthood (e.g., leaving home,
migration to another country, urban environment). How these factors work together
to create devastating changes of behavior in the second or third decade of life
remains a puzzle. Here, we briefly review the genetics of schizophrenia.

The search for the genetic causes of schizophrenia dates back 100 years. It became
clear early on, that the risk to develop schizophrenia is increased if another family
member is already affected with schizophrenia (Table 3). The highest rates are
reported for monozygotic twins, who have a 50% concordance rate for the develop-
ment of schizophrenia. The family studies of schizophrenia have been confirmed

Table 3
Lifetime Expectancy (Morbid Risk) Estimates of Schizophrenia

Lifetime expectancy
(%)

If no relative has schizophrenia   1
If the following relative has schizophrenia:

One parent 10
Both parents 46
Sibling 10
Child   6

Proband-wise concordance
For twin if co-twin has schizophrenia: (%)

Dizygotic twin 14
Monozygotic twin 46



122 Heckers and Berretta

122

T
ab

le
 4

N
ov

el
 G

en
es

 f
or

 S
ch

iz
op

h
re

n
ia

G
en

e
A

bb
re

vi
at

io
n

L
oc

us
P

ro
te

in
 f

un
ct

io
n

N
eu

re
gu

li
n

N
R

G
1

8p
12

-p
21

M
od

ul
at

es
 g

li
al

 c
el

ls
 a

nd
 g

lu
ta

m
at

e 
N

M
D

A
 r

ec
ep

to
rs

D
ys

bi
nd

in
D

T
N

B
P

1
6p

22
S

yn
ap

ti
c 

fu
nc

ti
on

 (
?)

G
72

G
72

13
q3

4
In

te
ra

ct
s 

w
it

h 
D

A
A

O
D

-a
m

in
o 

ac
id

 o
xi

da
se

D
A

A
O

12
q2

4
M

od
ul

at
es

 D
-s

er
in

e
R

G
S

4
R

G
S

4
1q

21
-2

2
R

eg
ul

at
es

 G
 p

ro
te

in
 s

ig
na

l
C

at
ec

ho
l-

O
-m

et
hy

l t
ra

ns
fe

ra
se

C
O

M
T

22
q1

1
C

at
ab

ol
ic

 e
nz

ym
e 

of
 d

op
am

in
e

P
ro

li
ne

 d
eh

yd
ro

ge
na

se
P

R
O

D
H

22
q1

1
D

eg
ra

de
s 

pr
ol

in
e,

 a
ff

ec
ts

 g
lu

ta
m

at
e



Schizophrenia 123

and extended by adoption studies, which helped to decrease the confounding effect
of the shared environment on the genetic factors in schizophrenia. Taken together,
there is now convincing evidence that a combination of risk genes contributes to
the development of schizophrenia. However, it is also obvious that schizophrenia is
not completely determined by genes (as in an autosomal dominant disease with full
penetrance, such as Huntington’s disease).

The exact genetic mechanisms of schizophrenia have remained elusive. The intro-
duction of molecular biology techniques and the access to large patient populations
has resulted in many links between the diagnosis of schizophrenia and a polymor-
phism in the human genome, thereby allowing researchers to home in on specific
stretches of one of the chromosomes. Unfortunately, linkage to chromosomal
regions has been hard to confirm in independent replication studies.

More recently, several genes have been implicated in the disease mechanism of
schizophrenia (Table 4). The identification of individual genes and their products
(i.e., proteins) is a significant step forward in identifying the genetic determinants
of schizophrenia (18). Several genes code for proteins known to affect path-
ways relevant for schizophrenia. For example, the newly found protein neuregulin 1
(NRG1), a protein coded for by the gene G72 on chromosome 13q34, and the
enzyme D-amino acid oxidase (DAA) are all in the position to affect glutamatergic
neurotransmission.

On the other hand, a mutation in the gene coding for catechol-O-methyl trans-
ferase (COMT), the catabolic enzyme of DA, is associated with impaired brain
function in schizophrenia. The COMT gene contains a missense mutation, which
translates into a substitution of Met for Val at codon 108y158 (Val108/158 Met).
The enzyme containing Met is unstable and has only one-fourth of the activity of
the enzyme containing Val. This means that the Val/Val phenotype is associated
with increased DA catabolism, resulting in impaired brain function in regions that
depend on proper COMT function. A recent study found that the COMT Val allele,
which was more common in schizophrenic offspring, predicted a less efficient
physiological response in prefrontal cortex (19).

Taken together, there is now compelling evidence for specific risk genes for
schizophrenia, which will lead to a better understanding of the disease mechanisms
and the discovery of targets for drug development.

7. TREATMENT OF SCHIZOPHRENIA

So far, the pharmacological treatment of schizophrenia has been guided by ser-
endipity. The first generation of antipsychotic drugs was introduced in the 1950s,
after French researchers discovered their calming and sedating properties (which
explains why they are also referred to as neuroleptics). Only after the clinical effi-
cacy of these drugs was established, did it become clear that they all modulate the
DA neurotransmitter system by blocking preferentially the D2 DA-receptor sub-
type. Following this discovery, the search for antipsychotic drugs focused on spe-
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cific neurotransmitter systems: first the dopaminergic system, then the serotonergic
system, and most recently the glutamatergic system.

Two classes of antipsychotic drugs are currently available on the US market
for the treatment of psychosis in general and schizophrenia specifically (Table 5).
The first generation antipsychotic drugs range from low-potency drugs such as chlo-
rpromazine to high-potency drugs such as haloperidol and fluphenazine. All medi-
ate their antipsychotic effects primarily via blockade of DA receptors, which is
directly related to their propensity to cause adverse effects in the motor system.
These motor side effects are referred to as extra-pyramidal side effects (EPS),
because striatal neurons rather than the motor cortex pyramidal neurons are prima-
rily affected. EPS range from those that present within hours or days (dyskinesias
and akathisia), to months (parkinsonian symptoms), and possibly years (tardive
dyskinesia). One potentially lethal adverse event is the neuroleptic malignant syn-
drome (NMS), which includes fever, extrapyramidal symptoms (typically with
muscle rigidity), and autonomic dysfunction. NMS is rare, can occur with any type
of first-generation antipsychotic, and requires immediate medical attention. The
patient should be taken off the antipsychotic drug that caused NMS, but can be tried
on another antipsychotic drug.

Although first-generation antipsychotic drugs are effective in many patients,
a substantial number of patients do not respond adequately or suffer debilitating
side effects. This explains the continued search for better treatment of schizophre-
nia, which resulted in the introduction of the second-generation antipsychotics.
The first and most significant advance in the treatment of schizophrenia was
clozapine, which is superior to first-generation antipsychotics in the treatment of
psychosis and causes little, if any, EPS. However, clozapine is associated with a
potentially lethal adverse event, agranulocytosis, which requires regular blood test-

Table 5
Antipsychotic Medication

FDA CPZ Daily dose
Compound TM approval Manufacturer (mg/d) (mg)

Clozapine Clozaril® 1989 Novartis 50 300–900
Risperidone Risperdal® 1994 Janssen   2 2–6
Olanzapine Zyprexa® 1996 Lilly   5 10–20
Quetiapine Seroquel® 1998 AstraZeneca 75 300–750
Ziprasidone Geodon® 2000 Pfizer 60 120–160
Aripiprazole Abilify® 2002 Otsuka/      7.5 10–30

Bristol-Myers Squibb
Chlorpromazine Thorazine® Generic 100   100–1000
Thioridazine Mellaril® Generic 100   30–800
Perphenazine Trilafon® Generic   10   2–60
Fluphenazine Prolixin® Generic     2   5–40
Haloperidol Haldol® Generic     2   3–50
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ing. Furthermore, clozapine can cause NMS, excessive sedation, and a dose-depen-
dent risk of epileptic seizures.

The introduction of clozapine was followed by five second-generation anti-
psychotics (olanzapine, risperidone, quetiapine, ziprasidone, and aripiprazole)
within the last 10 years. These compounds differ in their receptor-binding profile,
their half-life time, their side-effect profile, and potentially their ability to improve
cognition, but all are effective in the treatment of psychosis. The receptor profile of
the second-generation antipsychotics differs from the traditional compounds, by
targeting receptors other than the DA D2 receptor, including serotonin receptors
(primarily the 5-HT2A receptor subtype), histaminergic receptors, and muscarinic
receptors. They all share with clozapine its higher affinity for 5-HT2A over D2

receptors, which may contribute to their benign extrapyramidal profile. Some of
these drugs (i.e., clozapine, quetiapine, and ziprasidone) also have direct 5-HT1A

agonist activity, although others (i.e., olanzapine and risperidone) can interact indi-
rectly with 5-HT1A receptors to improve symptoms of schizophrenia (9).

The newest addition to the armamentarium of antipsychotic drugs is aripiprazole,
a partial agonist at the D2 and 5-HT1A receptors, and an antagonist at 5-HT2A recep-
tors. The mechanism of D2 partial agonist (i.e., blockade of D2 receptors in the
setting of a hyperdopaminergic state, and stimulation of the D2 receptor when
intrasynaptic DA levels are low) tends to stabilize dopaminergic neurotransmission
and holds the promise that the drug might alleviate symptoms of psychosis, improve
cognitive deficits, minimize sedation, and avoid extrapyramidal side effects and
the observed increase in metabolic activities and body weight. The question, which
of the available antipsychotic drugs should be chosen as first-line treatment is cur-
rently a matter of intense debate (20). Most experts recommend one of the newer
second-generation antipsychotic drugs and reserve clozapine and a combination of
second- and first-generation antipsychotic drugs for those patients who have failed
adequate trials (i.e., 6 weeks) of two or three of the newer second-generation antip-
sychotic drugs.

In addition to the two classes of antipsychotic drugs, many patients with schizo-
phrenia also benefit from other classes of psychotropic medication. First, several
drugs have been shown to augment the efficacy of antipsychotic drugs (21). These
drugs include mood stabilizers such as valproic acid and lithium, tranquilizers such
as benzodiazepines, and novel (still experimental) approaches, such as glycine,
D-cyclo-serine and AMPAkines, which facilitate glutamatergic function. Second,
patients with schizophrenia often suffer from other psychiatric conditions (such as
panic attacks, obsessive-compulsive disorder, posttraumatic stress disorder, and
substance abuse), which require the administration of additional psychotropic
medication.

The pharmacological management of schizophrenia needs to be implemented
into a comprehensive treatment plan. Poor communication between the patient and
the mental health professional, the frequent occurrence of adverse effects, and the
cognitive deficits lead many patients to discontinue their medication. Education
about the illness and supportive programs that involve the patient’s family are con-
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firmed methods to improve the treatment of psychosis. Specific forms of psycho-
therapy, such as cognitive-behavioral interventions, have been shown to be effec-
tive in the treatment of positive symptoms, such as delusions and hallucinations.
Finally, the reintegration of the person with schizophrenia into the society is greatly
enhanced by social skills training and supportive community services, which
include clubhouses, residential programs, and mobile outreach teams of mental
health workers.

8. OUTCOME OF SCHIZOPHRENIA

Kraepelin was initially convinced that poor outcome is an essential part of the
clinical presentation of dementia praecox/schizophrenia. At the end of his career,
however, he became more cautious and questioned whether all cases always
progress with severe cognitive decline. Extensive research has now shown that
schizophrenia does not necessarily lead to an end stage of severe deficits. In fact,
about 25% of patients will recover with little if any deficits, 25% will remain with
severe deficits, and the remaining 50% cover the spectrum between these two poles.
These outcome statistics remind us that we have to consider every schizophrenic
patient to be eligible for recovery. However, several predictors of outcome allow us
to estimate these chances. For example, female patients and those with higher lev-
els of education and stronger cognitive skills have a better outcome. But these sta-
tistical inferences, derived from large patient samples, do not necessarily allow us
to predict the course and outcome of the illness in an individual patient.

Schizophrenia is also associated with a significantly increased risk of medical
morbidity. This is explained, in part, by the insufficient access to medical care, but
there is compelling evidence for a link between schizophrenia and specific medical
illnesses. For example, the risk for the development of cardiovascular illness is
greatly increased in schizophrenia, which leads to increased morbidity and mortal-
ity. It is currently a matter of intense debate, how much this increased risk of medi-
cal morbidity in schizophrenia is caused or aggravated by the administration of
antipsychotic drugs.

The worst outcome of schizophrenia is suicide. Approximately 6% of all schizo-
phrenic patients die by their own hands, an eightfold increased risk compared to
the general population (22). Suicide in schizophrenia, however, can be prevented.
A comprehensive treatment plan, including antipsychotic medication (especially
clozapine), has proven to reduce the risk of suicide.

9. CONCLUSION

The clinical presentation of schizophrenia can be complex, but most patients are
accurately diagnosed using standardized criteria. The signs and symptoms of
schizophrenia often appear in the second or third decade of life and may persist for
short periods (e.g., 6 months) or can result in a lifelong struggle. Although the
disease mechanisms and ultimate causes of schizophrenia remain unknown,
we have seen great progress in unraveling the neural and genetic basis of schizo-
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phrenia. Pharmacological and nonpharmacological treatments of schizophrenia can
provide significant relief for most patients and extensive periods of remission for
some. The outcome of schizophrenia varies between complete recovery of function
to persistent cognitive impairments and psychiatric disability. Future research will
uncover the neural basis of the clinical heterogeneity, the variable response to treat-
ment, and the range in outcome.

GLOSSARY OF MEDICAL TERMINOLOGY
Abulia: Abnormal reduction in speech, movement, thought, and emotional reaction.
Accumbens, nucleus: Forebrain region corresponding to the ventral portion of the corpus

striatum.
Akathisia: A condition of motor restlessness, an urge to move about constantly and an

inability to sit still; a common extrapyramidal side effect of neuroleptic drugs.
Akinetic mutism: Subacute or chronic state of altered consciousness, in which the patient

appears alert intermittently, but is not responsive, although descending motor path-
ways appear intact; as a result of lesions of various cerebral structures.

Amygdala: Subcortical brain region located within the temporal lobe. It is one of the
components of the limbic system that is most specifically involved with emotional
experience.

Anhedonia: Absence of pleasure from the performance of acts that would ordinarily be
pleasurable.

Antipsychotic: A drug that is effective in the treatment of psychosis.
Autosomal gene: A gene located on any chromosome other than the sex chromosomes

(X or Y).
Bradykinesia: An abnormal slowness of movement, sluggishness of physical and mental

responses.
Brainstem: The lowest part of the brain, which merges with the spinal cord. It consists of

the medulla oblongata, midbrain, and pons.
Clang association: Specific type of formal thought disorder, i.e., use of two words with a

similar sound.
Catatonia: A syndrome of psychomotor disturbances, characterized by mutism (inability to

talk), stupor (inability to move), muscular rigidity, and excitement.
Delusion: A fixed, false belief, seen most often in psychosis.
Dopamine: A catecholamine neurotransmitter.
Dopamine D2-like receptor: One of the two families of dopamine receptors (i.e., D1 and

D2). It includes dopamine receptors D2, D3, and D4.
Dyskinesia: Impaired (fragmentary or incomplete) voluntary movement.
Hallucination: A percept like experience in the absence of an appropriate stimulus.
Hippocampus: Allocortical structure situated beneath the cortical mantle. Together with

the amygdala constitutes the core of the limbic system.
Interneuron: Short axon neurons mostly forming local circuits within a specific brain

region.
Limbic (system): a heterogeneous array of cortical and subcortical brain structures, includ-

ing the anterior cingulate gyrus, hippocampus, amygdala, and portions of the thala-
mus, that are involved in the processing of emotion.

NMDA glutamate receptor: One of the four ion channel-coupled glutamate receptor
subtypes, named after one of the most selective agonists N-methyl-D-aspartate. These
receptors are implicated in memory and learning, neuronal cell death, ischaemia, and
epilepsy.
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Paleocortex: The phylogenetically oldest part of the cortical mantle of the cerebral
hemisphere.

Perseveration: The constant repetition of a word or phrase.
Polymorphism (of genes): A difference in DNA sequence among individuals, groups, or

populations.
Psychotomimetic: A drug or substance that produces psychological and behavioral changes

resembling those of psychosis; e.g., LSD.
Psychotropic medication: A drug or substance capable of modifying mental activity.
Serotonin: A monoamine neurotransmitter, also called 5-hydroxytryptamine (5-HT).
Serotonin 5HT2A receptor: A subtype of the 5HT2 receptor group.
Subcortical: Brain region situated beneath the cortical mantle.
Superior temporal gyrus: A longitudinal gyrus on the lateral surface of the temporal lobe

between the lateral (sylvian) fissure and the superior temporal sulcus.
Synaptic proteins: Proteins in the synapse, involved in the regulation of neurotransmitter

release.
Temporal lobe epilepsy: Seizures with elaborate and multiple sensory, motor, and/or psy-

chic components. A common feature is the clouding of consciousness and amnesia for
the event.

Thalamus: Large, ovoid masses, consisting chiefly of grey substance, situated one on each
side of and forming part of the lateral wall of the third ventricle. It is divided into two
major parts: dorsal and ventral, each of which contains many nuclei.
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Autism Spectrum Disorders

Evdokia Anagnostou and Eric Hollander

Summary
Autism is a developmental disorder, characterized by repetitive behaviors and by defi-

cits in social skills and communicative abilities. Autism spectrum disorders affect 60 out of
10,000 individuals, resulting in significant costs to families and society. Neuropathological
and imaging studies point to abnormalities in the limbic system and the cerebellum, and
accelerated brain grown in the first 2 years of life. Abnormalities in serotonin function have
been identified in affected patients and their families. Genetic studies document high con-
cordance in monozygotic twins and genome screens have identified multiple loci as possi-
bly associated with autism, with the strongest evidence pointing to regions 2q and 7q.
Although there is a relative lack of well-controlled treatment studies, selective serotonin
reuptake inhibitors and atypical antipsychotics are useful in the treatment of repetitive
behaviors and aggression. Nonpharamacological interventions include intensive early child-
hood educational programs, and interventions targeted at problem behaviors and social skills
improvement.

Key Words: PDD; autism; Asperger’s; neurobiology; genetics; phenomenology;
treatment.

1. AUTISM SPECTRUM DISORDERS

Autism is a devastating developmental disorder classified under the pervasive
developmental disorders. It affects social interaction, communication, and repeti-
tive/compulsive behaviors. Autism, Asperger’s syndrome, and pervasive develop-
mental disorder not otherwise specified (PDD-NOS), collectively known as autism
spectrum disorders (ASD), cause lifelong functional impairment and severely
impact both affected individuals and their families. This chapter emphasizes the
neurobiology, phenotypes, and current treatments for autism.

2. BRAIN PATHWAYS

Abnormalities in almost every neural system in the brain have been causally
linked to autism. Studies of the small number of autistic brains currently available
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have revealed abnormalities mostly in forebrain limbic structures, cerebellar cir-
cuits, and the growth patterns of the brain. New imaging techniques have started to
corroborate data from pathology studies.

2.1. Limbic System
In the limbic system, the most consistent histological abnormality is the pres-

ence of small, densely packed neurons in the amygdala, hippocampus, and mam-
millary bodies (1,2), and large neurons in the diagonal band of Broca in the septum
in young children. These brain structures are part of the circuit of Papez, which is
important in memory and emotions. Cortical malformations are also occasionally
observed, which indicates abnormalities in neuronal migration and points to injury
during fetal development.

Volumetric studies of the limbic structures have produced some conflicting data
that probably reflects heterogeneity within the autistic population. In contrast,
functional imaging studies are somewhat more consistent. For instance, transient
frontal hypoperfusion at 2 to 4 years of age has been demonstrated by regional
cerebral blood flow (rCBF) studies. Marked bitemporal hypoperfusion has been
reported by two independent groups (3,4) using single photon emission computed
tomography (SPECT) or positron emission tomography (PET). Neuronal hypo-
function also has been suggested by magnetic resonance spectroscopy (MRS).
Functional magnetic resonance imaging (fMRI) studies have shown decreased
activation of the left amygdala during “theory of mind” tasks. Overall, functional
imaging techniques offer preliminary data to support amygdala dysfunction in autism.

2.2. The Cerebellum
In the cerebellum, the most consistent abnormality is that of a decreased number

of Purkinje cells in the cerebellar cortex (1,2,5). This change is associated with
small neurons in the inferior olive and deep cerebellar nuclei, as well as with a
decreased neuronal density in deep nuclei. Given that the Purkinje and inferior olive
cells develop a tight synaptic relationship by 28 weeks gestation, the above find-
ings imply that the Purkinje cell loss takes place prenatally. Furthermore, the post-
natal changes in number and size of the deep nuclei and inferior olive neurons
suggest that these pathological processes continue into the postnatal period. Incon-
sistent findings include hypoplasia of vermal lobules VI and VII, malformations of
the inferior olive, and prominent arcuate nuclei (2,6).

Structural imaging studies of the cerebellum and posterior fossa have failed to
reveal consistent abnormalities. Reduced brainstem, midbrain, and pons size, and
cerebellar atrophy, particularly of vermal lobules VI and VII, have all been reported.
Functional imaging studies have recently demonstrated increased cerebellar motor
activation and decreased cerebellar attention activation in autistic patients. The cor-
relation of clinical findings and observed cerebellar abnormalities remains prob-
lematic, because the reported anomalies are not observed across studies and may be
present in other non-autistic neurological disorders.
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2.3. Brain Growth
Alterations in brain size is the most consistently replicated finding. Autistic chil-

dren tend to have small heads at birth followed by an excessive increase in head
size between 1 and 2 months and 6 and 24 months of age (7). Megalencephaly
during childhood has been suggested by MRI and pathology studies. In a recent
volumetric study, the white matter was shown to be disproportionately large com-
pared to controls. Increased brain size may be associated with altered functional
connections between specialized neural systems as a result of disorganization. Fur-
ther support for this hypothesis comes from analysis of the corpus callosum, the
major fiber pathway interconnecting the two cerebral hemispheres, which is found
to be smaller in autistic patients than in controls. Less neural integration is actually
consistent with the theory of “lack of central coherence” as an explanation for
autistic symptoms. Abnormalities in other cortical and subcortical areas have been
reported but not replicated.

2.4. Other Clues From Functional Imaging
In terms of functional imaging, auditory stimulation studies have shown

decreased perfusion of the left superior temporal gyrus indicating that autism is
associated with an abnormal pattern of activation of the left temporal cortex. Given
that the left temporal cortex is implicated in the organization of language, the lan-
guage impairment observed in autistic patients may be linked to this abnormality.
In studies in which patients were asked to perform tasks looking at faces, the face
perception area in the fusiform gyrus was not activated (8) (Fig. 1). This is in keep-

Fig. 1. Composite activation maps superimposed on averaged anatomic images.
The region of interest (fusiform gyrus) is outlined in green. Note that the fusiform gyrus is
activated during face discrimination in the control group (NC1) (A) but not in the autistic
group (B). See color insert preceding p. 51. (From ref. 8. Copyright 2000, American Medi-
cal Association. All rights reserved.)
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ing with clinical observations of autistic patients having difficulty recognizing and
discriminating amongst facial expressions. Decreased activation in the dorsolateral
prefrontal cortex and posterior cingulate cortex during spatial memory tasks has
been observed and may explain the impairment in executive function seen in autis-
tic patients.

In summary, neuropathological and imaging studies point to anatomic
abnormalities, and dysfunction of the amygdala and limbic forebrain structures.
These findings seem to be consistent with the social deficits observed in autism.
Abnormalities noted in the cerebellum are still somewhat difficult to interpret
clinically. Acceleration of brain growth in early childhood followed by a dra-
matic deceleration is the most consistent finding in this population, possibly
suggesting poor cortical organization and supporting the theory of “lack of cen-
tral coherence.”

3. MOLECULAR TARGETS

Abnormalities in multiple systems have been postulated, including sero-
toninergic, noradrenergic, dopaminergic, opioid, and oxytocin/vasopressin
systems. The evidence so far does not support primary involvement of the norad-
renergic and opioid systems, although the evidence for the involvement of the
dopaminergic system is rather conflicting. In contrast, there is significant evi-
dence implicating serotoninergic and oxytocin/vasopressin systems in the patho-
physiology of autism.

3.1. Serotonin
There are multiple studies implicating serotonin in the pathophysiology of

autism, and serotonin seems to be critical in neurodevelopment. The first sero-
toninergic neurons in the brain are evident by 5 weeks of gestation and by 15 weeks
typical serotonin bodies are seen in the cells of raphae nuclei. All serotonin recep-
tors and transporters are present by 4 months of gestation. The fact that serotonin
arrives in target regions earlier that other monoamines may mean that it regulates
the terminal maturation of other monoamine systems, such as dopamine, and there-
fore, it may be key for further development.

Evidence for low serotonin in the synapses in the central nervous system has
been reported. A PET study using a radiolabeled serotonin precursor found
decreased serotonin synthesis in the cortex, thalamus, and dentate nucleus. The loss
of serotonin terminals can lead to altered developmental processes in the target
areas described above. Additionally, increased 5-hydroxytryptamine (5-HT)1d
inhibitory autoreceptor sensitivity in adult autistic patients has been demonstrated,
which is consistent with decreased 5-HT synthesis. Furthermore, the severity of
these 5-HT1d abnormalities has been correlated with the severity of repetitive
behaviors in autism (9).

Pharmacological manipulation of serotonin systems in the autistic population
has shown that acute depletion of the 5-HT precursor tryptophan can exacerbate



Autism 135

anxiety, self-injurious behaviors, and stereotypies in autistic subjects. Decreased
central serotonin responsiveness was demonstrated by a blunted prolactin response
to the 5-HT releasing agent fenfluramine. Recent data suggest that serotonin
reuptake inhibitors may be useful in controlling global severity and repetitive
behaviors.

Platelet hyperserotonemia has been also documented in multiple studies. In some
studies, there is a correlation between elevated serotonin levels in the platelets and
the severity of cognitive impairment, stereotypies, and behavioral disturbances,
but these findings have not always been replicated. Additionally, it seems that
serotonin abnormalities in autistic patients are shared by other asymptomatic, non-
autistic family members. This seems to imply that elevated blood serotonin levels
may be associated with a genetic liability to certain subtypes of autism.

3.2. Oxytocin/Vasopressin System
There has been an abundance of evidence linking the vasopressin/oxytocin

system to social attachment, mate preference, and repetitive movements in
animal studies (10,11). Children with autism seem to manifest lower plasma
oxytocin levels than their normal peers, and they fail to show the expected
increases in plasma oxytocin levels with age. Deficits in oxytocin-processing
peptides in autism have also been reported. Finally, a significant reduction in
repetitive behaviors was demonstrated after oxytocin infusion in a group of
patients with autism (12), which suggests a possible role for intervention with
oxytocin agonists.

4. ANIMAL MODELS

Although no animal model exists that adequately explains all the features of
autism, several studies have explored structural, genetic, toxic, or infectious etiolo-
gies of autism in mice, rats, and pigs (Table 1). The most promising ones involve
lesions of the limbic system resulting in deficits in social interaction and repetitive
behaviors in monkeys and rats. Additionally, eliminating the disheveled gene by
genetic manipulation has produced a mouse with limited social interaction. This
gene functions in the Wnt pathway, which is a pathway important for cell-to-cell
interaction during embryogenesis. A different gene (WNT2) in this pathway has
been found to be mutated in some autistic families. In a cohort of 160 families with
no autism, the mutated gene was not found. Knock-out mice for the oxytocin gene
show an inability to develop social memory, and a Fragile X Mental Retardation 1
(FMR1) knock-out mouse demonstrates increased perseveration. Furthermore,
maternal infection during pregnancy has been cited as the “principal non-genetic
cause” of autism (13). Neonatal or fetal inoculation with the borna or the influenza
virus results in impaired play and exploratory behavior and deficits in social inter-
action in rat and mouse models. Several attempts at creating autism models by
teratogen exposure, i.e., thalidomide or valproate, look promising but behavioral
studies have not been done yet.
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5. GENETICS
Although Kanner and Asperger felt that autism is a disorder of neuropathologi-

cal origin, the psychiatric community of the 1950s questioned the heritability of the
syndrome. In the late 1960s, a case series of families who had more than one autis-
tic child was published. The incidence of autism in these families was reported to
be two to three times greater than that of the general population and it was argued
that this would support a genetic etiology.

5.1. Twin and Family Studies
In the late 1970s, the first twin study indicated a higher concordance for autism

among monozygotic (MZ) vs dizygotic (DZ) twins. Subsequent twin studies have
revealed a MZ concordance rate of 70% vs a rate of 0% in the DZ twins. When
milder cognitive or social deficits were included, the MZ concordance rate was
82% vs a rate of 10% in the DZ pairs. Several studies of the non-autistic family
members followed. Social reticence, pragmatic language deficits, and difficulty
adjusting to changes in environment are present with increased frequency in the
parents of affected children compared to controls, and are known as the broader
autistic phenotype.

5.2. Genome Screens
There have been seven genome screens for autism susceptibility loci in autistic

siblings. Possible loci associated with autism have been mapped to chromosomes
1, 2, 3, 5, 6, 7, 13, 15, 16, 17, 19, and X with chromosomes 2 and 7 being the most
consistent.

On the long arm of chromosome 2, a region approx 35 megabases long and
containing approx 100 genes shows a strong association with autism. The associa-
tion becomes even stronger if phrase speech delay (PSD) is included in the pheno-
type (14). Similarly, region 7q shows a strong association with autism that becomes
even stronger if PSD is used as an endophenotype (15,16). Interestingly, chromo-
somal region 7q includes the AUTS1 gene, which is responsible for severe familial
expressive aphasia (17). AUTS1 has been found in siblings and unrelated individu-
als with either autism or language disorder. In one screen, chromosomal region 6q
was also shown to strongly associate with autism. A mutation of the glutamate
receptor gene in 6q21 has been identified in 8% of autistic subjects vs 4% of con-
trols and appears to be transmitted from mothers to autistic sons.

5.3. Other Candidate Gene Regions

5.3.1. 15q11-q13
An increased frequency of cytogenetic abnormalities of the region 15q11-13 has

been reported in the autistic population (18). These include a variety of anomalies
such as maternally derived interstitial duplications, submicroscopic deletions and a
supernumerary chromosome 15. Chromosomal region 15q11-13 is of particular
interest for two main reasons. First, it harbors genes for several subunits of the
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GABAA receptor and some association has been found between one marker and
autism. Second, abnormalities in the same region also result in Angelman syndrome,
which is a childhood neurological disorder with autistic features. Angelman syn-
drome usually results from a lack of maternal gene expression, but also from a
mutation in the UBE3A gene. However, mutations of the UBE3A gene have not
been found in autistic individuals without Angelman syndrome.

5.3.2. Serotonin Transporter and Reelin
Given the considerable evidence for abnormalities in the serotonin system in

autism, attempts have been made to identify an abnormality in the serotonin trans-
porter genes. Several polymorphic variants of the 5-HTTLRP (a polymorphism of
the serotonin transporter gene) have been reported to show preferred transmission
in families of autistic probands. Despite this, the evidence remains conflicting with
different polymorphisms associating with autism in different studies.

Reelin is an extracellular matrix protein that is responsible for correct lamellar
formation of the fetal brain. Reelin is also important for cell signaling and synaptic
plasticity in the adult brain. Abnormalities of brain reelin mRNA have been reported
in multiple psychiatric disorders, including autism, and consequently, reelin poly-
morphisms remain an area of active research.

5.4. Immunogenetics
There is some evidence for an association between autoimmunity and autism.

Families of autistic children have a higher number of individuals with autoimmune
diseases than families of nonaffected children. Some autistic children or their moth-
ers have major histocompatibility complex (MHC) haplotypes that predispose to
autoimmunity. In twin studies, autistic children are more likely to have auto-anti-
bodies to myelin basic protein, neurofilament protein, and vascular endothelium
than controls. The question of a functional deficit of the MHC molecules in autism
has been raised as a result. However, none of the genome screens has had any
signals near the MHC locus on 6p so far. Our group has demonstrated increased
antibodies to heat shock protein 90 (19) and increased expression of D8/17,
an immune marker on B-cells (20), in autistic patients.

5.5. Other Chromosomal and Genetic Disorders
Genetic conditions associated with autism include tuberous sclerosis, neuro-

fibromatosis, Down syndrome, and Fragile X syndrome. The reported prevalence
rates of autism in these disorders varies widely because of small sample sizes, but
they collectively represent less than 6 to 7% of autistic individuals and this figure
includes other nongenetic medical disorders, such us congenital rubella.

In summary, autism has a large genetic contribution, although this does not
exclude environmental factors in the pathogenesis of the disorder. Twin, cytoge-
netic, and genome screens studies have been invaluable and identification of patho-
genetic genes is expected in the near future. Among patients with autism, only a
small percentage also has another identifiable genetic disorder.
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6. EPIDEMIOLOGY

The first epidemiological studies of autism took place in England in the mid-
1960s. Since then, 32 large surveys of autism have been published in English (21).
The studies vary significantly in sample size, approach to identifying subjects,
screening methodology, and the diagnostic instruments employed. Furthermore,
the diagnostic criteria have changed over time from Kanner’s criteria in the 1960s
to DSM-IV and ICD-10 in the 1990s. Accordingly, the prevalence estimates vary
greatly. When prevalence data is limited to studies after 1987, the prevalence is
estimated to be 10 of 10,000. In 12 recent studies, patients meeting criteria for
PDD-NOS were also included. The estimated prevalence of PDD-NOS is 15 per
10,000. Additional efforts have been made to calculate the prevalence of Asperger’s
syndrome, which is estimated to be 2.5 per 10,000. However, the number of patients
diagnosed as such remains small in the current studies making the prevalence rate
calculation difficult. By combining the above data, the collective prevalence of
ASDs is calculated to be 27.5 per 10,000. Despite this, recent epidemiological sur-
veys have reported rates on the order of 60 per 10,000.

This apparent increase in prevalence rates has stimulated a debate over whether
the incidence of autism is increasing. It is worth noting that there is very little inci-
dence data in the literature and most approaches to answer this question have used
prevalence data. Incidence refers to the number of new cases diagnosed per year,
whereas prevalence refers to the number of cases both old and new at a given time.
The increasing numbers of children referred to a specialist have been used as evi-
dence of increasing incidence of PDD. However, there were no controls for con-
founders such as changes in diagnosis, availability of services, public awareness
and decreasing age at diagnosis. Comparing cross-sectional studies is also plagued
by differences in design, diagnostic criteria, and identification methods of autistic
subjects. Repeat surveys over time in the same geographic region could control for
some of these variables, but still improved detection over time and a dynamic popu-
lation may skew the results. Successive birth cohort studies have failed to show a
change in prevalence so far. Incidence studies would be more useful in assessing
the perceived increased rate of autism in the general population, although control-
ling for changes in diagnostic criteria and case detection methods would still be
necessary. Two current incidence studies currently showed an upward trend, but no
attempt was made to investigate the above cofounders. Everything considered, there
is currently no adequate evidence to support the hypothesis of an increase in the
incidence of autism.

Regarding other epidemiological features of autism, the mean male to female
sex ratio is calculated to be 4.3 to 1. There is no correlation between socioeconomic
status or intellectual level and autism in the studies conducted after 1980. Rates of
medical conditions associated with autism vary greatly among studies. Epilepsy,
Down syndrome, Fragile X syndrome, sensory deficits, congenital rubella, and
cerebral palsy have all been evaluated in this population. Only 6% of autism cases
have been associated with another medical condition that is potentially linked to
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the etiology of autism. Of the above disorders, the most frequent is epilepsy with a
co-prevalence rate of up to 42%. Approximately 30% of patients with autistic spec-
trum disorders have normal intelligence, 30% have mild deficits, and 40% are pro-
foundly retarded. The rates of mental retardation are considered to be lower in
Asperger’s syndrome and PDD-NOS.

In conclusion, epidemiological surveys to date estimate PDD prevalence to be
up to 60 per 10,000 with PDD-NOS being the most common form. It predominately
affects boys, and is frequently associated with mental retardation. A small percent-
age of affected patients have another medical disorder whose cause may be possi-
bly linked to autism. The available data has not yet provided firm evidence that the
incidence of autism is rising.

7. PHENOMENOLOGY

The DSM-IV lists autism, Asperger syndrome, PDD-NOS, childhood disinte-
grative disorder (CDD), and Rett syndrome under the broader category of perva-
sive developmental disorders (PDD). The first three are commonly referred to as
ASDs, whereas Rett syndrome and CDD should be considered distinct entities.
The clinical characteristics of ASDs are social interaction and communication
deficits, and repetitive stereotyped movements. By definition, onset is before
3 years of age.

7.1. Social Impairment
The most characteristic deficit in autism is the impairment in social interaction,

which often presents itself as the inability to form relationships and to reciprocate.
The social deficits in autism are found in basic social communicative behaviors,
i.e., lack of eye contact and facial expression, in contexts in which coordination of
these behaviors results in a “social-cognitive event,” such as pointing, and in recip-
rocal relationships. Three forms of social phenotypes have been reported in the
literature: aloof, passive, and active but odd. Retrospective studies and a systematic
review of videotapes recorded at birthdays have shown that eye contact abnormali-
ties, joint attention and imitative behaviors can be identified as early as 12 months
of age. In a large prospective study, 83% of children with abnormalities in pointing,
gaze monitoring, and pretend play that presented at 18 months had a diagnosis of
autism at 3.5 years of age. However, the sensitivity of this finding drops when
children with severe mental handicaps are included.

7.2. Communicative Deficits
Impairments in communication include both verbal and nonverbal language.

There is an overlap between social skills and communication. Nonverbal commu-
nicative behaviors, such as facial expressions and eye contact are classified under
the social domain. However, use of gestures, such as pointing, nodding, and show-
ing are considered communicative behaviors. Deficits in nonverbal communication
have been repeatedly reported in the autistic population. About half of autistic chil-
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dren are considered to be nonverbal, but this number seems to be decreasing with
early intervention programs. For verbal autistic persons, there is a multitude of
deficits reported, including deficits in pragmatics, variable expressive, and recep-
tive difficulties, semantic impairments, and occasionally phonology abnormalities.
Autistic patients may initiate conversation about preoccupations or routine details
and some children are quite talkative, but their speech output is more like a mono-
logue than directed communication. In other words, their language lacks a social
quality. Additionally, echolalia, reversing pronouns, neologisms, abnormalities in
the rhythm, and intonation have all been observed. In autistic patients, verbal IQ is
usually lower than performance IQ. However, patients with Asperger’s syndrome
may have verbal IQ in the same range or higher than performance IQ. Verbal apraxia
or dyspraxia is often noted and it is usually accompanied by some degree of recep-
tive language deficit.

7.3. Repetitive Behaviors
Restrictive and/or repetitive behaviors are the third category required by DSM-

IV and ICD-10 to make the diagnosis of ASD. Repetitive motor behaviors such as
arm flapping, rocking, bouncing, and spinning are quite common. However, they
are probably not specific to autism, as such behaviors are commonly observed in
normally developing infants and young children and they are also seen in other
developmental and psychiatric disorders. Importantly, the rates of these repetitive
behaviors seem to correlate with mental age in non-autistic individuals, but not in
autistic patients. Higher level repetitive behaviors, such as restricted interests, are
more characteristic of autistic behavior. Rigid routines and rituals are seen in
autism, but are also present in obsessive-compulsive disorder (OCD), Tourette’s
syndrome, and learning disabilities; however, they are more prevalent and elabo-
rate in the autistic population and changes to routines cause much more distress.
There are several theories explaining repetitive behaviors in autism: repetitive
behaviors as a homeostatic mechanism, as an operant behavior, as a result of
impaired mentalizing ability, as a consequence of weak central coherence, or as a
symptom of impaired executive function. Although all of these theories have sig-
nificant shortcomings, different theories may explain different types of behavior.
For example, the homeostatic mechanism may explain how high levels of arousal
lead to increased repetitive movements, although the central coherence hypothesis
may be more useful in explaining the circumscribed content of some of these
behaviors.

PDD-NOS represents a category of patients with autistic features too mild to
meet the criteria for autism. According to DSM-IV and ICD-10, Asperger’s is
defined by significant social deficits and repetitive behaviors and interests, in the
absence of language or cognitive delay. Some have postulated that Asperger’s syn-
drome is somewhat qualitatively different from autistic disorder, although others
feel that it is similar to high-functioning autism. This controversy remains an area
of active research.
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8. TREATMENT

Although several classes of medications have been used to target specific symp-
toms in autism (22), there are no medications approved for the treatment of autism.
With few exceptions, most drug treatment studies have been open label studies or
based on clinical experience. The evidence currently points to the use of serotonin
reuptake inhibitors (SRIs), atypical antipsychotics, and possibly anticonvulsants as
most beneficial in this population.

8.1. SRIs
As discussed previously, there is significant evidence for the involvement of the

serotonin system in the development of symptoms in autism. Hence, the use of
SRIs is quite promising. One of the original SRIs to be studied in this population
was clomipramine. Clomipramine has been shown to be superior to placebo in rat-
ings of certain autistic symptoms, namely compulsive ritualistic behavior and an-
ger (23,24). However, severe side effects have been reported in some patients, such
as QT prolongation, urinary retention, sedation or insomnia, and grand mal sei-
zures. Thus, the development of selective serotonin reuptake inhibitors (SSRIs) has
been of great interest given that the side-effect profile is more favorable. For
example, fluoxetine and fluvoxamine have been shown to improve ritualistic
behavior, social interaction, temper outbursts, OCD symptoms, and global severity
in uncontrolled trials (25,26). Side effects reported for both medications include
hyperactivity and agitation or sedation, insomnia, elation, and nausea. Open label
studies have shown sertraline to be useful in improving anxiety, aggression, self-
injury, repetitive behaviors, and global severity, and to be well tolerated. Citalopram
has been used successfully in OCD, anxiety disorder, and school phobia. In a retro-
spective review, it was associated with significant improvement in PDD, anxiety,
and mood General Cognitive Index scores. Mixed serotonin and norepinephrine
reuptake inhibitors, such as venlafaxine, have also been shown to improve irritabil-
ity and repetitive behaviors in small studies (27).

8.2. Atypical Antipsychotics
Atypical antipsychotics block both serotonin and dopamine receptors. Two

double-blind placebo trials, one in children and one in adults, and multiple open-
label studies have shown risperidone to improve irritability, anxiety, aggression,
and self-injurious behaviors, repetitive behaviors, and global severity. Common
side effects include sedation and weight gain in children. The incidence of dyskine-
sia and dystonia could not be assessed in theses studies given their relative short
course (28,29). Other atypical antipsychotics currently under investigation include
olanzepine and quetiapine.

8.3. Anticonvulsants
There are several case reports of valproic acid being effective in the treatment of

autistic individuals who also had a seizure disorder. A group of autistic children
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and adults showed improvement in repetitive behaviors, social relatedness, aggres-
sion, and affective liability in an open-label study, with 4 out of 10 responders
having abnormal electroencephalograms (EEGs) (30). An open-label study and a
case report with patients who had comorbid symptoms of mania showed valproate
to be effective and safe in this population. A double-blind, placebo-controlled trial
of lamotrigine showed no effect in the PDD population.

8.4. Other Drug Treatments
Although typical antipsychotics are effective in improving stereotypies and

attention, they are associated with significant side effects including dyskinesias,
acute dystonic reactions, and sedation, and therefore are not considered to be first
line of treatment. There is evidence that lithium may be useful as an adjunct to treat
aggression, but it puts patients at risk for iatrogenic diabetes insipidus (31).
Psychostimulants such as methylphenidate have been shown to reduce hyperactiv-
ity and irritability, but autistic children seem to be more prone to its side effects.
Clonidine, an a2-adrenergic receptor agonist, improves global severity, irritability,
and stereotypies, but produces side effects like sedation and hypotension. Buspirone,
an anxiolytic medication that is a partial agonist of the 5-HT1A receptor may
improve anxiety, but may also worsen aggression. There is anecdotal evidence of
efficacy for donepezil, a cholinesterase inhibitor, famotidine, an antihistamine, and
amantadine, an antiparkinsonian agent. Controlled trials are needed to evaluate open
label preliminary results.

8.5. Natural Products and Dietary Restrictions
Despite the public attention that secretin (32) and dimethylglycine (DMG) have

received, carefully controlled studies have failed to demonstrate any benefit in this
population. Controlled studies with multivitamin supplementation such as pyridox-
ine or pyridoxine–magnesium combination are negative or have not yet been com-
pleted. Dietary interventions have also been controversial in autism. The most
commonly used one is a low casein and/or gluten diet. The rational is supposedly
related to removal of proteins from the diet that may produce toxic brain metabo-
lites. Moderate improvements have been reported, but large well-controlled trials
are needed. There is also some preliminary evidence that the ketogenic diet may be
used in this population as an additional or alternative treatment.

In summary, there is evidence that supports the use of SSRIs and atypical
antipsychotics in autistic children for the treatment of repetitive movements and
aggression. There is also preliminary data that suggests that valproic acid may be
beneficial in this population. Other medications discussed need to be further inves-
tigated before general recommendations can be made. Current pharmacological
treatment approaches involve either recruiting stratified populations who score high
for a particular symptom to determine efficacy for that particular symptom (i.e., aggres-
sion or repetitive behaviors) or early intervention to determine the impact on the
developmental of symptoms (22).
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8.6. Nonpharmacological Interventions
8.6.1. Comprehensive Early Intervention Programs

A striking feature of autism is variability in the final outcome. Some young chil-
dren with autism make impressive gains, speak almost normally, and function in
normal classrooms although others remain aloof, never speak, or never integrate in
peer groups. Autism researchers have felt that there is a window of opportunity to
intervene in early childhood, in order to possibly modify the ultimate outcome.
Encouraging data first arose in the 1980s, when it was reported that about half the
patients enrolled in an intensive early intervention program were in regular class-
rooms in elementary school and maintained this effect through adolescence. How-
ever, most researchers cannot agree on what type of intervention is the most
appropriate and what are the underlying mechanisms that are responsible for suc-
cess. Currently, there are several early intervention programs used. Behavioral pro-
grams, i.e., Applied Behavioral Analysis (ABA), the Walden program, and Life
skills and Education for students with Autism and other Pervasive developmental
disorders (LEAP) all focus on the acquisition of discrete skills. Newer behavioral
methods are better at using more naturalistic interventions as the children improve.
Developmental programs such as Greenspan and Wieder’s Developmental inter-
vention and the Denver model recognize the interplay among cognitive, communi-
cative, social, and emotional development. These interventions are child-centered.
Treatment and Education for Autistic and related Communication handicapped
Children (TEACCH) is a program that combines behavioral and developmental
approaches and emphasizes individual functioning in a group setting. All programs
report back with encouraging results. However, none of these studies have compared
programs against each other, the sample sizes are small, most did not randomize their
subjects and most used different assessment methods pre- and post-intervention
making interpretation of the results difficult (33). Large multicenter studies are
needed to address which interventions are effective in which patients, and what are
the critical ingredients of a program that make it a successful intervention.

8.6.2. Problem Behavior Interventions
The most commonly identified problem behaviors in the research literature are

aggression, tantrums, self-injury, and stereotypy (34). Stimulus or instruction-based
interventions (teaching alternative prosocial skills), as well as systems change
(ecological interventions, e.g., staff ratios) and extinction (reducing maladaptive
behaviors by removing rewarding stimuli) are used more often in recent studies,
although punishment and reinforcement are more commonly found in the older
studies. Although there is a significant decrease in the problem behaviors reported
in almost all studies (at least 80% reduction of target behavior in 50% of subjects),
interventions developed using functional assessment information seem to be the
most effective. While the above data is encouraging, gaps remain and more studies
are needed to address how to prevent problem behaviors, whether the acquired
skills can be generalized to other settings, and whether the typical intervention
agents (teachers, parents) can implement the intervention with similar efficacy.
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8.6.3. Sensory and Motor Interventions
The rationale for sensorimotor interventions in the autistic population is based

on the fact that these children are known to have sensory and motor deficits.
A comprehensive review of the literature has been published by Baranek (35). The
available studies are plagued with problems, such as methodological issues, failing
to establish a link between the assumed mechanism and the functional outcome,
and interventions that are based on older neurological theories that have been dis-
proved (e.g., sensorimotor handling). Most categories of intervention have shown
mixed results in poorly controlled trials, including sensory integration and stimula-
tion approaches, auditory integration training, and prism lenses. Because there is
no evidence that these programs can substitute for the available educational inter-
ventions, they should be used only as supplementary interventions.

8.6.4. Interventions Facilitating Social Interaction
Difficulties in social interactions and relationships are one of the core features

of autism. Several interventions target specifically social skills, especially in light
of limited success in this domain with pharmacological intervention (36). There are
several types of social interventions. Ecological interventions, which are manipula-
tions of the physical and social environment, produce weak to moderate improve-
ments in young adults, and variable results in children. They are mostly viewed as
necessary, but not sufficient, for producing significant changes in social develop-
ment. Collateral skill interventions are those in which autistic children improve
socially as a result of training in another seemingly unrelated skill. This probably
works by bringing autistic children in contact with typically developing peers, thus
activating natural processes of social development. These interventions seem to be
effective when incorporated in more comprehensive programs. Non-autistic peer-
mediated intervention procedures offer social skills training to other non-autistic
children that are designed to change social interaction for children with autism.
A number of studies have demonstrated a robust treatment effect, but these studies
are limited by the fact that the results need to be extended to “untrained” peers.

In summary, there is evidence to suggest that early nonpharmacological inter-
vention is effective in the autistic population. However, well-controlled studies with
adequate sample sizes are needed, as well as studies that compare the individual
methods. Behavioral interventions are successful for problem behaviors, and also
seem to improve social skills. The evidence for the effectiveness of sensorimotor
interventions is weak and such interventions should be used only as a supplemen-
tary tool.

9. FUTURE DIRECTIONS

At this time, our understanding of the neurobiology of autism remains limited.
Substantial progress has been made in our ability to accurately diagnose ASD. How-
ever, work remains to be done in further delineating the boundaries among autistic
disorder, PDD-NOS, and Asperger’s syndrome. Better methods for quantifying
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aspects of ASD will be necessary for advancing neurobiological and genetics stud-
ies. The explosion of knowledge in genetics has brought much enthusiasm to the
field. A further delineation of candidate chromosomal regions and the identifica-
tion of genes responsible for the symptoms of autism is imminent. The recent avail-
ability of postmortem tissue from autistic patients has enabled neurochemical and
cytological investigations. The analysis of presynaptic and postsynaptic serotoner-
gic measures across cortical and subcortical regions will be of great value. Imaging
modalities promise to better elucidate the neural basis of autism. For example, fMRI
will be helpful in identifying the dynamic processes involved in the generation of
symptom domains in autism. The use of large and homogenous samples is neces-
sary in future functional imaging studies. A challenge will be to adapt in vivo
neuroimaging techniques to infants and toddlers, because the disorder evolves to its
full form in the first few years of life. Significant progress has also been made in
the psychopharmacology of autism, and preliminary studies have demonstrated the
efficacy of SSRIs and atypical antipsychotics for controlling some symptoms. It is
unlikely that one drug will significantly impact all signs of autism, and large pla-
cebo-controlled trials in populations stratified for severity in a specific target
domain are underway. Therapeutic agents affecting other systems, such as
glutamatergic, oxytocin, or immune systems, may offer other avenues for treat-
ment. Finally, a careful study of behavioral and educational techniques will allow
available treatments to be compared, and will enable the development of specific
treatments for individual patients.

GLOSSARY OF MEDICAL TERMINOLOGY

Childhood disintegrative disorder (CDD): Pervasive developmental disorder in which
apparently normal development in the first 2 years is followed by developmental
regression and behavioral change, often accompanied by loss of coordination and loss
of bowel and bladder control.

Congenital Rubella: Syndrome caused by maternal rubella infection during pregnancy.
It is associated with multisystem abnormalities and autism.

Down syndrome: The most common cause of mental retardation, it is caused by duplica-
tion of chromosome 22. It gives rise to characteristic dysmorphology, as well as, mul-
tisystem abnormalities.

Echolalia: A disorder of speech in which the subject repeats the words or phrases of others;
usually present in patients with PDD and organic mental disorders

Endophenotype: A subgroup of subjects from the population being studied that share a
unique characteristic in addition to the phenotype being studied.

Fragile X: Aa syndrome caused by mutations of the FMR1 gene, leading to an unstable
CCG repeat and an unstable X chromosome. It is the second most common cause of
mental retardation affecting boys more that girls. It is associated with characteristic
dysmorphic features.

Homeostatic mechanism as related to repetitive behaviors: Theory based on the hypoth-
esis that the reticular activating system in autistic patients is overactive and that repeti-
tive behaviors serve as displacement activities to block further sensory input relating
to the arousing situation.

Hypoplasia: Decreased growth
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Incidence: Tthe number of new cases of a disease occurring in a defined period over the
number of people at risk.

Magnetic resonance spectroscopy (MRS): Functional brain-imaging technique that can
provide information on concentrations of endogenous substances that contain natu-
rally occurring paramagnetic nuclei.

Megalencephaly: Large brain size
Neologism: New word invented by the subject or word to which new idiosyncratic meaning

has been given, or distorted word
Prevalence: Frequency of cases both old and new in the population at a given time.
Rett Syndrome: Neurodevelopmental disorder, caused by mutations of the MECP2 gene

on X-chromosome. It is classified under the pervasive developmental disorders. It is
characterized by progressively decreasing brain and body organ growth, autistic fea-
tures, seizures, dementia, and early death.

Perseveration: Continuation of a response after it is no longer appropriate; often associated
with frontal lobe dysfunction.

Polymorphism: Occurrence of two or more gene structures in the same population
Pragmatics: The effective use of language appropriate to a given context
Semantics: The meaning of words
Speech apraxia: The inability to produce speech in the absence of any primary motor or

sensory deficits
Theory of central coherence: The ability to interpret stimuli in a global way dependent on

the context
Theory of mind: The ability to recognize that others have minds apart from their own mind,

and understand the mental state of others
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Tourette’s Syndrome and Tic Disorders

From Molecules and Cells to Symptoms and Management

James E. Swain, Robert A. King, and James F. Leckman

Summary
Tourette’s syndrome (TS) is a neuropsychiatric disorder characterized by motor and

phonic tics such as eye-blinks and grunts, respectively. It usually manifests in the first decade
of life, and may be a considerable source of morbidity as it waxes and wanes. Advances in
neuroscience, psychopharmacology, and psychotherapy are improving our understanding
and the treatment of TS. Multimodal interventions that include focused treatment of
comorbid conditions as well as educational and long term supportive relationships are usu-
ally the best approach.

Key Words: Tourette; tics; dopamine; basal ganglia; motor control; habits.

1. BRAIN PATHWAYS

Despite the lack of evidence for a discrete explanatory pathogenetic pathway or
lesion for Tourette’s syndrome (TS), clinical and research data point to neurochemi-
cal and functional abnormalities in the neural substrates of habit formation (1),
especially motor control loops involving the basal ganglia circuits, motor cortex,
limbic nuclei, and their interconnecting pathways. Habits may be defined as
assembled routines that link sensory cues with motor action. The ability to learn
and subsequently perform complex behaviors through coordination of such rou-
tines underlies the phenomenon of improvement with practice. Thus, habits are an
enormously adaptive part of a common evolutionary heritage that we share with
other vertebrates as we engage in goal-directed behavior. The mechanisms of habit
acquisition, regulation, and coordination—whether part of an adaptive response or
an inappropriate movement such as a tic—are poorly understood, but likely involve
the basal ganglia and functionally related areas of the cortex and thalamus (2,3).

The basal ganglia comprise several richly interconnected subcortical nuclei: the
striatum (caudate and putamen), globus pallidus, subthalamic nucleus (STN), and
substantia nigra (SN). The striatum serves as the primary input structure, while the
pars interna of the globus pallidus and the pars reticulata of the SN serve as the



152 Swain, King, and Leckman

primary output structures of the basal ganglia. Intermediate structures within the
basal ganglia include the STN, pars externa of the globus pallidus, and the pars
compacta of the SN. Motor, sensorimotor, association, and limbic neural circuits
course through the basal ganglia forming multiple, partially overlapping, but largely
“parallel” circuits that direct information from the cerebral cortex to the subcortex
and then back again to specific regions of the cortex for further processing.
Although various anatomically and functionally related cortical regions provide
input into a particular circuit, each circuit in turn refines and refocuses its projec-
tions, sculpting the information and feeding back into discrete subsets of the corti-
cal regions that initially contributed to that circuit’s input. Within the basal ganglia
and thalamus, these subcircuits appear to be anatomically segregated from others
that pass through the same macroscopic structure, hence the conceptualization of
these overlapping pathways as being “parallel.” Despite controversy, the current
consensus holds that cortical-basal ganglia circuitry has at least three reciprocal
loops: those originating from, and projecting back to sensorimotor, association,
and limbic cortices.

Cortical neurons projecting to the striatum outnumber striatal neurons by roughly
a factor of ten. These cortical projection neurons to the striatum segregate into two
structurally similar, but neurochemically distinct, compartments: striosomal and
matrisomal. Each of these compartments contains large numbers of medium spiny
g-aminobutyric acid (GABA)ergic neurons that project to the basal ganglia output
system (pars interna of the globus pallidus and the pars reticulata of the SN) either
directly (the so-called “direct” pathway) or indirectly via the globus pallidus, pars
externa (the so-called “indirect” pathway).

One model for the neural origins of tics is that proposed by Mink (3), which
invokes the intricate internal organization of basal ganglia circuitry, but postulates
that the organizing principle for involuntary motor behavior corresponds most
closely to dysregulated firing of so-called medium spiny projection (MSP) neurons
of the striatum. These matrisomes receive motor and somatosensory cortical inputs
and project to basal ganglia output nuclei. According to Mink, a mechanism invok-
ing repeated inappropriate activation of discrete matrisomes is the most parsimoni-
ous explanation for the pattern of stereotyped motor output seen with tics (3).
Experimental evidence in support of this comes from Alexander and DeLong (4),
who showed that microstimulation of discrete striatal foci in conscious monkeys
evoked tic-like stereotyped movements of individual body parts. These foci were
presumed to be striatal output neurons, because the effect of microstimulation was
abolished following microinjection of ibotenic acid into striatum, which produces
fiber-sparing lesions.

Another model of tics (stereotypies) proposed by Graybiel and colleagues, pos-
tulates that they are the consequence of an imbalance of striosomal vs matrisomal
activity. This model is supported by evidence that the major cortical inputs to the
striosomes arise from stress-sensitive limbic regions, which could account for the
increase in tics seen during periods of emotional stress or excitement, and the report
that gene expression imbalances between the two compartments is related to tic
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severity (2). However, recent data raise questions about aspects of this hypothesis.
In particular, data from Graybiel’s group have shown that the selective destruction
of certain intercompartmental cells along with a marked shift in the striosome-
matrix balance does little to alter the number of stereotypies seen in response to
psychostimulants and dopamine (DA) agonists in rats (5).

Because lesions to the STN, globus pallidus, SN, and prefrontal cortex can pro-
duce unwanted motor output, they must also be candidates for TS pathobiology.
For example, lesions of the STN produce involuntary movements of contralateral
limbs (hemiballism and hemichorea). However, the movement patterns thus pro-
duced typically do not have the same stereotyped character as seen in TS and this
may favor a mechanism that leads to the discrete over activity of a specific set of
striatal matrisomes.

Magnetic resonance (MR) imaging volumetric studies of basal ganglia do show
alterations in caudate, putamen, and globus pallidus volume in subjects with TS.
In the largest and most recent MR study of basal ganglia structure involving 154
subjects with TS and 130 healthy controls (6), regional asymmetries across groups
did not differ; but there were significant decreases in caudate volumes in patients
with TS compared with control subjects in both children and adults. Lenticular
nucleus volumes were also smaller in adults and children with TS who were diag-
nosed as having comorbid obsessive-compulsive disorder (OCD). However, there
was no correlation between symptom severity and volume, suggesting that other
brain regions are more critical for the modulation of disease severity, or that they
act as target structures for therapy.

Thus far, there has only been one high-resolution study using functional MR
imaging of blood oxygenation of brain tissue in a relatively small group of adults
with TS (7). In this study, subjects were asked to alternately suppress their tics, or
release them voluntarily over 40-second blocks. Tic suppression was associated
with activation of regions of prefrontal cortex and caudate nucleus, which were
correlated with deactivation of the putamen and the globus pallidus. Furthermore,
it was found that these state-related brain activation changes were highly inter-
correlated with one another as well as being correlated with tic symptom severity
during the week prior to the scan as rated by an expert clinician. These findings
suggest that prefrontal cortex linked to portions of the caudate are crucially involved
in tic suppression.

Metabolism and blood-flow studies have also generally implicated disturbances
in cortico-striato-thalamo-cortical circuits in the pathophysiology of TS. The most
consistent findings in these positron emission tomography (PET) and single photon
emission computed tomography (SPECT) studies have involved decreases in basal
ganglia activity. Similarly, most blood-flow studies have reported reduced perfu-
sion either of the globus pallidus and putamen, or of the basal ganglia as a whole
suggesting that metabolism and blood flow in the basal ganglia are probably reduced
in adults with TS relative to healthy control subjects. However, it is also possible
that this finding may be as a result of the efforts of the patients to suppress their tics
in the scanner (9). A number of these reports also describe regions of cortical acti-
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vation or deactivation, but there has been little consistency across studies. Investi-
gators have also examined the functional coupling of various brain regions and
found that changes in the coupling of the putamen and ventral striatum with a num-
ber of other brain regions differentiated TS patients from controls. For example, the
motor and lateral orbitofrontal circuits in both patients with TS and controls appear
to be functionally connected (9), however, the nature of the connections differed
between the two groups. In controls, activity in these circuits was negatively corre-
lated (i.e., increased activity in one is associated with relative inactivity the other),
although among patients with TS activity in the motor and lateral orbitofrontal cir-
cuits was positively coupled. These results lend further credence to the hypothesis
that altered limbic-motor interactions are a hallmark of this disease.

Other investigators have sought to correlate state-dependent regional activations
with tic occurrence. Increased activity as measured by PET has been highly corre-
lated with tic behavior in a set of neocortical, paralimbic, and subcortical regions,
including supplementary motor, premotor, anterior cingulate, dorsolateral-rostral
prefrontal, and primary motor cortices, Broca’s area, insula, claustrum, putamen,
and caudate (9). Not surprisingly, in the one patient with prominent coprolalia, the
vocal tics were associated with increased activity in prerolandic and postrolandic
language regions, insula, caudate, thalamus, and cerebellum.

In vivo neurophysiological research in TS has led to two potentially important
studies of individuals with TS. The first concerns the use of a startle paradigm to
measure inhibitory deficits by monitoring the reduction in startle reflex magnitude
when the startling stimulus is preceded 30 to 500 milliseconds by a weak stimulus,
or prepulse. This prepulse inhibition (PPI) of the startle response is an operational
measure of sensorimotor gating, which refers to the brain’s ability to “protect”
incoming information for a very brief time period. TS patients have well-estab-
lished deficits in the gating or inhibiting of intrusive sensory, motor, and cognitive
information, such as electrical and mechanical stimuli (10). Because PPI abnor-
malities have been observed across a variety of neuropsychiatric populations
including schizophrenia, OCD, Huntington’s disease, nocturnal enuresis, attention
deficit disorder, Asperger’s syndrome, and TS, some final common pathways might
mediate abnormal movements associated with all of these diseases. Hypotheses to
account for abnormal PPI include hypofunctioning GABAergic output of the
pallidum and excess dopaminergic input from limbic cortex. These deficits in
inhibitory gating are consistent with the idea that TS involves some diminished
ability to appropriately inhibit or gate intrusive emotional, cognitive, and sensory
drives that are needed to execute motor programs and that are released as tics in TS.
Second, motor system excitability has been investigated in vivo by means of single
and paired pulse transcranial magnetic stimulation (TMS). Following a single TMS
pulse to the motor cortex and the corresponding muscle contraction, the electromyo-
graphy is silent for a very brief period of time reflecting the general degree of
inhibitory control within the sensorimotor loop. However, a paired pulse TMS mea-
sures intracortical excitability and reflects the degree of inhibitory and facilitatory
control within the motor cortex following a subthreshold prepulse. Studies to date
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in groups of patients with TS have indicated that the cortical silent period is short-
ened in TS and that intracortical excitability is frequently seen in children with
attention deficit hyperactivity disorder (ADHD) comorbid with a tic disorder (11).

Although the cortico-striato-thalami-cortical circuits have been consistently
implicated in TS, the precise mechanisms in TS remain elusive. Why do tics appear
when they do? Why do they wax and wane? Why do they reach a worst-ever point
in early adolescence, for a majority, and become even more severe in adulthood for
an unlucky few? These developmental issues are likely crucial for a full under-
standing of this disorder (or set of disorders). Prospective longitudinal studies are
needed to explore the developmental and compensatory processes at work, and
the possible effects of treatments. It will also be important to determine if any
of the volumetric findings are predictive of later clinical outcomes. Ideally, future
studies will combine imaging techniques with real-time neurophysiological
techniques.

2. MOLECULAR TARGETS/NEUROCHEMICAL PATHWAYS
Superimposed on the brain pathways involved in TS, is a complex neurochemi-

cal organization such that neurotransmitter-specific compartments exist allowing
for multiple integrative and regulatory controls of cerebral cortical input. The vari-
ous neurotransmitters and neuromodulators in the basal ganglia, particularly in the
striatum, appear to facilitate learning and habit formation on the basis of sensorimo-
tor, memory-related, conditional, or reward-based cues. Understanding the neuro-
chemistry of these integrated influences on habit formation will likely provide more
elegant and effective treatments for TS.

As with habits and stereotypies, ascending dopaminergic pathways likely play a
key role in the consolidation and performance of tics. Evidence for abnormal DA
neurotransmission comes from the seminal clinical observations that although
blockade of DA receptors using neuroleptic drugs suppresses tics in a majority of
patients, the use of DA-releasing drugs may precipitate or exacerbate tics (12).
Indeed, it appears that some adult patients with TS release more DA intra-
synaptically in response to amphetamine compared to normal controls (13). How-
ever, simple theories involving the absolute amount of DA, which do not address
intercompartmental balance, are unlikely to provide a complete explanation for all
cases of TS, as dramatically evidenced by the co-occurrence of Parkinson’s disease
and TS. Studies of monozygotic twins indicate that developmental shifts in the
balance of tonic-phasic dopaminergic tone occur as a result of epigenetic differ-
ences and the density of DA D2 receptors may influence or be influenced by the
severity of TS (14). Dopaminergic tone could potentially be altered by wide spread
activation of dopaminergic projections from the SN following limbic activation
through inhibition of GABAergic interneurons (or pars reticulata cells) that termi-
nate on dopaminergic cells (15). Dopaminergic inputs on cholinergic striatal inter-
neurons also play a key role in the crafting of habits. All these factors suggest that
ascending dopaminergic pathways may be important neural circuits in tics, habits,
and stereotypies.
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Radioligand binding studies of TS have primarily focused on characterizing the
dopaminergic system in TS adults. This focus is based on the established efficacy
of DA antagonists in the treatment of TS, the ability of DA agonists to provoke tic
symptoms in some TS patients, and the unequivocally important role DA plays in
modulating cortico-striato-thalamo-cortical circuits. With the exception of studies
showing exaggerated synaptic DA release in response to amphetamine (13) and an
increased number of transporter sites (16), most results from studies of the dopam-
inergic system have been variable and inconsistent. The differences in DA levels
between control and TS groups may represent medication-induced regulation of
terminal marker expression, or may result from intrinsic differences in striatal
dopaminergic synaptic function as suggested by the work of Albin and colleagues
(17) shown in Fig. 1. This figure shows greater dopaminergic terminal innervation
in the ventral striatum of TS patients in the lower three images compared to the
upper three images of control subjects.

The literature on TS postmortem molecular neuropathology is limited to no more
than seven presumed TS cases, and it is limited by a lack of specific indicators of
the neurotransmitter systems involved. Although these studies generally implicate
cortico-striato-thalamo-cortical circuits and the data are far from definitive, two
findings deserve comment. First, four cases were reported using markers for DA
transport to suggest an increased dopaminergic innervation of the striatum (18).

Fig. 1. This figure depicts a false-color signal proportional to dopaminergic terminal
innervation in axial views through the striatum using positron emission tomography.
See color insert preceding p. 51. (Reprinted with permission from ref. 17.)
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This finding has been replicated in vivo in two small series of patients using SPECT
(16). If there is indeed a dopaminergic hyperinnervation of the striatum, this could
potentially contribute to a general increased vulnerability for subsets of matrisomes
to become selectively activated in response to specific stimuli. However, dopamin-
ergic hyperinnervation of the striatum may not be a universal finding in TS as one
subsequent report could not replicate this finding despite using the same SPECT
ligand and similar procedures (19). Second, a series of additional neurochemical
findings in the same four cases (18) were reported (20). The most striking finding
was a dramatic reduction in the levels of glutamate in the globus pallidus and the
SN pars reticulata that was interpreted as reflecting a loss of input from the STN.
Because the STN input to these basal ganglia output structures is excitatory and
because increased activity in the GABAergic output neurons leads to inhibition of
the thalamocortical projections, a loss of glutamatergic input from the STN would
lead to a general tendency for the thalamocortical projections to become disinhibited
and thus facilitate tic-like behaviors.

3. ANIMAL MODELS OF TS
True animal models that represent the multiplicity of TS etiologies and symp-

toms have been elusive. However, one possible source of animal models is the
hypothesis that postinfectious autoimmune mechanisms contribute to the patho-
genesis of some cases of TS as well as OCD. The reemergence of this line of rea-
soning is remarkable because speculation concerning a postinfectious etiology for
tic disorder symptoms dates from the late 1800s. It is well established that group A
b hemolytic streptococci (GABHS) can trigger immune-mediated disease in
genetically predisposed individuals. Rheumatic fever (RF) is a delayed sequela of
GABHS, occurring about 3 weeks following an inadequately treated upper respira-
tory tract infection. Inflammatory lesions involving the joints, heart, and/or central
nervous system (CNS) characterize RF. The CNS manifestations are referred to as
Sydenham’s chorea (SC). In addition to chorea, some patients with SC display
motor and phonic tics as well as OCD and ADHD symptoms, suggesting the possi-
bility that at least in some instances these disorders may share a common etiology.
Pediatric autoimmune neuropsychiatric disorder associated with streptococcal
(PANDAS) infection has been proposed to represent a distinct clinical entity and
includes cases of TS and OCD (21). In PANDAS it is postulated that although
GABHS is the initial autoimmunity-inciting event, viruses, other bacteria, or non-
infectious immunological responses are capable of triggering subsequent symptom
exacerbations. Recently, it has been demonstrated that antibodies produced by a
14-year-old female with RF specifically recognized mammalian neuron markers
including lysoganglioside and N-acetyl-b-D-glucosamine (a carbohydrate epitope
of GABHS) (22). More importantly, these antibodies also targeted the surface of
human neuronal cells and triggered the calcium/calmodulin-dependent protein
kinase II cascade. Convalescent sera and sera from individuals with other GABHS
disorders in the absence of chorea did not activate this kinase. If confirmed, this
could provide evidence of how specific matrisomal MSP neurons might be acti-



158 Swain, King, and Leckman

vated in SC and may lead to a better understanding of other, possibly antibody-
mediated neuropsychiatric disorders, such as TS. The recent report, that human
sera from patients with high levels of auto-antibodies significantly increased oral
stereotypies in rats (23), has raised hopes that an autoimmune animal model of tic
may be developed. A number of prospective longitudinal studies are underway to
examine the relationships between newly acquired GABHS infections and other
immune activators. If confirmed, the link between common childhood infections
and certain neuropsychiatric disorders is tantalizing and may lead to the develop-
ment of novel treatments based on intercellular immune signaling, or intracellular
second messenger cascade modulation.

Another approach to modeling TS has been to generate transgenic mice, which
express proteins (e.g., a cholera toxin subunit) that alter dopaminergic and
glutamatergic orbitofrontal, sensorimotor, limbic, and efferent striatal circuits (24).
In such transgenic mice, frequent bursting, complex twitches are observed, which
are reminiscent of tics in humans. Features of these behaviors, which lend credence
to this animal model of TS include juvenile onset, ability to temporarily suppress,
preponderance in males, and responsiveness to the human anti-tic medication
clonidine. Thus far, the model suggests that excess glutamate from cortical-limbic
output neurons may trigger tics.

It is likely that the next 10 years will see the refinement and integration of these
kinds of animal models with human studies to account of the neural substrate of tics
in all their varieties. Until the mechanisms of abnormal movements are better
understood, mathematical modeling of stereotypical movements will allow mean-
ingful extrapolation of animal model findings to human tic disorders. Thus far,
animal models and research suggest that, although activation of specific, anatomi-
cally distinct subcircuits in the direct pathway that involve matrisomal MSP neu-
rons may be key to the expression of simple tics, the execution of complex
movements and vocalizations in humans may well require the coordinated partici-
pation of different striatal compartments.

4. ETIOLOGY/PHYSIOLOGY

Etiological theories for TS have ranged from “hereditary degeneration” to “irri-
tation of the motor neural systems by toxic substances” to “a constitutional inferi-
ority of the subcortical structures …[that] renders the individual defenseless against
overwhelming emotional and dynamic forces.” Predictably, each of these etiologi-
cal explanations prompted new treatments and new ways of relating to families.
Current theories focus on the interaction of genetic vulnerabilities with early devel-
opmental insults and hormonal exposures, psychosocial stress and the possible
involvement of postinfectious autoimmune processes (1).

4.1. Psychology
Neuropsychological studies of TS have focused on a broad array of functions.

Although motor and phonic tics constitute the core diagnostic criteria for TS, per-



Tourette’s Syndrome and Tic Disorders 159

ceptual, cognitive, and motor regulation difficulties are also common. These psy-
chological symptoms are potentially informative about the pathobiology of the dis-
order. Moreover, these associated difficulties can be much more problematic for
school and social adjustment than the primary motor symptoms.

Review of the literature suggests that the most consistently observed deficits in
TS occur with tasks requiring the accurate copying of geometric designs, i.e., “visual-
motor integration” or “visual-graphic” ability (25). Even after statistically control-
ling for visual-perceptual skill, intelligence, and fine motor control, children with
TS continued to perform worse than controls on the visual-motor tasks, suggesting
that the integration of visual inputs and organized motor output is a specific area of
weakness in individuals with TS. More recent reports have made a case for deficits in
executive functions predominantly in the areas of response inhibition and action moni-
toring suggesting impairment of the frontal-striatal-thalamic-frontal circuits (26).

4.2. Environmental Factors
In addition to psychosocial stress, many other stressors have been implicated in

the pathogenesis of TS, including gestational and perinatal insults, sex hormones,
and postinfectious autoimmune mechanisms (1). For example, perinatal hypoxic/
ischemic events appear to increase the risk of developing TS (27) by altering DA
signaling. Male sex is also a risk factor and transmission within families is fre-
quently male-to-male. The increased prevalence of TS in males has led to the
hypothesis that the presence of androgenic steroids during critical periods in fetal
development may play a role in the later development of the illness.

A stress-related model of pathogenesis is frequently invoked to help explain the
emergence or variable expression of tic disorders, as a result of the strong clinical
association between TS symptom severity and stressful life events. Such problems
may find a common final pathway in the hypothalamic–pituitary–adrenal-gonadal
axis, and their associated stress-related neurotransmitters and hormones, and their
targets. In support of this, data suggest that TS patients may have a heightened
stress reactivity of the hypothalamic–pituitary–adrenal and noradrenergic sympa-
thetic systems as compared to healthy control subjects (28).

5. GENETICS

Genetic vulnerability factors have been convincingly implicated in the transmis-
sion of TS and related disorders. The pattern of hereditary transmission in affected
family members suggests major gene effects, and the results of segregation analy-
ses are in accord with models of autosomal transmission set against a polygenic
background (1). Historically, efforts to identify susceptibility genes within highly
affected families with traditional linkage strategies have met with limited success.
However, investigators studying a large French-Canadian family have reported
evidence for linkage at 11q23c. Nonparametric approaches with families in which
two or more siblings are affected with TS have also been undertaken. This sib-pair
approach is suitable for diseases with an unclear mode of inheritance, and has been
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used successfully in studies of other complex disorders, such as type 1 diabetes
mellitus and essential hypertension. In one sib-pair study of TS, two areas were
suggestive of linkage, one on chromosome 4q, and another on chromosome 8p.

Identity-by-descent approaches have been applied to South African and Costa
Rican populations. These techniques assume that a few founder individuals con-
tributed the vulnerability genes that are now distributed within a much larger popu-
lation. The South African study implicated regions near the centromere of
chromosome 2, and on 6p, 8q, 11q, 14q, 20q, and 21q. The marker in a French-
Canadian family, that was associated with the highest logarithmic odds score, was
the same marker (11q23c) for which significant linkage disequilibrium with TS
was detected in the South African population.

Several candidate genes have been assessed in people with TS, including vari-
ous DA receptors (DRD1, DRD2, DRD4, and DRD5), the DA transporter, various
noradrenergic genes (ADRA2A, ADRA2C, and DBH), a few serotonergic genes
(5-HTT), and a monoaminoxidase (MAO-A) gene. Genetic variation at any one of
these loci is unlikely to be a major source of vulnerability to the disorder, but in
concert, these alleles could have an important cumulative effect, and contribute to
the phenotypic variability.

Additionally, a number of cytogenetic abnormalities have been reported in TS
families at chromosomal locations 3p21.3, 7q35-36, 8q21.4, 9pter, and 18q22.3.
Among the more recent findings is the report of the disruption of the contactin-
associated protein 2 gene on chromosome 7. This gene encodes for a membrane
protein located specifically at the nodes of Ranvier of axons. The authors hypoth-
esized that disruption or decreased expression of this gene leads to an altered distri-
bution of potassium channels, thereby influencing conduction of action potentials
along myelinated neurons. More research is needed to confirm this finding.

Many vulnerability genes probably have a role in TS. Clarity about the nature
and normal expression of even a few of the susceptibility genes in TS is likely to
provide major insight concerning the pathogenesis of this disorder. Future progress
could also depend on the identification of characteristic, biologically established,
endophenotypes that are closely associated with specific vulnerability genes.
Endophenotypes are measurable aspects of human psychiatric disorders or animal
models that can be used as quantitative traits in linkage analyses. Promising
endophenotypes include neurocognitive, neurophysiological, and neuroanatomical
measures and patterns of treatment response.

6. PREVALENCE

Prevalence rates of TS vary according to a wide range of measures including
age, sex, ethnicity, and method of assessment. Controversy between psychiatrists
has raged over symptoms and their timing. Although it was thought to be a very
rare disorder, current best estimates of the prevalence of TS hover around 1% of
children between the ages of 6 and 17 years old (29). A considerably higher per-
centage of children are thought to experience less severe variants of TS. Studies
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indicate point prevalences of tics for school-age children of 3 to 18% for boys and
0 to 11% for girls (30). A recent longitudinal study of symptom exacerbation in
children with TS suggests a high degree of intrasubject variability (31).

TS is associated with a variety of symptoms and comorbidities (32). It is gener-
ally agreed that about 50% of patients with TS also have substantial OCD symp-
toms, which likely involve the downstream effects of some common inherited
influences. ADHD also occurs frequently among children with TS, with prevalences
as high as 60 to 70%. Recent work on TS comorbidity with ADHD suggests that
this dual diagnosis is associated with aggressive, delinquent, and disruptive behav-
ior, which impacts on social, adaptive, and family functioning (32). Comorbid
depression, anxiety, and adjustment problems are just beginning to be systemati-
cally studied with respect to tic severity and duration, and may reflect the cumulative
psychosocial burden of having tics, or else some shared biological predisposition
such as abnormal cortical excitability (11). Autism is another comorbidity associ-
ated with unexpectedly high rates of TS (33), suggesting shared mechanisms
between these disorders.

7. BEHAVIORAL PHENOTYPES IN HUMANS
(SIGNS AND SYMPTOMS)

TS is a developmental neuropsychiatric disorder of childhood onset and consid-
ered a subclass of tic disorders in general. According to the Diagnostic and Statisti-
cal Manual, Fourth Edition (DSM-IV), it is characterized by brief, stereotypical but
nonrhythmic “jerky” movements and vocalizations called tics. Tics, including eye-
blinking, grimacing, jaw, neck, shoulder or limb movements, sniffing grunting,
chirping, throat–clearing, etc., may occur over a period of months to years, or have
a chronic course extending over the entire life span. Tics are infamous for follow-
ing a waxing and waning pattern of severity (1), making decisions regarding treat-
ment, and the assessment of treatment interventions at times very difficult to
evaluate outside of randomized, controlled clinical trials. Tics can additionally be
confused with normal coordinated movements or vocalizations, or mistaken for
akathisia, tardive dyskinesia, or other hyperkinetic movement disorders. Once
established, however, any given tic tends to persist for a time. Tics are often exac-
erbated by stress and fatigue. In contrast to other movement disorders, like chorea
and dystonia, tics can occur during sleep but are usually much attenuated. Some
severely affected patients have atypical, soft signs on a neurological examination.
These may suggest disturbances in sensory-motor integration, but their relevance is
not really clear.

Motor tics often occur years before vocal tics may be noticed, and usually begin
between the ages of 3 and 8. They are usually accentuated by repetitive bouts of
higher frequency and intensity. In uncomplicated cases, motor and phonic tic
severity peaks early in the second decade of life with many patients showing a
marked reduction in tic severity by the age of 19 or 20 (1), although recent data
suggest that, despite their being attenuated, tics persist in most adults. The most
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severe cases of TS persist into adulthood. These severe cases are associated
with significant interference in social and academic development and with
comorbidities, such as ADHD and OCD. It remains unclear how TS and comorbid
conditions may be related, but it is possible that they share common risk factors or
neural substrates. These coexisting conditions can seriously detract from overall
quality of life (32), often causing more distress and functional impairment than the
tics per se. Extreme forms of TS may even involve violent episodes of self-injuri-
ous motor tics involving hitting or biting, and socially stigmatizing coprolalic
utterances and gestures.

Patterns of bouts of tics occurring over time scales of days to years have been
described (1), but have yet to be modeled in an attempt to predict likely outcome or
treatment response. The bouts are characterized by brief periods of stable inter-tic
intervals of short duration, typically 0.5 to 1.0 seconds and interbout intervals may
last from minutes to hours over the course of a day. The frequency distribution of
inter-tic interval appears to obey an inverse power law of temporal scaling, and
suggest the presence of self-similar, fractal, or mathematically chaotic processes
that may yield to future modeling and clinically valuable tools. Understanding the
upstream processes that govern the timing of tic expression may ultimately clarify
both neural events occurring in millisecond time scales as well as the natural his-
tory of tic disorders that occurs over the first two decades of life.

The simple description of tics as intermittent trains of involuntary motor dis-
charge is quite incomplete. Indeed, tics are under partial voluntary control, as evi-
denced by patients’ partial capacity to suppress them for brief periods of time, which
is subject to many factors including stress, anxiety, and emotion. As such, tics may
be thought of as part of a spectrum of partially voluntary behaviors including hair
pulling, nail-biting, and other compulsions, substance abuse, pathological gambling,
and our daily personal and interpersonal habits. Interestingly, activities that require
focused attention and fine motor control, such as reading aloud, playing a musical
instrument, engaging in certain sports, and (in one well-documented case) perform-
ing surgery are associated with transient improvements in tics.

Another feature of tics, especially evident in adolescents and adults, is that they
are often associated with antecedent sensory phenomena described as faint pre-
monitory urges, like the urge to scratch an itchy patch of skin, that are experienced
as nearly irresistible and in rare cases painful. In some individuals with TS these
urges are a major source of mental distress. There may also be sensory cues that
prompt tics such as a cough or a particular word, suggesting the gating of motor
programs by association with sensory pathways. A momentary sense of physical
relief or a generalized abatement of inner tension often follows performance of a tic
suggesting the addiction-like involvement of reward neurocircuitry.

8. TREATMENTS
Appropriate management of tic disorders must begin with assessment, which

should involve the complete child, in the context of a rich personal and social life,
and not just as someone with an abnormal motor system (1). In the process of a
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comprehensive evaluation, the full range of difficulties and competencies should
be charted. During the process of evaluation, the clinician, family, and child col-
laborate in the reconstruction of the child’s history, tic symptomatology (onset,
progression, waxing and waning, and factors that have worsened or ameliorated tic
status), presence of comorbid conditions, treatment history, and current function-
ing. A critical question is the degree to which tics are interfering with the child’s
emotional, social, familial, and school functioning. To determine this, it is useful to
monitor symptoms over a few months in order to assess their severity and fluctua-
tion, impact on the family, as well as the adaptive capacity. This monitoring can
often be accomplished with the family keeping records or using standard forms.

A neurological examination of a child with TS can also be of considerable value,
to rule out movement disorders, although electroencephalography and structural
magnetic resonance imaging are generally normal and are not yet of proven clinical
use (except where there are other neurological suspicions). Similarly, laboratory
studies may establish a child’s general health profile and assist in differential diag-
nosis of other movement disorders, but there are no laboratory tests for the positive
diagnosis of TS or other tic disorders.

Diagnostic criteria currently in use include the International Classification of
Disease and Related Health Problems, 10th Revision (ICD-10) and DSM-IV Text
Revision. Although clear differences exist comparing these classification schemes,
they are broadly congruent with each other. However, although the criterion of
functional impairment is consistent, it is not a useful criterion from the point of
view of genetic or epidemiological studies. In order to minimize error in case ascer-
tainment and to produce an instrument measuring the likelihood of having TS, an
international team of experts has recently published a TS Diagnostic Confidence
Index (34). This supports the psychometric soundness of the Yale Global Tic
Severity Scale (1) for clinicians.

Additionally, a thorough perinatal, personal, and family history along with
screening for possible comorbidities including ADHD, OCD, and learning difficul-
ties is essential. A complete review of stressors is also in order as stress is a key
determinant of natural history (28). Equally important is reviewing the strengths
and abilities, along with an exploration of how these may be fully engaged. Psycho-
logical testing is also useful to assess and manage learning difficulties.

The decision to begin treatment is based on symptom severity and clinical pre-
sentation of each case. Many cases of TS, which are more troubling to family than
the affected individual, may be managed successfully without resorting to medica-
tions. In patients presenting with comorbid ADHD, OCD, depression, or bipolar
disorder, it is sometimes better to treat the comorbid condition first as treatment of
such disorders will likely diminish tic severity. Similarly, it is important to address
significant family, school, or social stressors as these may also exacerbate tics.
Medications must be used with care as the natural, idiosyncratic, and sometimes
dramatic fluctuations in tic severity in TS may be mistakenly interpreted as medi-
cation efficacy, which is purely coincidental. Likewise, fluctuations may tempo-
rarily mask a potentially useful treatment. For example, if medication is introduced
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during tic exacerbation, the subsequent natural coincidental improvement the tic
may convince clinician and family that a medication was effective. Later, natural
worsening of the symptoms may lead to reactive and sometimes dangerous
increases in medication far beyond any effective anti-tic doses, with associated
disabling sedation, side effects, and frustration. Often the most difficult, but wise
course of treatment consists of education, reassurance, and periods of supportive,
active watchful waiting, during which stressors may be addressed.

8.1. Pharmacological Treatment of Tics

No ideal anti-tic medications are currently available. Medications that have been
shown to be effective in at least one positive double-blind, controlled clinical trial
include a-adrenergic agonists, and atypical and typical neuroleptics. An exhaustive
drug-by-drug summary of proven effects, side effects, dosing, effect size, cost, and
full references may be found elsewhere (12). The choice of treatment should include
consideration of the side-effect profile and financial cost, and involve a full discus-
sion involving the family.

Pharmacological treatment is usually started with low doses of a-adrenergic
drugs such as clonidine (12), which primarily activate presynaptic autoreceptors in
the locus ceruleus to reduce norepinephrine release and turnover. This may also be
responsible for sedation and reduced motor activity. It is recommended that low
divided doses starting at 0.05 mg per day be given and then gradually increased to
target doses of 0.2 to 0.3 mg per day. Primary side- effect considerations for adren-
ergic medications are mild initial sedation, blood pressure decrease, constipation,
and waking during sound sleep. Transdermal patches for continuous controlled
release of clonidine are now available. Another available a-2-agonist is guanfacine.
It activates postsynaptic prefrontal a-adrenergic cortical receptors, which is thought
to improve impulsivity, attention, and working memory. The target dose for the
longer-acting guanfacine is 1.5 to 3 mg per day. Guanfacine and clonidine have
also been shown to be effective in treating comorbid ADHD symptoms, although
guanfacine appears to be the superior agent.

Neuroleptics have a long history of efficacy against tics. They are thought to act
primarily by decreasing dopaminergic input from SN and ventral tegmentum to the
basal ganglia. Of the typical neuroleptics, haloperidol, pimozide, and fluphenazine
are among the most widely used and best-studied treatments of tics. Pimozide and
fluphenazine appear to be less sedating than haloperidol. All of the neuroleptics
carry a risk of significant potential side effects for acute dystonic reactions, tardive
dyskinesia, oculogyric crises, torticollis, drug-induced Parkinsonism, akathisia,
social phobia, weight gain, sedation, dry mouth, blurred vision, galactorrhea,
gynecomastia, constipation, urinary retention, echocardiogram (EKG) changes
including tachycardia, and loss of drive, energy, and personality. Using low doses
and changing the dose gradually minimizes side effects. Medication dose reduction
or discontinuation must be done very gradually, as abrupt decrements can produce
withdrawal or rebound tic exacerbations.
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Because of parents’ and clinicians’ concerns about the remote possibility of tar-
dive dyskinesia, atypical neuroleptics are often considered before typicals. These
newer, combination antidopaminergic and antiserotonergic medications carry a
lower risk of tardive dyskinesia than the older typical neuroleptics, but their use in
children and efficacy against tics is not as well established as for the typical
neuroleptics. Double-blind, controlled trials for risperidone, olanzipine, and
ziprasidone all indicate effectiveness against tics. However, like the typical antip-
sychotic pimozide, the atypical antipsychotics risperidone and olanzipine carry risks
of dramatic weight gain, sedation, and sleep disturbance. Ziprasidone treatment
requires cardiac monitoring with EKG for possible QTc interval changes. There
can also be significant drug–drug interactions, especially macrolide antibiotics,
which can alter the metabolism of these neuroleptics leading to serious or even fatal
results. Other dopaminergic agents including tiapride and sulpiride are widely used
in Europe, but are not currently available in the United States

Benzodiazepines such as clonazepam are sedative, anxiolytic drugs that act on
GABA receptors to decrease excitability of nervous tissue, and they may have some
antidopaminergic properties. Clonazepam is widely used for tics even though its
efficacy is supported by only a few reports. Its side effects include sedation,
depression, disinhibited behavior, and addiction. Tetrabenazine is a DA-depleting
drug that is only approved for investigational use in the United States. Selective
serotonin reuptake inhibitors (SSRIs) are not indicated for the treatment of
comorbid depression, as they may either initiate or worsen tics in some individuals.

8.2. Diet and Lifestyle
Acute and chronic stress can exacerbate tics, so efforts to reduce the stress in the

lives of patients with TS constitute a reasonable treatment approach. A long-term
relationship with the same clinical team, who can help the patient and family deal
with the changing manifestations of the disorder throughout the years, is highly
recommended. Regular contact via telephone or e-mail may also be helpful. Par-
ticipation in regular school and extracurricular activities is encouraged. No specific
diet is known to be of particular benefit, although a balanced, healthy diet might
contribute to overall well-being and stress reduction. Caffeine (e.g., cola drinks)
should be minimized as it may exacerbate tics in some children. The impact of
physical exercise on tic symptoms has not been systematically studied, although a
regular program of exercise can be beneficial by reducing stress, increasing the
child’s sense of mastery, and well-being.

8.3. Educational Interventions
With the support of advocacy groups such as the Tourette Syndrome Associa-

tion, TS awareness for families, educators, and peers can promote school and peer
understanding, tolerance, and support, which can have a positive influence on the
overall course of the illness. Active collaboration with the school by the clinician is
essential, to ensure appropriate classroom management, curricular planning,
strength building, and matter-of-fact teacher and community education about TS.
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8.4. Psychotherapy
Although not yet well-established, a number of promising reports support the

behavioral therapy of habit reversal training for isolated, troublesome tics, and to a
lesser extent awareness training, especially for TS adults. A recent report (35) sug-
gests that habit reversal psychotherapy in adults with TS, which consists of aware-
ness training, relaxation training, competing response training, and contingency
management, is associated with significant improvement in tic severity that per-
sists to a 10-month follow-up.

Cognitive-behavioral treatment continues to be a mainstay of comorbid OCD,
especially when there is significant anxiety or phobic avoidance. Although not rig-
orously supported, other formal dynamic interpersonal or supportive psychothera-
peutic interventions may facilitate normal developmental tasks of friendship
development, school mastery, coherent personality formation and day-to-day self-
esteem and family functioning.

8.5. Other Emerging/Experimental Therapies
Plasmaphoresis and intravenous immunoglobulin administration are experimen-

tal treatments under study that have proven useful in a controlled study of children
with TS and/or OCD who met rigorous criteria for the A b hemolytic streptococcus
infection-associated subtype, but not in children whose TS or OCD were unrelated
to streptococcus infection. Because these are often arduous procedures, the indica-
tion for their use is unclear. They should only be undertaken with experts in the
context of a formal research study, because the standard treatments discussed in
previous sections have proven to be effective. With certain unambiguous and sud-
den tic onset associated with streptococcal infection, antibiotic treatment has been
occasionally remarkably effective, but antibiotic treatment is only warranted when
there is clear evidence of streptococcal infection.

TMS is a new, experimental technology in which a brief, powerful magnetic
field generated by a small coil positioned over the skull, induces an electrical cur-
rent in the brain (36). Such noninvasive brain stimulation may effect long-term
changes in cortical excitability, which may be abnormal in TS (11). This experi-
mental therapy, whose stimulation parameters are still under study, will require a
great deal of basic work before it may become a tic treatment.

Invasive procedures worthy of consideration for severe tics involving discrete
muscle groups include botulinum toxin injections (37). Botulinum toxin blocks ace-
tylcholine release at the neuromuscular junction, and produces a reversible and
temporary reduction in muscle activity, which may last weeks to months for
dystonic tics. Main side effects include soreness, transient weakness, ptosis if
injected for eye-blinking, and mild transient dysphagia or dysphoria if injected into
the larynx.

The results of neurosurgical procedures reinforce the functional importance of
thalamic regions that are part of cortical–subcortical loops (38). A single case study
found that high-frequency stimulation of the median and rostral intralaminar tha-
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lamic nuclei produced an important reduction of tics. This effect could either be as
a result of the influence of these midline thalamic nuclei on the striatum, or on
broadly distributed cortical systems and their cortico-striatal projections or both.
As in other movement disorders, a deeper understanding of the circuitry involved
in TS may lead to specific circuit-based therapies using deep brain stimulation to
treat refractory cases. However, because TS often spontaneously resolves by ado-
lescence, it should only be considered in the most severe and treatment refractory
cases which persist into adulthood.

9. CONCLUSION

Our evolving understanding of tic disorders such as TS has been shaped by an
emerging awareness of the role of basal ganglia in habit formation. Continuing
neuroscience advances promise to further elucidate the functioning of these struc-
tures and the relevant neural circuits down to a molecular level, and point to the
better management of TS and associated comorbidities. Research frameworks for
the study of tics include neurophysiological, pharmacological, autoimmune, and
genetic vulnerability in humans as well as in animal models. Work in these para-
digms will also undoubtedly be relevant to other neuropsychiatric disorders of child-
hood onset and add to our knowledge of normal development and movement.

GLOSSARY OF MEDICAL TERMINOLOGY
Akathisia: A feeling of inner restlessness, and urge to move.
Coprolalia: Rude or obscene vocalizations.
Galactorrhea: The expression of milk from the breast.
Gynecomastia: The development of breast tissue.
Matrisomes and striosomes: Physiologically distinct grouping of cells in the striatum.
Oculogyric crisis: An acute rolling back of the eyes and loss of balance.
Plasmaphoresis: Removal of antibodies from the blood.
Ptosis: Drooping of an eyelid.
Rheumatic fever: A systemic streptococcal infection resulting in long-term autoimmune

activity.
Sydenham’s chorea: Movement disorder from autoimmune brain changes after rheumatic

fever.
Torticollis: A twisting of the neck because of muscle contraction.
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Summary
Obsessive-compulsive disorder (OCD) is a psychiatric illness that can be quite debilitat-

ing and historically has proven difficult to treat. Research conducted over the past decade
has provided much insight into the underlying neuropathology, allowing significant
advances in the treatment of these patients. Whereas psychotherapy was previously the only
mode of treatment for OCD, pharmacological agents and psychosurgical procedures are
proving to be effective in treating this disorder. The use of noninvasive or minimally inva-
sive procedures to treat OCD also are currently being investigated. This chapter reviews the
animal models and clinical features of OCD, as well as the neurochemicals and brain regions
involved in this disorder, and the role of autoimmunity and familial inheritance. Treatment
options including psychotherapy, medications, and invasive and noninvasive procedures
are also discussed in detail.

Key Words: Obsessive-compulsive disorder; resistant obsessive-compulsive disorder;
refractory obsessive-compulsive disorder; etiology of obsessive-compulsive disorder; treat-
ment of obsessive-compulsive disorder; deep brain stimulation; transcranial magnetic stimu-
lation; psychosurgery; psychotherapy; PANDAS.

1. BEHAVIORAL PHENOTYPES, PREVALENCE,
AND ETHNIC AND SEX DIFFERENCES

Obsessive-compulsive disorder (OCD) is a disorder characterized by recurrent
intrusive thoughts, images, or impulses (obsessions) that are typically ego-dystonic
and anxiety producing. The obsessions commonly provoke the individual to engage
in ritualistic behavior (compulsions) in an attempt to relieve the consequent anxi-
ety. Compulsions that are commonly noted in OCD include repetitive handwashing
(in response to contamination concerns), arranging items in a particular order
(in response to concern about symmetry), hoarding (in response to concerns about
saving objects), or checking/praying/asking for reassurance (in response to concern
over harm, sexual behavior, or religious conflict). Compulsions are often governed
by internal rules that the affected individual feels must be applied rigidly, and are
not connected in a realistic way with the obsession they are designed to neutralize.
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They often are excessive and unreasonable, leading to marked impairment of the
individual’s social or occupational routine as a result of the time required to com-
plete the compulsions.

The symptoms of OCD are similar across the spectrum of cultures and
ethnicities, and have varied little in its description in the literature over the past
century (1). OCD is the fourth most prevalent psychiatric disorder in the United
States, with a lifetime prevalence of 2.5% (2). OCD has been estimated to affect
almost 3% of the world’s population (2). Prevalence does not appear to differ across
different ethnic backgrounds and populations. The male to female ratio of OCD is
approximately equal, which is in contrast to other anxiety disorders that are more
common in females. OCD demonstrates a bimodal age of onset, with peaks prior to
puberty and in the fourth decade of life (2). A statistically significant association
with pregnancy, miscarriage, or parturition, as well as with streptococcal infec-
tions, has been reported (3,4). OCD-like symptoms can present in acute episodes
(e.g., sequelae of acute streptococcal infections in children [pediatric autoimmune
neuropsychiatric disorders associated with streptococcus; PANDAS]), but it is more
commonly thought of as a chronic illness. Epidemiological studies clearly demon-
strate OCD has a high comorbidity with other anxiety and mood disorders, and it is
associated with increased impulsivity and suicide attempts (2). OCD-like symp-
toms are also noted to be inherent to other psychiatric disorders, including
Tourette’s syndrome, autism, body dysmorphic disorder, and hypochondriasis (5).
OCD is associated with extraordinary direct and indirect costs. This is the result of
the chronic nature of the illness and the delay in diagnosis and treatment, owing to
the strong desire by many patients to hide their pathology out of embarrassment.
Other contributing factors are ignorance by the clinician with resultant under-
diagnosis and inappropriate treatment, and the tendency of about one-third of the
patients to be resistant or refractory to treatment (2).

Hoarding is a subtype of OCD that is difficult to treat. Hoarding is defined as the
inability to discard worthless or worn-out things, or “the acquisition of and failure
to discard possessions which appear to be useless or of limited value” (6). The most
commonly accepted criteria for hoarding behavior to be considered pathological is
the cluttering of living spaces to the extent that they are no longer usable, and a
significant impairment in function because of hoarding. Prevalence appears to range
from one-quarter to one-third of patients with OCD (6). These patients are notori-
ously refractory to treatment and characteristically carry a poor prognosis.

It is not uncommon to witness patients in dermatology clinics with markedly
chapped skin from excessive washing rituals, children in pediatric clinics with a
recent onset of excessive checking and recurrent ear infections resulting from a
group A streptococcal infection, or pregnant or postpartum females in obstetric
clinics with a sudden concern about symmetry (2–4). Therefore, it is important for
the clinician to evaluate for OCD in settings other than just the psychiatric clinic.
In evaluating patients with OCD, it is also important to assess for prevalent
comorbid tics, mood disorders, anxiety disorders, and suicidal behavior (5).
The severity of symptoms is best measured by using the Yale–Brown Obsessive-
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Compulsive Scale (Y-BOCS), given the reliability and validity of this scale in a
number of randomized controlled trials of OCD (7). The scale is relatively easy to
administer, and has been adapted for use in children and adolescents (8).

2. BRAIN PATHWAYS

Symptomatology of OCD is evident in a variety of disorders of the striatum,
including Tourette’s syndrome, Sydenham’s chorea, Huntington’s disease, and
Parkinson’s disease (5). Therefore, it has been hypothesized that OCD involves
pathology of the striatum and, indeed, recent brain imaging provides persuasive
data to support this hypothesis. Imaging studies have demonstrated significantly
decreased volume and increased grey matter density of the cortico-striatal-thalamic-
cortical circuits, and increased baseline activity in the orbitofrontal cortex, cingu-
late gyrus, and striatum in patients with OCD (9,10). These regions also are
markedly more active when patient’s obsessions are exacerbated. Cortico-striatal
systems are known to be involved in implicit learning, which may explain the per-
formance deficits in implicit learning tasks appreciated in neurological patients with
striatal pathology (e.g., Huntington’s disease) (11). Imaging studies using positron
emission tomography (PET) have demonstrated that patients with OCD are unable

Fig. 1. Positron emission tomography demonstrates bilateral activation of the hippocam-
pal/parahippocampal region of the brain in patients with obsessive-compulsive disorder
(OCD) performing implicit learning tasks (left panel), vs bilateral activation of the inferior
striatum seen in normal control patients while performing the same tasks (right panel).
These findings indicate cortico-striatal dysfunction in OCD patients. See color insert
preceding p. 51. (Reprinted from ref. 11 with permission.)
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to access the cortico-striatal system when confronted with implicit learning tasks
(Fig. 1), indicating cortico-striatal dysfunction (11). PET studies in patients with
OCD symptoms also have consistently shown increased [18F]2-fluoro-2-deoxy-
D-glucose uptake in the prefrontal cortex, leading to the hypothesis that this region,
among others, is hyperactive in OCD (10). Further studies have also indicated a
role for the temporal cortex and the amygdala (12). Functional imaging studies
performed in patients following pharmacotherapy and behavioral therapy have dem-
onstrated normalization of brain activity in the cortico-striatal-thalamic-cortical
circuitry (10).

3. NEUROCHEMISTRY AND RECEPTOR SUBTYPES
Serotonin (5-hydroxytryptophan [5-HT]) appears to be an important factor in

the pathogenesis of OCD. It is postulated that OCD patients have, among other
abnormalities, excessive baseline activity of the excitatory glutamatergic neurons
of the orbitofrontal cortex. Serotonin is a known inhibitor of these neurons, which
would lead one to postulate that increased release of 5-HT by the serotonergic neu-
rons of the orbitofrontal cortex would lead to a diminution of symptoms clinically.
Administration of meta-chlorophenylpiperazine (mCPP), a nonselective ligand that
acts as an agonist of postsynaptic 5-HT2C receptors, has been noted to exacerbate
the symptoms of OCD presumably through feedback inhibition of serotonin release.
However, administration of mCPP to patients with OCD after treatment with a
serotonin reuptake inhibitor (SRI) does not produce a worsening of baseline symp-
toms (13). Studies indicate that the important 5-HT receptor subtypes in OCD
appear to be the 5-HT2C and 5-HT1D receptors (13,14). Studies demonstrate that
desensitization of the 5-HT1D receptor requires a high dose and long duration of
administration of SRIs, which correlates with what is clinically observed to dimin-
ish the symptoms of OCD (14).

Dopamine is another neurotransmitter of the cortico-striatal-thalamic-cortical
system that appears to be important in the pathology of OCD. Administration of
dopamine (DA) agonists in preclinical studies has been noted to exacerbate OCD
symptoms and tics when they are present (15). This is consistent with the use of
antipsychotics, which are DA-receptor blockers, for treating the tics associated with
Tourette’s syndrome.

4. GENETICS OF OCD
There is substantial evidence for a significant genetic component to OCD. Stud-

ies have shown a 70 to 80% concordance rate amongst monozygotic twins com-
pared with 22 to 47% concordance in dizygotic twins (16). Additionally, recent
familial studies demonstrate a significant increase in the relative risk of developing
OCD in relatives of affected probands vs relatives of controls (16). Complex segre-
gation analyses have led some investigators to propose that a major gene underlies
OCD, and that a Mendelian-dominant model with significant sex effects and
residual familial effects best explains the inheritance of OCD (16). Further studies
have demonstrated that genetic polymorphisms have a role in the pathogenesis of
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OCD, with data supportive of 5-HT1D and 5-HT2A polymorphisms being a factor in
mediating OCD (17–20). Some data also suggest a sexually dimorphic association
with low activity in catechol-O-methyltransferase (COMT) alleles and monoamine
oxidase-A (MAO-A) alleles, but subsequent reports have been inconsistent (20).
Dopaminergic polymorphisms also appear to be a factor in the expression of OCD
symptomatology, as dopaminergic alleles have been demonstrated to be distributed
differently in patients with OCD with and without tics (17,20). Other studies have
demonstrated a genetic relation between OCD and Tourette’s (17,20). Despite sig-
nificant advancements, genetic research concerning OCD is still in the early stages,
as many of the initial findings have been difficult to replicate.

5. AUTOIMMUNE BASIS OF AN OCD SUBTYPE
The investigation of a potential autoimmune basis of an OCD subtype has been

the focus of much recent research. More than a decade ago, an association between
OCD and Sydenham’s chorea was confirmed, leading many to hypothesize the pres-
ence of an autoimmune disruption of cortico-striatal-thalamic-cortical circuits in at
least a subpopulation of patients with OCD (21). In the past decade, a body of
literature has been published describing the potential existence of a subtype of OCD
that has been labeled PANDAS. PANDAS appears to be a syndrome in which chil-
dren develop acute OCD-like symptoms following a clinical or subclinical strepto-
coccal infection (4,21). Systematic studies have demonstrated the onset and
subsequent exacerbations of OCD and tics in this subset of children to be caused by
group A b-hemolytic streptococcal (GABHS) infections (21). Five clinical charac-
teristics seem to define this OCD subgroup: the presence of OCD-like symptoms
and/or a tic disorder, prepubertal symptom onset, sudden onset or abrupt exacerba-
tions, neurologic abnormalities most prominent during exacerbations (choreiform
movements, motoric hyperactivity), and streptococcal-triggered exacerbations.
It has been estimated that up to 30% of OCD patients could be considered part of
the PANDAS subtype based on a retrospective analysis of age of onset and clinical
characteristics (22). Investigators have demonstrated a significant improvement in
OCD symptoms following antibiotic treatment of acute exacerbations in patients
with PANDAS (21). Long-term follow-up further demonstrated continued improve-
ment in symptoms, with antibiotic prophylaxis preventing recurrent streptococcal
infections. Further research is needed, however, before prophylactic antibiotic treat-
ment in patients with PANDAS can be considered the standard of care.

It appears the autoimmune reaction in this OCD subtype is mediated by autoan-
tibody production, as studies demonstrate increased expression of D8/17, a B-lym-
phocyte alloantigen, and the presence of autoantibodies in affected patients. These
antistreptococcal–antineuronal antibodies appear to target the basal ganglia and
other central nervous system (CNS) regions, leading to OCD symptomatology, dys-
tonia, chorea, choreoathetosis, and encephalopathy (21). Given the pathophysiol-
ogy proposed for PANDAS, immunomodulatory therapies that serve to interrupt
the action of auto-antibodies on the CNS would seem to be a reasonable course of
treatment. Indeed, administration of intravenous immunoglobulin (IVIG) or
plasmapharesis was demonstrated in a clinical trial to lead to long-term (>1 year)
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resolution of symptoms, with plasma exchange being better tolerated and providing
greater relief in symptoms (23). The use of plasma exchange or IVIG acutely for an
exacerbation of neuropsychiatric symptoms in PANDAS patients requires further
research, however, before being considered the standard of care.

6. ANIMAL MODELS OF OCD
The use of animal models can be a very effective tool for understanding the

etiology of diseases afflicting humans and for developing new pharmacotherapeu-
tic treatments. Investigators have suggested that symptoms of OCD are expressed
in nature via animal stereotypies, which are motor behaviors in animals that are
repetitive and nonfunctional in purpose. One intriguing animal stereotypy noted in
nature is that of the acral lick dermatitis (ALD) observed in canines (17,24). This
veterinary condition is characterized by repetitive licking of the paws, which leads
to dermatitis, hair loss, and discomfort. This behavior is reminiscent of the chapped
skin noted in the OCD patient with germ phobia and repeated handwashing. Fur-
thermore, the morbidity that results from the repetitive licking does not lead to any
lessening of the behavior, which is similar to OCD patients who are bothered by
their compulsions, yet unable to stop them. Other OCD-like behaviors that have
been reported in canines are circling, tail-chasing, fly-biting, pacing, hair-biting,
and spinning (24). These behaviors are more commonly noted in certain canine
families (e.g., Great Danes, German pointers, German shepherds, Dalmatians), with
an increased prevalence amongst first-degree relatives, which lends support to the
theory of it having a genetic basis (24). Additionally, the pharmacotherapeutic
response profile in canines is similar to that of humans, as fluoxetine (a selective
serotonin reuptake inhibitor [SSRI]) and clomipramine (a tricyclic antidepressant)
have been found to be beneficial in lessening these OCD-like behaviors (17,24).
Similarly, fluoxetine has been demonstrated to be superior to placebo in reducing
stereotypical behavior in primates (17).

Transgenic mice also serve as a good animal model of OCD. Researchers have
engineered transgenic mice that express cholera toxin intracellularly within a corti-
cal-limbic subset of DA D1-receptor expressing neurons (25). This neuro-
potentiating protein triggers glutamatergic excitation of orbitofrontal, sensorimotor,
limbic, and efferent striatal circuits, leading to marked OCD-like behaviors in this
mice strain. These mice are observed to engage perseveringly in all normal mouse
behaviors, and to compulsively leap and groom. Furthermore, this transgenic strain
exhibits a significant increase in comorbid motor tics, mimicking the association
between Tourette’s syndrome and OCD in humans (26). Compulsive behavior also
has been noted in 5-HT2C knockout mice, and rats treated chronically with the DA
agonist quinpirole (27,28).

7. TREATMENT-RESISTANT
AND TREATMENT-REFRACTORY OCD

Few patients with OCD ever experience complete resolution of symptoms. In fact,
effectiveness of treatment is often gauged by the clinician as a decrease in symp-
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toms to a level that the patient finds tolerable and at which the patient is able to
function. In clinical trials, a 25 to 35% reduction of mean Y-BOCS scores is
considered an adequate response to a given treatment (29). Even this modest reduc-
tion in Y-BOCS scores is not achieved in 40 to 60% of patients treated with
monotherapy, however (29). The terms “treatment-resistant” and “treatment-refrac-
tory” (also known as “intractable”) are often used interchangeably by the clinician.
The synonymous use of these terms is likely a relic of the past, in which the medi-
cation options for treating OCD were limited, and resistance to first and second-
line treatment exhausted the available options. With the availability of modern
treatment options, it is generally accepted that the failure of at least two adequate
therapeutic trials of SRIs constitutes treatment-resistant OCD (29). The term treat-
ment-refractory denotes a greater degree of resistance, but it is still debatable at
which point in treatment this term becomes applicable. Based on a review of the
literature and our own clinical experience, it seems reasonable to consider patients
who fail a number of therapeutic trials of SRIs, standard augmentation strategies,
and behavioral therapy to be treatment-refractory. Furthermore, patients who dem-
onstrate some response to treatment yet still experience significant impairment from
their residual OCD symptoms should also be considered to be treatment-refractory.
This is the definition of treatment-refractory that is generally used for the selection
of patients for novel treatments, such as psychosurgery. For the purpose of this
chapter, therefore, treatment-refractory generally applies to patients who have failed
to respond to at least three therapeutic trials of SRIs (with clomipramine being one
of the SRI trials), the use of at least two atypical antipsychotics as augmenting
agents, and treatment with behavioral therapy while on a therapeutic dose of an
SRI. These patients have “failed” treatment by demonstrating less than a 25% reduc-
tion of Y-BOCS scores or by still experiencing significant impairment from their
illness. Treatment-resistance is noted in 20 to 40% of OCD patients, although 10%
of patients are noted to be refractory (29).

8. TREATMENTS

8.1. Pharmacotherapies
Treatment for OCD typically requires a lifetime of medication, as OCD symp-

toms rarely abate over time if left untreated. Furthermore, reinstatement of a medi-
cation following a relapse can be associated with a poorer response than was seen
with initial use (29). Consequently, although the clinician may taper a patient’s
dose in order to maximize benefit while minimizing side effects, rarely will medi-
cation be entirely discontinued.

8.1.1. Serotonin Reuptake Inhibitors as a First-Line Treatment
SRIs, including clomipramine and several SSRIs (sertraline, fluoxetine,

paroxetine, citalopram, and fluvoxamine), have been demonstrated in a number of
rigorous randomized, double-blind placebo-controlled studies to be effective in
treating OCD in both adults and children (29–31). SRIs have, therefore, become the
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first-line agents in the pharmacological treatment of OCD. The best results often
require application of SRIs for a long duration (10–12 weeks) and at a high dose
(often the maximum recommended dose) (29,30). Although these extreme dosing
regimes only alleviate symptoms, rather than producing a complete remission, a
partial diminution of symptoms can be associated with a significant improvement
in quality of life and overall function (29,30). In general, if the patient fails to
demonstrate a significant response (at least 25% reduction Y-BOCS) to an adequate
trial of a particular SRI, the clinician should switch treatment to a different SRI
(29). With a partial response, the clinician is best served to leave the initial maxi-
mally titrated agent in place and to add an additional agent, such as an atypical
antipsychotic, to augment the effect (29). Although clomipramine may be moder-
ately more efficacious than the other SRIs, no SSRI has been clearly shown to be
more efficacious than another (31). However, all of the SSRIs demonstrate better
safety and tolerability profiles than clomipramine, leading clinicians to more fre-
quently utilize SSRIs rather than clomipramine.

8.1.2. Experimental Pharmacological Agents
Agents such as monoamine oxidase inhibitors, lithium, buspirone, trazodone,

triiodothyronine, pindolol, anticonvulsants, and benzodiazepines have been found
to be ineffective in the treatment of OCD either as monotherapies or as adjuvants
(29,30). Both fenfluramine and tryptophan have been found to be effective as aug-
menting agents in open-label studies (29,30), but serious questions concerning their
safety have made both medications unavailable in the United States. The role of
antidepressants like venlafaxine and mirtazapine in treating OCD is not yet clear
(32–35). Inositol, a component of the second messenger signaling molecule inosi-
tol 1,4,5-trisphosphate, has potential as a monotherapy (36), but it has been demon-
strated to be ineffective when used as an augmenting agent (37).

Clomipramine is metabolized in the liver to the less potent derivative desmethyl-
clomipramine. Bypassing this first pass hepatic metabolism by administering
clomipramine intravenously, therefore, floods the CNS with higher pulse concen-
trations of the more potent parent compound. Indeed, treatment with intravenous
clomipramine has been demonstrated to be rapidly effective in a certain subset of
OCD patients who are treatment-resistant to SRIs (38,39). Intravenous clomi-
pramine has been demonstrated to be effective in adults with OCD resistant to or
intolerant of oral clomipramine and SSRIs in a double-blind, placebo-controlled
trial (38). In a double-blind, pulse-loaded study involving intravenous clomi-
pramine, the investigators noted that subjects administered intravenous clomi-
pramine demonstrated a more rapid response than those given oral clomipramine
(39). However, there was no significant difference in improvement of Y-BOCS
score between the two study groups at the endpoint of the study (8 weeks).
Further double-blind trials evaluating the efficacy of intravenous clomipramine are
currently underway.

The role of the endogenous opioid system in the pathophysiology of OCD has
been postulated by a number of researchers, given some evidence in the literature
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that opioid antagonists exacerbate OCD symptoms (40). It was demonstrated in an
open-label study that the opioid agonist tramadol (mean dose 254 mg) significantly
improved symptoms when administered for a 6-week period as monotherapy in
treatment-resistant OCD patients (40). Additionally, researchers have performed a
double-blind, placebo-controlled trial that demonstrated the benefit of oral mor-
phine (15–45 mg/day) in treatment-resistant OCD (41). It has been postulated that
opiates decrease OCD symptoms via inhibition of glutamate release in the cerebral
cortex, disinhibition of serotonergic neurons in the dorsal raphe, and increased DA
transmission in the striatum (41).

8.1.3. Atypical Antipsychotics as Augmenting Agents
Atypical antipsychotics are indicated in the treatment of OCD and comorbid tic

disorders. Numerous studies document the strong relationship between tic disor-
ders and OCD, with evidence of a greater than 35% prevalence of tic disorders in
OCD patients (15,17,29,42). Given that antipsychotics are a standard treatment for
the tics associated with Tourette’s syndrome, investigators postulated that the con-
current use of neuroleptics and SRIs in the treatment of OCD patients with tics
would be an effective regimen (42). Indeed, this group demonstrated in a double-
blind, placebo-controlled trial that haloperidol and fluvoxamine, when used in
combination, led to significant improvement in Y-BOCS scores vs the use of
fluvoxamine alone in these patients (42). Whereas the initial belief was that neuro-
leptic augmentation preferentially benefited OCD patients with comorbid tics, fur-
ther research has demonstrated that OCD patients without evidence of tics also
manifested significant improvement with haloperidol augmentation (17,29,30).
This finding has led to a large body of research concerning the use of antipsychotics
in treating OCD.

The literature to date demonstrates dopamine antagonists to be the most effec-
tive agent for augmentation, with the atypical antipsychotic agents being better
tolerated than the traditional neuroleptics as a result of fewer side effects (29,30).
It is theorized that in addition to DA blockade, the synergistic action of blockade of
5-HT2A receptors by atypical antipsychotics with the simultaneous inhibition of
5-HT uptake by SRIs leads to overall greater therapeutic efficacy (43). Risperidone
augmentation at an average dose of 2.2 mg per day has been demonstrated in a
double-blind, placebo-controlled trial to lead to a significant improvement in
Y-BOCS scores vs placebo augmentation (44). Similar findings have been reported
subsequently in further double-blind placebo-controlled trials using risperidone
augmentation (45,46). Olanzapine augmentation (5–20 mg/day, mean 11.2 mg/day)
of SRI treatment of refractory OCD has been demonstrated to lead to significant
clinical improvement in a double-blind, placebo-controlled study (47). In another
double-blind, placebo-controlled trial, however, no significant difference in
improvement in Y-BOCS scores was appreciated using olanzapine (mean dose
6 mg/day) as an augmenting agent (48). Results from a single-blind, placebo-con-
trolled trial have demonstrated that quetiapine augmentation of SRI therapy leads
to a significant improvement in the Y-BOCS score in OCD patients (49). Double-
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blind studies involving quetiapine as an augmenting agent are underway, as are
studies involving the use of other atypical antipsychotics, such as ziprasidone and
aripiprazole.

8.2. Nonpharmacological Treatments

8.2.1. Psychotherapy for Treatment of OCD
In his writings, Sigmund Freud devoted a fair amount of attention to OCD, pos-

tulating that OCD existed on a spectrum ranging from obsessive-compulsive per-
sonality disorder to psychosis. Psychoanalytic treatment was suggested by Freud,
and was the accepted treatment for OCD for half a century (1). At present, it appears
there is little data to support such an approach. Behavioral therapy is the current
focus of psychotherapy in the treatment of OCD. Behavioral therapy for treating
OCD consists largely of repeated exposure to feared stimuli in order to desensitize
patients and, thereby, prevent a subsequent response. A number of controlled stud-
ies demonstrate significant improvement in OCD with concurrent behavioral
therapy and SSRI treatment, and meta-analyses indicate no differences between the
two approaches when they are used separately (50,51). OCD patients treated with
behavioral therapy maintain an improved condition following discontinuation of
treatment, although up to 80% of patients treated pharmacologically relapse on
treatment discontinuation (50). However, only one well-designed study to date has
demonstrated an improvement in Y-BOCS scores using behavioral therapy in
patients who are partially responsive to SRI monotherapy (52). Despite the dearth
of evidence in the literature, it is generally agreed that behavioral therapy should be
incorporated into the treatment plan, if it is available and can be tolerated and
afforded by the patient, when SRI monotherapy is inadequate (17,50,51).

8.2.2. Neurosurgery for Treatment-Refractory OCD
Ablative neurosurgery (psychosurgery) has been practiced for decades for a

variety of debilitating psychiatric conditions, including schizophrenia, bipolar dis-
order, and OCD. As the pharmacological treatment of these conditions has
improved with respect to their efficacy and side-effect profiles, the role of psycho-
surgery has diminished. However, in the case of OCD, a condition that can be mark-
edly impairing and commonly unresponsive to a variety of treatment regimens,
psychosurgery has remained a viable option. Patients with refractory OCD typi-
cally have insight into their condition and are desperate for relief from their symp-
toms, which makes the risks of surgery acceptable. A variety of stereotactic
neurosurgical procedures have been described in the literature for the treatment of
severe, treatment-refractory OCD. In general, these procedures involve radio-
frequency ablation of a portion of the cortico-striatal circuit, which consists of the
orbitofrontal cortex, the caudate nucleus, the pallidum, the thalamus, and the ante-
rior cingulate cortex (53). The main regions of pathogenesis of OCD are believed
to be the orbitofrontal cortex, cingulated gyrus, basal forebrain, and the caudate
nucleus (9,10,12,17). Differences between the various procedures mainly involve
the location of the lesion and the postoperative side-effect profile. Anterior
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cingulotomy specifically targets the anterior cingulate cortex and the fibers of the
cingulum, although anterior capsulotomy and subcaudate tractotomy interrupts the
frontothalamic fibers (basal forebrain) (53). Limbic leukotomy combines anterior
cingulotomy and lesioning of the frontothalamic projections and is often performed
in a staged manner. To date, no trial has been performed to compare the efficacy of
limbic leukotomy to that of anterior cingulotomy alone.

The mechanisms by which psychosurgery improves OCD symptomatology
remain poorly understood. The literature suggests persistent anatomic and meta-
bolic changes of the anterior and posterior cingulate gyrus after lesioning the ante-
rior cingulate, which may be the mechanism by which OCD symptoms improve
following surgery (54,55). There appears to be a delay in the onset of symptom
improvement, suggesting the benefit of surgery is related not only to interruption of
neural pathways, but also the reorganization of neural pathways following surgery
(53). This correlates well with the clinical finding of continuous improvement in
OCD symptoms for more than 1-year postoperatively (53,56–58). The different
psychosurgical procedures for OCD are roughly comparable in efficacy, and appear
to be relatively safe with low risk for long-term adverse effects. Given that the
anterior cingulated cortex is in close proximity to the fronto-striato-pallido-
thalamo-frontal circuit, there is the potential for postoperative frontal lobe abnor-
mality and executive dysfunction. The risk of incontinence postoperatively is not
surprising as the anterior cingulated gyrus is also involved in visceromotor control
mechanisms. Reports of transient memory deficits and cognitive function impair-
ments have been noted in the literature, although the incidence is rare and the
changes noted are quite subtle (53).

8.2.2.1. ANTERIOR CINGULOTOMY

The efficacy of stereotactic bilateral anterior cingulotomy has been demonstrated
in a prospective investigation in fourteen patients with severe, treatment-refractory
OCD (56). Significant improvement in OCD symptoms following anterior
cingulotomy was appreciated in the study, with a mean decrease in Y-BOCS scores
of 12.6 at 12 months follow-up. No significant surgery-related impairments lasting
over 3 months were observed. Similar efficacy with anterior cingulotomy has been
demonstrated using magnetic resonance imaging (MRI) validation of lesion loca-
tions and modern diagnostic criteria for OCD (57).

8.2.2.2. LIMBIC LEUKOTOMY

A retrospective chart review of 21 patients with either major depressive disorder
(MDD) or OCD who underwent limbic leukotomy using MRI-guided stereotaxis
has been encouraging (58). Twelve of the patients had previously under-
gone bilateral anterior cingulotomy and, therefore, required only lesioning of the
frontothalamic fibers (in essence, a “staged” limbic leukotomy), whereas the
remaining six patients underwent concurrent anterior cingulotomy and lesioning of
the frontothalamic fibers. Postoperative Y-BOCS values demonstrated a 36%
“response” rate when compared to preoperative Y-BOCS scores. Post hoc analysis
demonstrated a significant benefit to those who underwent a staged vs single
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procedure limbic leucotomy. Persistent complex partial seizures, short-term
memory problems, and incontinence were reported in less than 5% of the patients.
Some authors have reported even greater efficacy, with 62% of study subjects with
severe OCD rated as responders following limbic leucotomy although, arguably,
the investigators used liberal criteria for improvement (59). Another retrospective
review of the outcome of limbic leukotomy in 12 patients with severe OCD (mean
Y-BOCS score 34) demonstrated similar findings (60). Postoperatively, the mean
Y-BOCS score was noted to be 3, and these results were appreciated to persist for
the mean 45 months of postoperative follow-up. Except for one case of mild tran-
sient urinary incontinence, no significant morbidity was observed.

8.2.2.3. VAGUS NERVE STIMULATION

Vagus nerve stimulation (VNS) is predicated on the belief that the tenth cranial
nerve has reciprocal influences on the limbic system and higher cortical activity as
a result of it being predominantly an afferent nerve, its extensive arborization within
the brain, and its widespread distribution in the body. The vagus cell bodies convey
information centrally to the nucleus tractus solitarius which then projects to the
remainder of the brain via three pathways: an autonomic feedback loop, direct pro-
jections to the medullary reticular formation, and ascending projections to the fore-
brain. The ascending projections have connections to the locus coeruleus,
parabrachial nucleus, thalamus, hypothalamus, amygdala, and stria terminalis,
which are all regions thought to be involved in the modulation of mood and anxiety
disorders (61).

VNS involves stimulation of the left vagus nerve in the cervical region using a
bipolar pulse generator. This generator is implanted in the left chest wall and deliv-
ers electrical signals to the electrode that is wrapped around the vagus nerve in the
neck. Surgical adverse effects include pain, coughing, left vocal cord paralysis,
hoarseness, nausea, and rare infection. Of note, no alteration of normal pulmonary
or cardiac function has been reported postoperatively (62).

Initial reports of mood changes in patients receiving VNS for the treatment of
treatment-resistant epilepsy prompted speculation that VNS would have psychiat-
ric uses (62). Later research demonstrated central increases in noradrenergic and
serotonergic neurotransmission following VNS (62). An open-label pilot study
involving seven adults with treatment-refractory OCD was performed to explore
the efficacy of VNS (63). These patients were treated with 10 weeks of VNS with
concurrent psychotropic medication. Overall, a 17% mean reduction from baseline
in the Y-BOCS score was noted at 6 months, although one patient withdrew from
the study at 3 months as a result of lack of response. Further investigation of VNS
as a treatment of OCD appears warranted, especially given its minimally invasive
nature and low side-effect profile.

8.2.2.4. DEEP BRAIN STIMULATION

Deep brain stimulation (DBS), which is currently an accepted treatment for
movement disorders such as Parkinson’s disease, is a potentially promising alter-
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native to traditional psychosurgery for the treatment of severe, treatment-refractory
OCD. Unlike traditional surgical approaches for OCD that involve irreversible
lesioning of the involved circuitry, DBS offers the benefit of a potentially revers-
ible procedure that can be utilized in a graded fashion by adjusting stimulus inten-
sity. Consequently, treatment can be modified to fit the individual patient’s needs
and side-effect profile. DBS involves delivering a current via an implanted
quadripolar electrode that is connected to a battery-powered impulse generator that
is implanted beneath the skin in the subclavicular region. Abnormalities of neu-
ronal activity can be suppressed by either lesioning or chronic electrical stimula-
tion. Although the mechanism of action of DBS is not fully clarified, it is
hypothesized that neuronal inactivation occurs secondary to direct disruption of
neuronal firing or increased g-aminobutyric acid (GABA) production (62). The elec-
trical current may inhibit cells and stimulate fibers depending on the stimulation
parameters chosen. This therapy electrophysiologically alters abnormal patterns of
neuronal firing in diseases such as Parkinson’s disease and it is likely that it has a
similar effect on behavioral disorders such as OCD. Using positron computed
tomographic studies in patients following treatment with DBS for 3 months, a sig-
nificant reduction in frontal metabolism is observed (64). The DBS device may
induce an “informational lesion” and disrupt one of the many nonmotor circuits of
basal ganglia. These induced changes in the nonmotor circuits may be the mecha-
nism by which frontal lobe metabolism is affected. Much research is needed to
clarify the mechanisms by which DBS is effective in treating OCD, and to further
elucidate the optimal target location in the CNS.

Researchers have reported marked improvement in function and symptoms in
patients with severe, debilitating OCD treated with long-term electrical anterior
capsular stimulation (64). In a follow-up of four of the six patients originally treated
with DBS, three demonstrated a significant postoperative decrease in Y-BOCS
scores (>35% decrease) during stimulator-on conditions. This improvement was
sustained for greater than the 21-month postoperative follow-up period. The fourth
patient, who was noted to be nonresponsive was discovered to have an implant with
malfunctioning batteries.

DBS is attractive from a research perspective as it allows for randomized, blinded
research as a result of the reversible nature of the electrical stimulation. Intracere-
bral hemorrhage is the most serious adverse outcome from surgery (61,63). Confu-
sion, speech disturbance, parasthesia, oculomotor abnormalities, and muscle
contractions are the most common complications of stimulation, although they are
often transient and not generally disturbing to the patient (64).

8.2.3. Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) is the least invasive form of physical
treatment of OCD. This procedure involves the induction of a magnetic field over
the scalp by passing an electric current through a coil. The resultant electrical field
causes depolarization of the surface cortex, which leads to either net stimulation or
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disruption of the neurons in the brain region targeted by the stimulator. Repeated
application of TMS to a given region is termed repetitive TMS (rTMS), and the
repetitive use of frequencies greater than one Hertz is termed fast-frequency rTMS
(FF-rTMS). Most studies of TMS in the treatment of OCD use FF-rTMS.
Although no significant effect on obsessions was noted following a single session
of right prefrontal rTMS on 12 patients with OCD, a significant and sustained
(>8 hours) decrease in compulsive behavior was noted (65). Later studies dem-
onstrated no difference in outcome between real and sham rTMS, although the
researchers used a technique that differs from that which is used in most other
rTMS studies (66,67). Adverse effects, such as a severe headache or a temporary
shift in auditory threshold, are mainly related to the intensity and frequency of
stimuli applied, and seizures are rare (65–67). The recently reported ineffective-
ness of rTMS in treating OCD may be related to the magnet field strength being
inadequate to reach the deeper brain regions implicated in OCD. Given the
encouraging results thus far with the use of TMS in treating depression and the
relative safety of this procedure, further evaluation of the efficacy of TMS in
treating OCD appears warranted.

9. CONCLUSION

OCD is a disorder characterized by recurrent intrusive ego-dystonic thoughts,
images, or impulses (obsessions) that tend to provoke compulsive behavior in an
attempt to relieve the anxiety. OCD affects approx 3% of the population of the
United States, and has a similar prevalence worldwide. The male to female ratio of
OCD is approximately equal, and onset of this disease is bimodal, with peaks prior
to puberty and in the fourth decade of life. The association of other disorders of the
striatum with OCD, as well as the results of recent brain imaging studies, suggest
that OCD is related to striatal pathology. Abnormalities of the orbitofrontal cortex
and cingulate gyrus are also thought to be involved in OCD. The results of recent
research strongly suggest a familial component to OCD. Genetic polymorphisms of
certain serotonin receptor subtypes may play a role in the pathogenesis of OCD.
Animal models and clinical research also suggest a role for serotonergic, glutamatergic,
and possibly dopaminergic systems in OCD. As a result, serotonin reuptake inhibi-
tors and antipsychotics have become the mainstay of pharmacologic treatment.
Behavioral psychotherapy also has been shown to be effective in treating OCD.
A variety of stereotactic neurosurgical procedures have been described in the lit-
erature for the treatment of severe, treatment-refractory OCD. The different psy-
chosurgical procedures for OCD are roughly comparable in efficacy, and appear to
be relatively safe with low risk for long-term adverse effects. DBS, which is cur-
rently an accepted treatment for movement disorders such as Parkinson’s disease,
is a potentially promising alternative to traditional psychosurgery for the treatment
of severe, treatment-refractory OCD. VNS and TMS, likewise, are less invasive
procedures that may also have a role in the treatment of OCD.
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GLOSSARY OF MEDICAL TERMINOLOGY
Ego-dystonic: Aspects of a person, such as behavior or thoughts that are viewed by the self

as repugnant, incompatible, or unacceptable with one’s personality.
Obsessive-compulsive disorder (OCD): An anxiety disorder characterized by intrusive,

recurrent thoughts (obsessions) that patients find senseless and often disturbing plus
ritualistic behaviors (compulsions), usually in response to the obsessive thoughts, that
interfere with psychosocial function and well-being; most patients experience both
symptoms.

Parturition: The act or process of giving birth.
Plasmapharesis: The separation of the cellular components of whole blood from plasma in

order to remove toxins from the blood. The plasma, which contains the undesired tox-
ins, is disposed of while the cellular components are re-infused into the patient com-
bined with normal saline or a plasma substitute.

Syndenham’s chorea: A nonprogressive neurological movement disorder characterized by
spontaneous movements, lack of coordination of voluntary movements, and muscular
weakness. This disorder may occur following a streptococcal infection such as rheu-
matic fever, meningitis, or scarlet fever.
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Unipolar Depression

Julie A. Blendy and Irwin Lucki

Summary
Unipolar depression is characterized by mood dysregulation that is manifested in recur-

rent affective episodes over the lifetime of an individual. This chapter covers the epidemiol-
ogy, pathology, genetics, and brain circuitry associated with unipolar depression. In addition,
animal models of depression that have been useful in characterizing neurobiological causes
for depression and development of new treatments are reviewed. Effective treatments exist
for antidepressant treatment. The efficacy, side effects, toxicity, and mechanisms of action
of various classes of these drugs are discussed. Finally, it has been shown that long-term use
of antidepressants is effective in preventing recurring episodes of depression; cellular and
molecular mediators that may underlie this effect are covered.

Key Words: Unipolar depression; noradrenaline; serotonin; antidepressant; animal models.

1. EPIDEMIOLOGY OF MAJOR DEPRESSION

Unipolar depression, also known as major depression, is the leading cause of
disability in the world when measured by the number of years lived with a dis-
abling condition. It is second only to heart disease in disease burden, which is cal-
culated by healthy life-years lost to disability, including premature death (1). Major
depression has an overall life prevalence rate of 21% in women and 13% in men in
the United States according to recent epidemiological studies (2). The prevalence
of depression has reportedly increased 6% over the past 15 years, and it currently
affects nearly 20 million American adults. Additionally, the average age of onset
for depression has sharply decreased from 40–50 years to 25–35 years of age and it
affects individuals from all socioeconomic and ethnic backgrounds. This apparent
increase in prevalence and decrease in the age of onset is probably a result of
improved recognition and diagnosis of depression and an increase in individuals
seeking treatment. However, these statistics likely underestimate the incidence of
depression as the disease often presents with other comorbid psychiatric disorders
such as panic disorder, obsessive-compulsive disorder (OCD) and posttraumatic
stress disorder (PTSD).
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2. DEPRESSION AND BEHAVIOR

In his book, the Noonday Demon, Andrew Solomon writes of his struggles with
depression in a way that clearly characterizes the symptoms of this disease:
“ . . . the slippage was steady. I worked less and less well. I had begun to feel that
no one could love me and that I would never be in a relationship again. I had no
sexual feeling at all. I began eating irregularly because I seldom felt hungry.”

As evident from this description, signs of depression include depressed mood,
diminished interest or pleasure in activities, feelings of worthlessness, and a loss of
energy and ability to concentrate. Additionally, patterns of sleep, appetite, and
activity can be affected in depression, often in opposite directions. For example,
the individual can exhibit insomnia or hypersomnia, hypophagia or hyperphagia,
psychomotor agitation, or reduction (3). In addition to feelings of worthlessness, or
inappropriate guilt, recurrent thoughts of death or suicide are common depressive
symptoms. A diagnosis of unipolar depression is made if an individual has five or
more of these symptoms occurring in a 2-week period. Typically, these symptoms
occur throughout a depressed person’s lifetime in discrete recurring episodes (Table 1).

Milder forms of depression that do not meet the full criteria for major depression
are often associated with significant anxiety symptoms, such as exaggerated worry
and tension. Dysthymia produces symptoms that are less intense than in major
depression and can last for years, but the low mood and associated symptoms must
be present on most days for at least 2 years to qualify for this diagnosis. This dys-
thymic form of depression is present in about 6% of the general population (3).

High rates of depression in certain neurological diseases such as Parkinson’s
and Huntington’s diseases provide some evidence linking the dysfunction of motor
and mood behaviors. Additionally, depression can occur as a biological reaction to
certain physical illnesses (e.g., cardiovascular disease, diabetes, strokes affecting

Table 1
DSM-IV Criteria for Diagnosis of Major Depression

1. Depressed mood
2. Loss of interest or pleasure in almost all activities
3. Significant weight loss or gain or an increase or decrease in appetite nearly every day
4. Insomnia or hypersomnia
5. Objective psychomotor agitation or retardation
6. Fatigue or loss of energy
7. Feelings of worthlessness or excessive or inappropriate guilt
8. Diminished ability to think or concentrate, or indecisiveness (either by subjective account

or observation of others)
9. Recurrent thoughts of death (not just fear of dying), or suicidal ideation, or a suicide

attempt, or a specific plan for committing suicide.

At least 2 weeks of five or more of the above features, which are present most of the day, or
nearly every day and must include depressed mood or loss of interest or pleasure in almost all
activities.
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the left frontal cerebrum, hypothyroidism, pancreatic cancer) or to chemical sub-
stances (e.g., alcohol, methamphetamine, b-blocking antihypertensive medica-
tions). The relationship between these comorbid factors and depression is unknown,
but it could result from the pathology of the primary disease, or from a response to
the specific psychological stress associated with the disease.

3. DEPRESSION AND STRESS

Psychiatric morbidity that is associated with depression can often be accompa-
nied or even precipitated by stress. There is a close clinical and biochemical resem-
blance between depressive symptoms and the response to stressful experiences,
which suggests that depression involves activation of the primary mediators of the
stress response. In fact, stressors, such as those associated with a serious loss, diffi-
cult relationship, financial problem, or change in life patterns, are associated with
greater initial severity of depressive symptoms both in adults and adolescents (4).
Recent studies have generated substantial evidence that alterations of the stress
hormone system also plays a major, causal role in the development of depression (5).

The body’s complex hormonal response to stress is regulated by the hypotha-
lamic–pituitary–adrenalcortical (HPA) axis. Corticotropin-releasing factor (CRF)
and arginine vasopressin (AVP) are synthesized and released from the para-
ventricular nucleus of the hypothalamus. This results in expression and release of
adrenocorticotropic hormone (ACTH) from the anterior pituitary, which then stimu-
lates glucocorticoid secretion from the cortex of the adrenal gland. Glucocorticoids
exert a negative feedback on the synthesis and release of ACTH and CRF. Clinical
data indicate that a subset of patients with depression secrete excessive glucocorti-
coids from the adrenal gland or exhibit hyperactivity of the HPA axis (6). Further-
more, HPA axis disturbance is normalized following successful antidepressant
therapy in clinically depressed patients (7).

4. PATHOLOGY

In addition to hormonal alterations, clinically depressed patients exhibit distinct
histopathological changes in selective brain regions, including such limbic structures
as the hippocampus and the prefrontal cortex (PFC) (8). Specifically, imaging studies
indicate that PFC, ventral striatal, and hippocampal volumes are decreased in
patients with depression (9). Similarly, distinct reductions in hippocampal volume
are observed in patients with HPA hyperactivity (6). Preclinical studies have focused
on examining stress-induced changes in the hippocampus, as this region is particu-
larly susceptible (6). In animal models, these stress-induced structural impairments
can be reversed by chronic antidepressant treatment (10). Furthermore, recent studies
suggest that reduced hippocampal volume in depressed patients may be related to the
duration of untreated episodes, in that treated patients shown significantly less
damage than untreated controls (9,11). Although the precise pathobiology of stress
and depression remain unclear, the role of antidepressants in mediating cellular and
structural repair may be an important aspect of antidepressant efficacy.
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5. BRAIN PATHWAYS

All antidepressant drugs currently approved for the treatment of unipolar
depression affect two neurotransmitter systems: the noradrenergic and the
serotinergic systems. The majority of noradrenergic cell bodies in the brain are
found in the locus ceruleus, which is located on the floor of the fourth ventricle in
the rostral pons. The neurons emanating from the locus ceruleus project to virtually
every area of the brain and spinal cord. Alterations in neuronal firing in the locus
ceruleus can alter norepinephrine release to postsynaptic sites throughout the brain.
The other noradrenergic neurons in the brain are scattered through out the brainstem
in loose collections of cells referred to as the lateral tegmental regions. These cells
also project to the spinal cord and brain but are not as widely distributed as locus
ceruleus neuronal projections.

In contrast to the relatively small numbers of noradrenergic neurons in the brain,
the number of serotonergic neurons is far greater. These neurons are located in
several discrete nuclei along the midline of the brain stem, which are collectively
referred to as the raphe nuclei. The dorsal raphe is located in the midbrain and is
part of the ventral periaqueductal gray matter, and projections from this nucleus
innervate the cerebral cortex, thalamus, striatum, the substantia nigra, and the ven-
tral tegmental area. The median raphe is located ventral to the dorsal raphe along
the midbrain and innervates the hippocampus, septum, and other limbic structures.
The diffuse and overlapping projections of serotinergic neurons has led to the belief
that they modulate virtually all neurons in the brain.

Neuroimaging studies reveal abnormal regional cerebral blood flow (CBF)
and glucose metabolism in limbic and PFC structures in mood disorders, although
some disagreement exists regarding the specific locations and the direction of these
changes (12). The most consistent findings are that CBF and metabolism are

Table 2
Therapeutic Targets and Generic and Trade Names
of Some Commonly Prescribed Antidepressants

Generic Category Trade

Buproprion NRI/DRI Wellbutrin
Citalopram SSRI Celexa
Fluoxetine SSRI Prozac
Fluvoxamine SSRI Luvox
Sertraline SSRI Zoloft
Paroxetine SSRI Paxil
Venlafaxine SSRI/NRI Effexor
Tranylcypromine MAOI Parnate
Phenelzine MAOI Nardil

NRI, norepinephrine reuptake inhibitor; DRI, dopamine reuptake
inhibitor; SSRI, selective serotonin reuptake inhibitor; MAOI, mono-
amine oxidase inhibitor.
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increased in the amygdala, orbital cortex, and medial thalamus, and decreased in
the PFC and the anterior cingulate cortex of depressed patients relative to healthy
control subjects. The overall pattern of these metabolic changes suggests that the
structures mediating emotional and stress responses are pathologically activated in
depression. During antidepressant drug treatment, some of these neurophysiologi-
cal abnormalities are reversed in those patients that respond well to treatment.

6. NEUROTRANSMITTER SYSTEMS

The monoamine hypothesis of depression postulated that a functional deficiency
of serotonin (5-HT) or norpeinephrine (NE) in the brain is key to the pathology and
or behavioral manifestations associated with depression. Reduced levels of the
5-HT metabolite 5-hydroxyindole acetic acid (5-HIAA) in cerebrospinal fluid have
been reported in patients with mood disorders and suicidal behavior (13). In con-
trast, no consistent relationship between levels of the dopamine metabolite
homovanillic acid (HVA) or the NE metabolite 3-methoxy-4-hydroxy-phenylglycol
(MHPG) and affective disorders has been reported over studies. However, other
studies reveal a complex pathology of the noradrenergic system in major depres-
sion, especially in the NE-containing cells of the locus ceruleus, and there is some
evidence for dysfunctional dopaminergic and glutamatergic systems as well.
Although the ultimate neurochemical mechanism underlying the therapeutic effi-
cacy of antidepressant drugs is still under investigation and is likely to involve
multiple brain regions and neurotransmitter systems, antidepressant drugs are
known to produce acute increases in 5-HT and NE levels or signaling through a
variety of mechanisms. This widespread release of NE and 5-HT allows for the
activation of disparate biological systems regulating stress pathology, which are
likely to account for the range of behavioral symptoms observed in depression,
such as changes in affect, cognition, anxiety, food intake, sleep, and norendocrine
secretion.

7. GENETICS OF DEPRESSION

As a result of the high degree of symptom variation and treatment response
among patients with depression, it is likely that depression results from a variety of
complex and interacting causes. As in the case of many psychiatric diseases, genetic
factors may play a role in the vulnerability to depression. Unipolar depression car-
ries a familial risk, as relatives of individuals diagnosed with depression have a
significantly greater chance of developing depression (11–18%) than relatives of
nondepressed controls (0.7–7%) (14–16). Several twin studies have established high
concordance rates for unipolar depression. These studies indicate that if one
monozygotic twin is affected, the other has a 60 to 80% lifetime chance of develop-
ing the disorder. In contrast, if one dizygotic twin has major depression, the other
has only an 8% chance of being affected (17–19). Despite evidence for the herita-
bility of depression, few genes have been convincingly identified in genetic asso-
ciation studies. For example, a polymorphism in the human serotonin transporter
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gene has been linked to unipolar depression (20). In other studies, linkage analysis
identified a region on chromosome 2 that exhibited significant evidence of linkage
to mood disorders among women, but not men (21). Cyclic AMP response element
binding protein 1 (CREB1) lies within this region and sequence variation in its
promoter and intron eight have been detected that cosegregate with unipolar
depression and mood disorders in women (22). As depression affects women twice
as often as men, these data would seem to implicate CREB as a gender-specific
susceptibility gene for unipolar depression. Part of the difficulty in identifying spe-
cific genes for unipolar depression is likely the result of the complex nature of this
disease, which results from multiple and overlapping causes.

8. ANIMAL MODELS OF DEPRESSION

Animal models are essential for identifying potential neurobiological causes for
depression and for developing improved treatments. A number of animal models of
depression have been proposed, but the most widespread ones are those that screen
for new antidepressant treatments. Their utility rests on their ability to predict which
treatments will be efficacious or have low side-effect liability in humans. Another
approach is to reproduce in laboratory animals particular symptoms of depression.
Such models, which have face validity, are used to study the biological mecha-
nisms underlying specific symptoms. The ideal model would reproduce etiological
factors that cause depression resulting in a full range of symptoms. Such a model is
said to have construct validity. Unfortunately, no such model for depression has
been identified, because the core etiological factors that cause the illness are
unknown and are likely to involve a mixture of environmental and genetic influ-
ences. The most commonly used predictive animal models of depression are
discussed here.

8.1. Forced Swim and Tail Suspension Tests

The forced swim test, also known as the Porsolt test, is the most widely used
animal model in depression research. It is not a true model of depression; rather it is
used more as a screen for antidepressant treatments. It is based on a behavioral trait
that has been shown to be sensitive to changes in affective state. The test involves
placing a rat or mouse in a tank filled with water, and measuring the amount of time
the animal is immobile when it stops struggling. Acute treatment or short-term treat-
ment with most antidepressants increases the latency to immobility and decreases
the amount of immobility time, and in most cases this occurs at drug doses that do
not increase locomotor activity on their own. The interpretation is that antidepres-
sants reinstate active coping mechanisms and decrease the passive immobility
evoked by stress. Although false-positives in the test include drugs that are stimu-
lants (and hence decrease immobility) rather than antidepressants, such false-posi-
tives can be detected with an additional locomotor activity test. A modified version
of the test in rats measures other behaviors in the tank that enables more specific
identification of antidepressants. For example, NE reuptake blockers increase
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climbing behavior, whereas selective serotonin reuptake blockers increase
swimming.

A variant of the forced swim test used with mice is the tail suspension test. Here,
mice are suspended by their tails and time until they become immobile is measured
and acute administration of most antidepressants decreases immobility. A major
advantage of the tail suspension test or forced swim test is that they are relatively
easy to perform and amenable to high throughput. Most antidepressants decrease
immobility after acute or short-term treatment making these tests good screens for
novel antidepressant compounds. However, a problem for the validity of these tests
is that antidepressant drugs must be administered for several weeks to achieve a
maximal clinical effect in humans.

8.2. Chronic Stress-Induced Depression Models

Several tests based on exposure of animals to uncontrollable stress, have been
utilized in rats. In the learned helplessness paradigm, animals that are first exposed
to inescapable shock subsequently fail to escape from a situation in which escape is
possible. The attraction of the learned helplessness model is that it is based on a
plausible theory of depression that links exposure to uncontrollable stress to the
cognitive, affective, and motoric deficits observed in major depression. Remark-
ably, animals that have developed learned helplessness show several changes that
are reminiscent of depression, such as alterations in rapid eye movement sleep,
reduced body weight, diminished sexual behavior, and altered secretion of stress
hormones. Repeated treatment with antidepressants reduces the latency to escape
and decreases the number of animals that display the learned helplessness behav-
ior. However, because the exposure to stressors is extreme, it is unclear whether the
learned helplessness model might be more appropriate for PTSD.

In the chronic mild stress paradigm, rodents are exposed to a variety of rela-
tively mild stresses (e.g., isolation housing, disruption of light–dark cycles, brief
food or water deprivation, tilting of home cages) intermittently for relatively pro-
longed periods of time (e.g., several weeks). The advantage of these tests is their
face and construct validity, because they involve chronic exposure of rodents to
more naturalistic stressors. Chronic mildly stressed animals also exhibit another
core symptom of depression, anhedonia, as inferred from a reduction in sucrose
drinking. This model is not as widely employed, however, as it is extremely diffi-
cult to replicate these abnormalities, and the palliative effects of antidepressants
are difficult to demonstrate.

8.3. Selective Breeding

Selective breeding has been used to generate animals with larger differences in
depression-like phenotypes. This approach is based on the realization that most
rodent models of depression involve the use of normal, healthy individuals, whereas
depression in most humans requires a genetic vulnerability that interacts in an
exaggerated manner with environmental provocation. Rats and mice have been
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selectively breed for high or low levels of swimming activity in the forced swim
test. Breeds with inherently low swimming activity show increased activity after
antidepressant administration. Furthermore, continued breeding paradigms have led
to the identification of quantitative trait loci or gene regions that are associated with
differential performance. Such selectively breed animals may be valuable research
tools for identifying homologous genetic components that underlie depression in
humans.

9. ANTIDEPRESSANT TREATMENTS

9.1. Pharmacotherapies
Antidepressant drugs are the most common treatment for clinical depression,

and they relieve symptoms in approx 60% of those who use them as prescribed
(23). Until the 1980s, tricyclic antidepressants (TCAs), which are named for their
chemical structure, were the primary drug treatment for major depression. TCAs,
including clomipramine and imipramine, act to increase NE and/or serotonin levels
by blocking their reuptake through synaptic transporters. However, most of the
early TCAs, like desipramine, function primarily as selective inhibitors of NE
reuptake. Although effective in alleviating depressive episodes, treatment with
TCAs is associated with significant toxicity and side effects owing to the high
affinity these compounds have for adrenergic a1 receptors, histamine H1 receptors,
and muscarinic receptors.

The second class of antidepressants developed has no structural similarities to
the TCAs, but they also act at monoamine reuptake sites and are highly selective
blockers of the serotonin transporter. These selective serotonin reuptake inhibitors
(SSRIs) include escitalopram, citalopram, fluoxetine, paroxetine, and sertraline.
These drugs act to increase 5-HT levels but they have low affinity for neurotrans-
mitter G protein-coupled receptors. Additionally, metabolites of some of the anti-
depressants bind directly to serotonin receptors, which may contribute to their
therapeutic effectiveness. For instance, trazodone has an active metabolite (meta-
chlorophenylpeperazine [mCPP]), which is a serotonin receptor ligand. On the other
hand, some metabolites can be problematic, particularly when switching patients
from one antidepressant drug class to another. For example, norfluoxetine is an
active metabolite of fluoxetine, which has an exceptionally long half-life of 4 to
16 days. Hence, the presence of this metabolite must be carefully monitored to avoid
a “serotonin syndrome” when switching from fluoxetine to another antidepressant
medication. Serotonin syndrome results from an overactivation of central 5-HT
receptors and may manifest with features such as abdominal pain, diarrhea, sweat-
ing, fever, tachycardia increased blood pressure, and an altered mental state (24).

Monoamine oxidase inhibitors (MAOIs) are a third class of effective antidepres-
sants. These drugs have a different mechanism of action from both TCAs and SSRIs
in that they bind irreversibly to the active site of MAO, which is an enzyme respon-
sible for the degradation of both NE and serotonin. Although most MAOIs are not
used because of toxicity, three are still prescribed: phenelzine, tranylcypromine,
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and isocarboxazid. These drugs are often effective in those depressed patients that
do not respond to the other classic pharmacotherapies mentioned above. Addition-
ally, MAOIs are especially effective in treating atypical depression, which is
depression with a greater expression of anxiety or agitation. One disadvantage of
MAOIs is the need for dietary restrictions, in order to prevent a hypertensive crisis.
However, recently developed reversible MAOIs, such as moclobemide, can be
especially advantageous for patients because of a more favorable side-effect profile
and the rapid elimination of effects after the drug is discontinued (25).

More recent classifications are based on acute pharmacological effects of anti-
depressant drugs and their affinities for serotonin and NE transporters (26–28) (Fig. 1).
New classes include selective norepinephrine reuptake inhibitors (NRIs), such as
reboxetine and desipramine, and dual-action serotonin–norepinephrine reuptake
inhibitors (SNRIs), such as venlafaxine and duloxetine. In a recent review of sev-
eral clinical trials, the rates of response with SSRIs and NRIs were not significantly
different, that is, 61.4 and 59.5%, respectively (23). Although equally effective
during the treatment phase, combining a SSRI with a NRI produces a greater pro-
tection from relapse (29).

Although preclinical studies confirm that SSRIs increase extracellular levels of
5-HT, the maximal effects caused by the acute systemic administration of SSRIs
are restricted to only a two- to fourfold increase (30). This minimal level of increase
is the result of a restraining effect exerted by the activation of 5-HT autoreceptors
that inhibit neurotransmitter synthesis and release. Pharmacological blockade or
genetic disruption of inhibitory somatodendritic 5-HT1A and terminal 5-HT1B

autoreceptors, for example, augments the magnitude of 5-HT increase produced by
acute administration of fluoxetine or paroxetine (31).

Although all classes of antidepressants demonstrate varying degrees of clinical
efficacy, the majority of patients do not respond to therapy for 2 to 4 weeks after the
initiation of treatment. Chronic administration of SSRIs cause diminished respon-
siveness of 5-HT autoreceptors: somatodendritic 5-HT1A receptors or 5-HT1B

autoreceptors located at nerve terminals (32). Additionally, chronic administration
of SSRIs causes a downregulation of serotonin transporters and a prolongation of
5-HT clearance in the CA3 region of the hippocampus (33). These changes follow-

Fig. 1. Range of selectivity of some antidepressant drugs for inhibition of 5-HT and NE
reuptake. Drugs such as desipramine and maprotiline have a greater selectivity for NE
reuptake compared to drugs such as paroxetine and citalopram, which have a greater selec-
tivity for 5-HT reuptake (26,28).
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ing chronic administration would help to further enhance 5-HT neurotransmission,
which is important, because a persistently elevated synaptic level of 5-HT is
required for the maintenance of antidepressant effects (34).

9.2. Natural Product Treatments
Hypericum perforatum, commonly called St. Johns Wort, is used extensively in

Europe to treat mild to moderate depression. Despite its widespread use, recent
randomized, double-blind, placebo-controlled clinical studies indicate no signifi-
cant antidepressant effect (35).

9.3. Electroconvulsive Therapy
Electroconvulsive therapy (ECT) has been used as a treatment for mental disor-

ders for the last half of the century. Although ECT can be highly effective for
patients with severe depression, concerns regarding its safety and efficacy are
prevalent. Briefly, the procedure involves pretreatment with a short-duration anes-
thetic, followed by medications to relax the muscles. Electrodes are placed on the
patient’s scalp and a current is passed through them, producing a seizure lasting
30 to 45 seconds. Generally, ECT treatments are applied two to three times a week.
Following complete recovery or no further improvement, maintenance ECT is given
periodically or antidepressant medication is administered, in order to prevent
relapse. The most common side effects of ECT include headache and transient
memory disturbances, which are dependent to some extent on details of the treat-
ment (electrode placement, current, frequency) and patient status (age, history of
brain injury, or brain disease). In a recent review of the literature, ECT was found
to be significantly more effective than pharmacotherapy, as a short-term treatment
for depression (36).

9.4. Transcranial Magnetic Stimulation
Transcranial magnetic stimulation (TMS) is a noninvasive treatment that directly

stimulates cortical neurons through electromagnetic induction. The procedure
involves the discharge of a large current (up to 5000 amps) through a copper-wire
coil. When the coil is held up to the head of a subject, the magnetic field produced
penetrates the scalp and skull and induces a small current in the brain parallel to the
plane of the coil. Once sufficient current has penetrated the brain (several mA/cm2),
depolarization of neuronal membranes occurs and action potentials can be gener-
ated (37). TMS is becoming increasingly popular for a number of applications as a
result of its ease of use and relatively few side effects. Although TMS is certainly
less established than pharmacotherapy or ECT, some evidence for its effectiveness
as an antidepressant has accumulated. Both low- and high-frequency TMS results
in antidepressant effects greater than those of placebo.

9.5. Exercise
Strong correlations in animal and human studies have emerged suggesting an

important role for exercise in mediating the therapeutic benefits of antidepressant
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treatment. In animal models, long-term physical activity has been shown to
increase the expression of brain-derived neurotrophic factor (BDNF) and induce
neurogenesis. The effects of exercise combined with antidepressant drugs are addi-
tive (38). The therapeutic benefit of exercise also has been demonstrated in patients
with major depression, with exercise alone eliciting similar changes in the Hamilton
Rating Scale for Depression as sertraline therapy, or a combination of exercise and
sertraline (39). In a recent pilot study, patients who exercised at least 30 minutes a
day for most days significantly decreased symptoms of depression in people already
taking SSRIs or venlafaxine (40). Although neurogenesis cannot be identified as a
causal factor in these clinical studies, the evidence from animal studies suggests
that the effects of exercise and antidepressant drugs can converge at the cellular
level to potentially improve depression treatment.

10. MOLECULAR MEDIATORS
OF ANTIDEPRESSANT ACTIVITY

The need for chronic treatment with antidepressant drugs has led to research
efforts aimed at understanding the long-term molecular mechanisms that underlie
depression and antidepressant treatments. The regulation of key signaling path-
ways downstream of the serotonin and norepinephrine receptors involved in gene
transcription, as well as changes in cell proliferation and survival, have become a
primary focus in depression research. Evidence associating depression, stress, and
antidepressant action suggest that depression may result from an impairment of
neuronal adaptations and/or disruption of neuronal plasticity. Antidepressant treat-
ments are hypothesized to reverse dysfunctional neuronal adaptations that can occur
in response to stress, which then contribute to depression. These neuronal adapta-
tions, including neuronal activity, gene expression, and cell survival are under the
control of intracellular signaling cascades. Long-term adaptations in these intracel-
lular signal transduction cascades may underlie the efficacy of chronic antidepres-
sant treatment (Fig. 2). Among the second messenger cascades that mediate the
effects of antidepressant treatments is the cAMP pathway, which can be regulated
by both serotonin and norepinephrine. Regulation of G proteins by antidepressants
has been shown both at the level of enhanced coupling of Gsa to adenylyl cyclase
and as increased adenylyl cyclase activity. cAMP elevation results in the activation
of cAMP-dependent protein kinase (PKA) and PKA activity is reported to increase
following chronic antidepressant administration (41). Among the many substrates
of PKA in the brain, is the family of cAMP-sensitive transcription factors, consist-
ing of CREB (cAMP response element binding protein), and CREM (cAMP
response element modulator protein). These proteins are related by their ability to
bind a cAMP response element (CRE), which are present in the regulatory regions
of most cAMP-responsive genes. CREB has been shown to be regulated by chronic,
but not acute antidepressant treatment. Chronic administration of the selective
serotonin reuptake inhibitor fluoxetine increases phosphorylated CREB levels in
the mouse in several brain regions, including the amygdala, cortex, dentate gyrus,
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and hypothalamus, although desipramine increases CREB phosphorylation only in
the dentate gyrus (42).

CREB is hypothesized to regulate the expression of BDNF, which is a peptide
that is involved in neuronal plasticity and differentiation and that more recently has
been implicated as a mediator of antidepressant action (43). BDNF infusion into
the midbrain of rats induces antidepressant-like behaviors in both the learned help-
lessness paradigm and the forced swimming test (44). Furthermore, postmortem
studies indicate increased levels of BDNF expression in the dentate gyrus, hilus
and supragranular regions in depressed patients treated with antidepressant medi-
cations as compared with untreated subjects (45).

Clinical and preclinical studies have focused on the interactions between stress
and depression and their effects on the hippocampus (46). Hippocampal volume is
reduced in patients with stress-related psychiatric illnesses, such as clinical depres-
sion and PTSD. In animal models, physiological and psychosocial stress also
induces hippocampal atrophy and cell loss.

The hippocampus is a unique brain region that supports the production of new
neurons throughout life (47). The birth of new neurons, or neurogenesis, is a
dynamic process regulated by environmental, endocrine, and pharmacological
stimuli. For example, stress suppresses hippocampal granule cell formation in mam-
mals, and both acute and chronic stress paradigms decrease cell proliferation (48).
Together, these data suggest that the stress-induced hippocampal atrophy and con-

Fig. 2. Overview of the molecular mechanisms associated with antidepressant treatments.
Current therapies lead to increases in synaptic 5-HT or NE, which activate postsynaptic
receptors that then alter levels of intracellular cAMP or Ca++. Antidepressant drugs have
been shown to increase levels of CREB, BDNF, promote neurogenesis, and alter behaviors
in animal models that predict antidepressant efficacy in humans.
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comitant reduction of hippocampal neurogenesis may be associated with the loss of
hippocampal volume observed in depressed patients.

Recent studies have explored the potential for antidepressants to attenuate or
even reverse the effects of stress on hippocampal cell proliferation. BDNF pro-
motes neuronal differentiation and survival throughout development and into adult-
hood. Stress can downregulate BDNF expression in the hippocampus and this effect
can be reversed by chronic antidepressant administration. Because the regulation of
BDNF is hypothesized to mediate alterations in hippocampal neurogenesis (49)
and chronic antidepressant treatment increases neurogenesis in the hippocampus
(50), antidepressants are hypothesized to oppose the dystrophic effects of stress
through a BDNF-dependent mechanism.

GLOSSARY OF MEDICAL TERMINOLOGY

Anhedonia: The lack of enjoyment or interest in activities that were once pleasurable.
Construct validity: A criterion for evaluating animal models that examines whether animal

models measure factors that could contribute to the etiology of a disease in humans.
Dysthymic depression: A neuropsychiatric illness similar to major depression, often with

an onset beginning at an early age. The illness is often less severe than unipolar
depression involving symptoms that do not disable, but are pervasive and keep indi-
viduals from functioning well or feeling good.

Face validity: A criterion for evaluating animal models that assesses whether responses
measured in animals are similar to symptoms exhibited by patients.

Serotonin syndrome: An overactivation of central serotonin receptors resulting in abdomi-
nal pain, diarrhea, sweating, fever, tachycardia, hypertenison, and altered mood state.
Risk of serotonin syndrome is increased when SSRIs are administered temporally with
a second serotonin-enhancing agent (MAOI).

Unipolar depression: A neuropsychiatric illness manifested by a combination of symp-
toms that interfere with the ability to work, study, sleep, eat, and enjoy once pleasur-
able activities.
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Summary
The 19th-century concept of manic-depressive illness was separated into the distinct

syndromes of bipolar disorder (BPD) and recurrent major depression in the mid-20th cen-
tury. BPD is an episodic illness characterized by acute depressive, manic, or mixed states of
variable frequency, duration and severity, and often with psychotic features, with intervals
of full or partial recovery. Modern diagnostic systems recognize three forms: bipolar I
(mania and usually also depression), bipolar II (recurrent depression and hypomania), and
cyclothymia (moderate, continuous mood swings). BPD is associated with variable dys-
function and excess mortality, with a 20-fold increased risk of suicide. Lifetime prevalence
of type I BPD is approx 1.2%, but including type II, cyclothymia, juvenile variants, and
proposed “bipolar spectrum” disorders yields total rates at least 5%. Heritability of risk for
BPD is supported by family, twin, and some adoption studies, but specific genetic factors
are not firmly identified. Biological investigations in BPD have documented disturbed bio-
rhythms; knowledge of actions of mood-altering medicines has encouraged speculation
about biochemical factors, and brain-imaging technologies are being applied intensively to
seek structural or functional differences unique to patients with BPD. However, a BPD-
specific pathophysiology has not been defined. Clinical care of patients with BPD is com-
plex and challenging. Risks are associated with under- or overtreating with mood-altering
agents. Treatment of bipolar depression remains particularly unsatisfactory. Overuse of
antidepressants can induce mixed states, mania, or rapid-cycling, and the adverse sedative,
neurological, and metabolic effects of some antipsychotic agents and anticonvulsants can
be intolerable. Modern therapeutic management is based on long-term efforts to stabilize
mood, optimize functioning and quality of life, and reduce risks of premature mortality with
combinations of mood-stabilizing medicines and supportive psychosocial care.

Key Words: Anticonvulsants; antidepressants; antipsychotics; bipolar disorder; depres-
sion; disability; lithium; mania; manic-depressive illness; mortality; psychoeducation; psy-
chosis; suicide.
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1. INTRODUCTION

Bipolar disorder (BPD) or as it was called earlier, manic-depressive illness, is
characterized by an episodic course of major changes in mood, thinking, and
behavior of variable severity. Phases of the disorder range from depression, through
dysphoric-agitated, mixed states of simultaneous depression and mania, to hypo-
mania or mania, often with psychotic features (1). Three forms of the disorder are
now recognized (2): bipolar I disorder with mania, and usually severe depression,
bipolar II disorder with severe recurrent depression and hypomania, and cyclo-
thymia with relatively moderate and more continuous mood swings. Introduction
of modern psychopharmacological treatments since the 1950s has markedly
improved short-term clinical care of acute mania and bipolar depression, and
supportive and psychosocial treatments and long-term prophylactic treatment have
substantially limited long-term morbidity in BPD (1,2).

Even with sustained treatment, intervals between acute episodes of BPD may
still be characterized by at least mild and fluctuating symptoms and varying levels
of dysfunction; prolonged and full recovery (euthymia) may not occur in some cases
(1,3,4). The prominent and difficult-to-treat depressive component of the illness
appears to limit or slow treatment response, and contributes importantly to disabil-
ity and premature mortality. Early deaths occur not only with extraordinarily high
rates of suicide, but also from excess mortality associated with cardiovascular, pul-
monary, endocrine, and other medical disorders, many of which are probably wors-
ened by the stress associated with BPD illness (1,5,6). Anxiety and dysphoric mood
may worsen the course and prognosis and are also likely to contribute to high rates
of comorbid abuse of alcohol and other substances by patients with BPD, with
additional contributions to mortality owing to intoxication, accidents, and medical
complications (1).

2. HISTORICAL BACKGROUND

Ancient physicians (Hippocrates 5th century BC) were familiar with states of
depression (melancholia) and agitated exaltation (mania) and some also recognized
their occurrence in the same persons at different times (Aretæus of Cappadocia,
second century AD) (7). However, the modern concept of BPD did not evolve until
the 19th and 20th centuries. Emil Kraepelin (1856–1926) distinguished “manic-
depressive insanity” as a group of episodic mood disorders with a relatively benign
prognosis from more chronic and primarily psychotic disorders, which he labeled
dementia præcox, later termed schizophrenia. Clear separation of bipolar mood
disorders from unipolar major depression did not occur until the mid-20th century.
Broad international acceptance of lithium and chlorpromazine as innovative treat-
ments for mania, effective medical treatments for major depression, and later use of
lithium to prevent recurrences of mania and bipolar depression in the 1960s–1970s
further helped to establish BPD as a relatively treatment-responsive form of severe
mental illness (3).
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Four issues were addressed to arrive at the modern conceptualization of BPD,
and still remain under discussion: (a) distinguishing it from other forms of psy-
chotic illness; (b) including or excluding predominantly depressive disorders;
(c) clarifying the significance of mixed states, rapid-cycling, and residual symp-
toms in BPD; and (d) determining the significance of BPD in children and the eld-
erly. Current scientific controversy centers around widening the BPD concept to a
spectrum of bipolarity, to include a growing proportion of cases of depression with
mild or brief forms of hypomania, recognizing pediatric and geriatric forms of BPD,
shifting diagnosis toward BPD from some personality disorders, and generally
increasing recognition of bipolarity in a growing proportion of the general
population.

3. EPIDEMIOLOGY

3.1. Incidence, Prevalence, and Onset

Owing to the preceding definitional uncertainties and to ascertainment prob-
lems, the epidemiology in BPD is in flux, and reported rates remain tentative. Cur-
rently estimated international incidence of type I BPD is about 0.02% per year,
with 1.2% lifetime prevalence (1,8). These rates are at least twice higher with type
II BPD cases included, and may be 5% or more of the general population if
cyclothymia and other proposed “bipolar spectrum” disorders are added (8,9). These
higher rates than former estimates may reflect a real trend toward rising incidence
of major affective illness in Western countries over the past century or simply reflect
wider recognition of mood disorders. Unlike major depression, which is much more
prevalent among women than men, the lifetime risk of BPD is probably only mod-
erately greater in women who do have higher rates of type II BPD, somewhat more
depression than mania, and more rapid-cycling (10). Given that many BPD patients,
especially type I, have psychotic features during acute episodes of mania, and some-
times in depression, BPD, and psychotic forms of major depression probably repre-
sent the most prevalent forms of idiopathic psychotic illness (8). Salient findings in
the epidemiology of BPD are summarized in Table 1.

The reported median age at onset of symptoms of BPD is about 20 years (1,11).
Many adults with BPD have had psychiatric symptoms before age 20, although it is
unclear whether BPD or precursor states can be diagnosed reliably in juveniles, and
particularly in young children (11). Behavioral and mood changes in childhood are
often considered to represent attentional, conduct, anxiety, or depressive disorders,
and the diagnosis of BPD is often delayed until a more familiar, adult-like, symp-
tomatic picture evolves, or until mania is induced by treatment with an antidepres-
sant or stimulant for another presumed disorder. Prevalence of mania before
adulthood has been reported to be as high as 1% in the United States, whereas in the
United Kingdom childhood mania is very rarely diagnosed (1,9,11,12), indicating
that the diagnosis of BPD in juveniles remains to be clarified.
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Table 1
Epidemiology of Bipolar Disorder

Annual incidence
Bipolar I 0.02%

Lifetime prevalence
Bipolar I   1.2%
Bipolar II    ~2%
Cyclothymia    ~2%
Juvenile    £1%
Bipolar spectrum    ~5%

Female/male risk ratio
Bipolar I    ~1.3
Bipolar II    ‡1.5

Rapid cycling
Women 15–25%
Men 10–15%

Median onset age (years) 20 (with skewing toward 30–50)
Recurrence risk

Recurrences after first mania ~90%
More than 10 lifetime recurrences 10–15%
Recurrence rate, untreated ~1 per year
Recurrence rate, treated ~1/1–2 years (briefer, milder)

Risk or concordance rates
First-degree relatives 10–20%
Dizygotic twin 20%
Monozygotic twin 40–70%

Episode duration (untreated vs treated)
Mania 4–12 vs 2–4 months
Mixed similar to mania
Depressive 6–9 vs 2–4 months

Morbidity (% of time with modern treatment)
Mania/hypomania   5–15%
Depression/dysthymia 25–35%
Major dysfunction 30–40%
Psychiatric comorbidity 10–30%

(panic, obsessive-compulsive disorder)
Substance use comorbidity 30–60%

Suicide
Among causes of death 6–18%
Annual suicide rate    0.3%
Annual attempt rate ~1.5%
Attempt/suicide ratio ~5 (15–20 in general population)
Lifetime attempt risk 20–40%

208
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3.2. Mortality

Mortality rates are greatly elevated with BPD. They are at least three times higher
than in other patients with general medical disorders, and BPD patients experience
increased mortality from accidents associated with intoxication, dangerous driving,
and other risk-taking behaviors, as well as medical complications of highly preva-
lent, comorbid substance use disorders (5,6). However, by far, the greatest increase
of mortal risk results from suicide, rates of which are higher than in other psychiat-
ric disorders, including major depression, particularly when milder cases of depres-
sion that do not involve psychiatric hospitalization are considered (Table 1).

Estimated rates of completed suicide in patients with BPD average about 0.3%
per year, untreated, or more than 20 times above those in the general population
(approx 0.015% per year). Suicide accounts for 6 to 18% of causes of death among
BPD patients, and this disorder is associated with more than half of all suicides
(1,5). Suicide attempts occur in 20 to 40% of patients with BPD (1,5). Moreover,
their potential lethality of intent or means appears to be much greater than in the
general population because the ratio of attempts/suicides is only about 5 to 1 among
patients with BPD, compared to estimates of 15 or 20 to 1 in the general population (5).

The depressive phase of a BPD carries the highest suicide risk and accounts for
about 75% of all attempts and fatalities in the disorder; most of the remaining risk
is accounted for by mixed states of dysphoric agitation (5). Other specific risk fac-
tors include previous attempts, frequent and severe previous bipolar depressive
episodes, early onset of illness and older current age, a family history of suicidal
behavior, and co-occurring substance abuse (5). Women as well as men with BPD
are at high risk for suicide, whereas the risk is much higher for men in the general
population (1). Suicidal risk arises early in the illness, often before BPD is diag-
nosed, and typically long before adequate long-term treatment is established.

4. BIOLOGY

4.1. Genetics

Genetic factors in the transmission of BPD are supported by family, twin, and
some adoption studies (9,13). Risks of BPD itself, or of depression, psychosis or
suicide in first-degree relatives of index cases of BPD have ranged from 10% to as
high as 60%, but typically are 10 to 20%. Rates in dizygotic (DZ) twins (like other
siblings) also have been in the range of 10 to 20%, compared to 40 to 70% in
monozygotic (MZ; identical) twins, to provide MZ/DZ concordance ratios of 3 or 4
to 1 that further support a genetic transmission hypothesis (13). Rare adoption stud-
ies in BPD have found more affective illness and suicides, but not necessarily more
BPD, in biological relatives than in adopting families (13). In addition to contribut-
ing to risk of BPD, genetic factors are also strongly implicated in suicidal behavior,
possibly independent of mood disorders per se (14).

Attempts to define molecular genetic linkages to BPD or to associate specific
candidate genes (such as those for enzymes, transporter proteins, or receptors
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essential to the cerebral metabolism of monoamine neurotransmitters) with the dis-
order have not yet led to consistently replicated findings. Neither a specific mode
of inheritance nor a discrete genetic marker for BPD has yet to be firmly identified
(15). Even within the same pedigrees, linkage may occur on different chromosomes
(16,17). Such findings are consistent with the emerging view of that BPD, particu-
larly when broadly diagnosed, is a complex condition involving multifactorial
inherited risk factors with interactions among genetic factors and their modified
expression by environmental influences.

4.2. Neurochemistry
Biochemical or metabolic abnormalities associated with BPD, specifically, and

likely to have a pathophysiological or etiological role remain to be elucidated. Based
on current neuroscientific understanding of characteristic emotional and autonomic
manifestations of BPD, brain regions and mechanisms of obvious interest for a
pathophysiology of the disorder include limbic, striatal, and frontal cerebral corti-
cal neuronal circuits and their neurotransmitter and receptor-effector mechanisms.
Indeed, the interacting cerebral catecholaminergic, serotonergic, and cholinergic
systems of limbic forebrain have been studied for four decades in search of candi-
date abnormalities. These systems are strongly implicated in functions that are char-
acteristically disturbed in BPD patients (motility and sleep–wake rhythms, sexual
activity, appetite, emotions, and systemic responses of stress-hormone systems,
including corticosteroids). Some of these biological manifestations of BPD
(endophenotypes), such as altered circadian rhythms, may be more tractable targets
for genetic studies than the range of clinical conditions currently diagnosed as BPD
(18). Interest in the biology of these systems also has been given strong indirect
encouragement by partial knowledge of the action mechanisms of antimanic, anti-
depressant, and mood-stabilizing drugs that are clinically effective in managing
symptoms of BPD, as a route to pathophysiology (3,19). Pharmacocentric specula-
tions arising in this process include proposals that mania may involve excessive
dopaminergic functioning because most antipsychotic-antimanic agents block
dopamine (DA) receptors and lithium can inhibit release of DA from nerve termi-
nals, and that bipolar depression may reflect a functional deficiency of norepineph-
rine or serotonin because most effective antidepressants enhance these functions (3).

Indeed, changes in the metabolism of monoamines based on assays of body
fluids, are found, and are often qualitatively opposite, in bipolar depression and
mania, whereas stress-hormone responses occur in both states (19,20). Many of
these findings are likely to represent coincidental molecular manifestations of pro-
found excitement and overactivity in mania or of being psychomotorically, and
probably metabolically, inhibited in bipolar depressive states, or to represent non-
specific stress responses (19). Moreover, many molecular measurements pertain-
ing to neurotransmitters or neurohormones are nonspecific by diagnosis. In short,
none of these pharmacocentric hypotheses has led to a compelling pathophysiologi-
cal theory that is specific to BPD. This circumstance is hardly surprising because
most psychotropic drugs are not specific to particular diagnoses, and moreover,
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because actions of drugs are typically remote from pathophysiological or etiologi-
cal factors in most disorders (3,19).

A recent trend in this kind of research is to focus on the molecular and cellular
physiology of neurotransmitter and neurohormone systems for additional leads,
if not to pathophysiology, at least to innovative targets for development of novel
treatments for BPD patients (21,22). This strategy has proved quite successful in
defining apparently shared mechanisms of action of dissimilar antimanic or mood-
stabilizing agents, particularly lithium and valproic acid, with a greatly expanded
understanding of the actions of these agents. Such insights include evidence that
lithium, and often valproate as well, can alter the functioning of a growing number of
critical and ubiquitous intercellular signaling pathways. These include: (a) changes in
the GTP-associated (G) proteins that regulate receptor functions; (b) decreasing the
activity of protein kinase C (PKC) and reducing levels of second messengers diacyl
glycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) in pathways that mediate the
functions of receptors for neurotransmitters and neurohormones; (c) decreasing the
abundance of myrisoylated, alanine-rich C-kinase substrate (MARCKS), the major
protein substrate for PKC; (d) activating ras-mitogen-activated protein (MAP)
kinase signaling processes; (e) increasing the abundance of the cyclic-AMP (3',5'-
cyclic-adenosine-monophosphate) response element binding protein (CREB) and
cell-protective factors such as the antiapoptotic oncoprotein bcl-2 and brain-derived
neurotrophic factor (BDNF); (f) inhibiting glycogen synthase kinase-3 (CSK-3);
and (g) promoting the accumulation of b-catenin, which has anti-apoptotic, cell-
sparing, effects.

In addition to stimulating searches for novel mood-stabilizing agents (21,22),
such findings have renewed exploration of biological differences of BPD
patients and their responses to mood-stabilizing treatments. Interesting findings
include: (a) suggestive evidence for altered distribution of calcium and other
cations in cells, (b) possibly increased expression of Gas proteins, (c) subtle
changes in PKC, and (d) emerging evidence for possible neuroprotective effects of
long-term treatment with lithium and perhaps also valproate.

Finally, some of the findings arising from the preceding molecular neuro-
pharmacodynamics of mood-stabilizing agents might lead to plausible laboratory
models that may predict novel treatments. To date, however, efforts to model the
cyclic nature of BPD in the behavioral responses of animals subjected to various
drug treatments or brain lesioning or stimulation have not proved useful in provid-
ing correlations or predictions of clinically effective treatments.

4.3. Biological Rhythms

The episodic or cyclic nature of BPD and the tendency to shift from manic-
excited to depressive-withdrawn states of mood and behavior have encouraged
interest in physiological rhythms. Many cases of BPD, and especially type II, show
seasonal mood shifts, sometimes with striking regularity. Typically such seasonal
affective disorders involve fall-winter depression and spring-summer mania, but in
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some patients, the opposite pattern is found. The tendency toward major shifts in
mood, energy, and behavior approximately every 6 months is considered a
hemicircannual rhythm, and may be a fundamental feature of the psychobiology of
BPD (23).

Additionally, shorter biological rhythms may be altered in BPD patients. Daily
or circadian rhythms of motor activity, temperature, and cortisol secretion tend to
show a peak (acrophase) earlier in the day (phase-advanced) in patients with BPD
(24). Alterations in shorter (ultradian) rhythms include earlier onset of rapid eye-
movement (REM) sleep associated with dreaming in both depression and mania
(24). Some of these changes are illness-related and tend to normalize during periods
of relative euthymia (so-called “state” rather than “trait” indicators), and their speci-
ficity to BPD or indication of a primary central pathophysiology is far from clear.

4.4. Brain Imaging
Modern computed brain-imaging technologies, including structural, functional,

and chemical magnetic resonance imaging (MRI), positron emission tomography
(PET), and single-photon emission computed tomography (SPECT) are being
applied intensively to compare patients with BPD and other human subjects. Struc-
tural changes include increases in the volume of the fluid-filled cerebral ventricles,
minor changes in estimated volume or relative abundance of gray and white matter
in specific brain regions, and functional characteristics include changes in local
cerebral blood flow or glucose utilization rates. Some changes appear to correlate
with specific neuropsychological defects in patients with BPD; others are diagnos-
tically nonspecific, inconsistent, or poorly replicated (25). Neurochemical studies
based on magnetic resonance spectroscopy (MRS) suggest altered cerebral levels
of an important neuronal metabolite, N-acetyl-aspartate, and of membrane phos-
pholipids in specific forebrain regions (25).

5. CLINICAL FEATURES

5.1. Acute Illness
Clinical features of BPD are summarized in Table 2.

5.1.1. Mania
Episodes of mania are the hallmark of bipolar I disorder (1,2). They are charac-

terized by profound changes in emotions, cognition, and motor activity. Typically,
mood is elevated or irritable, but highly characteristic of severe mania are rapid
shifts in mood (lability) from extreme excitement and grandiosity, through irrita-
bility or anger, to profound dejection or tearfulness, that may suggest a mixed
manic-depressive state. Activity can be markedly increased and, untreated, may
lead to exhaustion. The need for sleep is decreased, and sex drive increased. Speech
is rapid and pressured and the content of thinking usually is marked by excessive
and unrealistic optimism, grandiose expansiveness, and may turn to excited but
dysphoric and paranoid preoccupations. Cognitive disturbances include rapid, over-
productive thinking, with rapid shifts in topics that can be hard to follow (“flight-



Bipolar Disorder 213

of-ideas”) or appear only semi-logical (with “clang associations”), and a tendency
to easy distractibility. The patient is poorly able to modulate speech, behavior, or
interactions with others, with a low tolerance to frustration, and irritability or anger,
particularly if facing opposition or restricted freedom.

Severe acute mania can include prominent, and diagnostically nonspecific, psy-
chotic features that can include grandiose, religious, persecutory-paranoid, or
sexual delusions, and even hallucinations. Behavior can be extremely disinhibited,
intrusive, impulsive, or reckless, and sometimes dangerously aggressive. Risk-tak-
ing is common, and may include impulsive and unrealistic plans or business initia-
tives, reckless driving, excessive spending, imprudent sexual activity, and substance
abuse. Judgment and self-appraisal are severely impaired, so that manic patients
often require protective interventions.

Table 2
Typical Symptoms of Manic and Depressive Episodes

Mania Depression

Mood Elevated, intolerant, Depressed, anhedonic,
easily irritable “dead” or exquisite suffering,

anxiety

Drive Hyperactive Decreased, lack of interest

Thinking
Form Pressured speech, Slowed, often quiet,

overtalkativeness, impaired attention and memory
associative thinking,
clang associations
Flight-of-ideas

Content Ideas of power and grandiosity Ideas of guilt, illness,
(sometimes delusional) financial distress, nihilism

(sometimes delusional)

Perception Hallucinations when severe Hallucinations uncommon

Sleep Decreased need (not tired) Early or slow awakening,
hypersomnia

Sexuality Increased interest or activity Decreased libido, lack of arousal

Appetite Lack of interest Variable: anorexia with weight loss
or overeating
with carbohydrate craving

Vigor Inexhaustible to latter collapse Somatic complaints
(aches, gastrointestinal, fatigue)

Psychomotor activity Acceleration Retardation

Behavior Disinhibition, risk-taking, Withdrawal, decreased
spending social contacts isolation

Suicidality Rare unless mixed-dysphoric Suicidal thoughts common,
(reckless accidents) high risk of attempts and deaths



214 Tondo et al.

Hypomania can arise in both type I and II BPD (1) and usually presents with
features that are similar, but less intense than in mania and with lesser degrees of
social and occupational impairment. Hypomania typically is not recognized as
abnormal by the patient during or after an episode, and discussion with a relative or
friend may be required to verify the occurrence of such episodes. Even milder
upswings of mood and energy occur in cyclothymia, which involves more or less
continuous cycling between mild depression and mild hyperthymia or euphoria
(1,2). Sustained high energy, with elevated mood or excessive emotionality can be
considered a “hyperthymic” temperament or personality type, sometimes with strik-
ing social and occupational success and accomplishment.

5.1.2. Bipolar Depression
The depressive phase in BPD shares clinical features with major depressive dis-

order, and indeed, recurring severe forms of depression (melancholia) were origi-
nally included by Kraepelin in his broad concept of manic-depressive insanity (1,7).
Bipolar depression presents with depressed mood, sometimes characterized as emo-
tional emptiness or “deadness” rather than sadness. Nevertheless, suffering can be
extreme, with despair and suicidal ideation or behavior. Some patients may be quite
irritable or agitated, and may raise the diagnostic question of a mixed state.

Vegetative signs and symptoms include characteristic psychomotor retardation,
with a profound lack of energy, interest or pleasure, lassitude, and decreased sexual
drive. Appetite can be decreased or increased (sometimes with carbohydrate-crav-
ing) with consequent weight variations. Sleep disturbances are routine, and can
include insomnia or hypersomnia. Lethargy and anergy can be either sustained or
more profound early in the day. Thinking is slow, attention and memory impaired,
reaction times prolonged, problem solving strategies limited, and feelings of guilt,
worthlessness, self-blame, despair, hopelessness may be present. Self-esteem is low
with unrealistic, negative, and pessimistic self-assessments.

Somatic complaints such as headaches, muscular aches, gastrointestinal, respi-
ratory, cardiac, and other vegetative symptoms, may be present and even more
prominent than psychic symptoms, and may consume the patient’s attention or seem
psychotic in their exaggeration or irrational interpretation. Psychotic features may
include extreme pessimism to the level of nihilism, with gross exaggerations of
social isolation, financial failure, self-blame, and guilt. Persecutory preoccupations
and delusions may stem from the idea of receiving a just punishment. Perceptual
disturbances and hallucinations occur infrequently, with content similar to the
delusional thoughts. Bipolar depression can severely impair social, interpersonal,
and occupational functioning, as well as judgment, and can be lethal.

In addition to full episodes of major depression, depressed mood in BPD can
include a relatively high proportion of time in subsyndromal or dysthymic states,
and milder depressive phases are characteristic of cyclothymia.

5.1.3. Mixed States
Depressive and manic symptoms occurring at the same time or in rapid alterna-

tion or transition between manic and bipolar depressive states are considered a
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“mixed” manic-depressive episode (2). Classic descriptions of such complex mood
states were provided by German authors in the 1890s and may have encouraged
Kraepelin’s shift toward a more broadly inclusive manic-depressive concept. Com-
mon forms of mixed states are dysphoric mania and agitated depression (26–28).
Both states include prominent depression or dysphoric feelings along with agita-
tion, irritability, and anger, with variable inclusion of crowded or rapid thoughts.
Bipolar mixed states probably are often misdiagnosed and considered a form of
depression, with the risk of potentially dangerous worsening if standard antidepres-
sant treatment is pursued.

5.1.4. Juvenile and Geriatric Bipolar Disorder
Pediatric forms of BPD, particularly in preadolescent children, can be difficult

to diagnose because they often lack features considered typical of more familiar
adult forms of the condition (11). Pediatric BPD usually is less clearly episodic and
more rapidly or continuously cycling, with prominent dysphoric irritability and
outbursts of angry, aggressive, and potentially destructive behavior that differ from
ordinary tantrums in their intensity and duration. Psychotic features may be associ-
ated, and anxiety and insomnia are common features. BPD-like conditions in chil-
dren were described a century ago, but until recently had been largely ignored or
ascribed to other psychiatric disorders of childhood, including attentional and
behavioral disorders as well as depressive or anxiety syndromes (1,29,30).

A small proportion of cases of BPD begin in later life. Such syndromes may be
associated with early phases of degenerative brain diseases, tend to follow an
unstable or chronic course, respond relatively poorly to treatment, and often end in
early death, probably by worsening the course of commonly comorbid general
medical disorders of older ages (29,31,32).

5.2. Diagnosis
The diagnosis of adult BPD is made when one or more major depressive epi-

sodes are preceded or followed by one or more manic or hypomanic episodes (1,2).
Differential diagnoses include other mood disorders and other psychotic illnesses,
particularly acute forms of psychosis. Formerly, psychotic forms of BPD were com-
monly misdiagnosed as schizophrenia. It is important to recognize that BPD is a
syndrome and not necessarily a disease. As such, it can emerge in response to treat-
ment with certain mood-elevating agents including psychostimulants or corticos-
teroids, as well as infectious, inflammatory, metabolic, traumatic, and degenerative
brain diseases. In the pre-antibiotic era, mania as a manifestation of tertiary syphi-
lis of the brain (“general paresis of the insane”) was very common. The extent to
which specific individual proclivities or vulnerabilities are also required in such
apparently “secondary” forms of mania or BPD remains unclear (32).

Type II BPD is easily misdiagnosed as a nonbipolar form of depression. Diagno-
sis can be improved by seeking evidence from a family member or friend of hypo-
mania not recognized as such by the patient. Several depressive episodes may occur
before hypomania emerges, but late diagnoses of bipolarity are rare after three or
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more depressive episodes (1). Personality disorders with prominent emotional
instability and hyper-reactivity to minor stressors can be confused with BPD, which
instead requires discrete and sustained episodes of mania or depression.

5.3. Comorbidity
Patients with BPD often show features of, or may meet diagnostic criteria for,

other psychiatric syndromes, especially anxiety disorders such as panic with or
without agoraphobia, and obsessive-compulsive disorders (1,2,31). Many children
with possible BPD may also meet criteria for a diagnosis of attention deficit hyper-
activity disorder (ADHD), although BPD is uncommon among children with ADHD
(29) (see also Chapter 6). Co-occurrence with substance use disorders is found in
40 to 60% of patients with BPD who have been ill for several years. There are
cultural and regional differences in choices of specific substances, but alcohol and
stimulants are often encountered (1,31). Substance-use comorbidity is also a major
contributor to risk of suicide in patients with BPD (5). Among somatic disorders,
patients with BPD have an excess risk of migraine syndrome and may have an
increased risk of insulin-independent diabetes mellitus (33,34). Complex clinical
presentations of comorbidly ill patients with BPD can complicate diagnosis and
challenge the planning of comprehensive and well-tolerated treatments.

6. ILLNESS COURSE

6.1. Episode Frequency
BPD may not be easily recognized very early in its development, with an aver-

age delay of several years to appropriate diagnosis and treatment. There is an
approximately equal probability of manic or depressive first episodes, with some
sex bias toward early and more frequent depressive episodes, and of the mainly
depressive type II syndrome, in women (1). In some patients with BPD, the diagno-
sis arises with an initial hypomanic or manic episode soon after starting treatment
with an antidepressant for depression or anxiety symptoms, or a stimulant for an
attention disorder (3). Women with BPD are at high risk for depressive, manic, or
psychotic episodes in the early postpartum period, when their first episode of ill-
ness may occur (35).

Single episodes of mania, or recurrences of mania-only are very unusual.
By definition, bipolar depression requires at least two lifetime episodes of illness
(at least one depression and a mania or hypomania). Recurrent episodes are to be
expected and, in most patients, an episode of mania is either preceded or followed
by an episode of depression within several months. Shifts between mood states can
be gradual or rapid (the “switch process”). Type I BPD, and especially type II and
juvenile cases, can follow a rapid-cycling course (no less than four episodes within
12 months) that continues for varying periods.

Untreated episodes of mania average about 6 to 9 months in duration, and
depressive episodes are somewhat longer. Treated episodes are shorter, although full
symptomatic recovery may still require 2 to 3 months for mania and 3 to 4 months
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for depression (4). Curiously, average recurrence rates of illness episodes in
untreated BPD are not much higher than in large samples of patients maintained on
mood-stabilizing treatments, and major benefits of long-term mood-stabilizing
treatment are in limiting the severity and duration of episodes (1,36).

Kraepelin initially reported a tendency for progressive shortening of periods of
relative wellness between recurrences of BPD episodes. This tendency toward
cycle-acceleration or a worsening course has been compared to the “kindling” phe-
nomenon in animal models of experimental epilepsy, and has been supported by
the efficacy of anticonvulsant treatments (24). However, the finding of a progres-
sive course in BPD has not been replicated consistently, probably occurs in a
minority of cases, and can arise from a sampling artifact unless patients are matched
for episode counts or analyzed for within-subject trends (37). In general, the course
of BPD is highly variable and largely unpredictable within and between patients.

Overall, patients with bipolar I disorder spend much more time in depressive
and subsyndromal dysthymic states than in mania, and in bipolar II syndrome,
depression is the predominant, clinically relevant polarity (1,2). Major and minor
depression accounts for about one-third of days during follow-up of patients with
bipolar I disorder, both early and later in the illness course, despite ongoing, clini-
cally determined treatment, and patients with bipolar II disorder spend an even
higher proportion of time in depressive-dysthymic states (36,38). In contrast, mania
or hypomania typically accounts for less than 10% of days during long-term treat-
ment of patients with bipolar I disorder.

Even with modern treatment, highly unfavorable long-term outcomes, with
more-or-less chronic illness or highly unstable mood and substantial disability,
occur in a minority of patients with BPD, particularly of type I (1,4). A very small
proportion of patients with BPD, at late stages of the illness, may present sustained
psychotic features, cognitive impairment, and severe disability. Without knowl-
edge of their earlier clinical history, a cross-sectional assessment might suggest a
diagnosis of a schizoaffective disorder in such cases. As noted above, unfavorable
outcomes and premature mortality also are common among geriatric-onset cases of
BPD (29,32).

7. CLINICAL MANAGEMENT

7.1. General Considerations
Clinical care of patients with BPD is a complex and challenging undertaking,

with risks associated with under- and overtreating. Overuse of antidepressants can
induce mixed states, mania, or rapid-cycling, and the adverse sedative, neurologi-
cal, and metabolic effects of some antipsychotic agents can be intolerable. Pharma-
cological management has moved beyond relatively short-term interventions into
acute episodes with lithium or neuroleptic drugs for mania or antidepressants for
depression, usually during hospitalization. Modern treatment is based on long-term,
prophylactic efforts at stabilizing mood and optimizing functioning and quality of
life, as well as improving longevity in this typically complex and lifelong illness.
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Treatment programs increasingly include psychosocial interventions and rehabili-
tation efforts as well as medication, and many patients with BPD can be managed
on an ambulatory basis most of the time. Optimal use of the broadening array of
pharmacological treatment options requires detailed knowledge of the illness, treat-
ment-response history of individual patients, and a long-term therapeutic collabo-
ration among patient, family, and one or more experienced clinicians working in
minimally restrictive settings.

Manic, psychotic, and suicidally despondent patients with BPD may require pro-
tection from excessively stimulating environments, impulsive and potentially self-
damaging actions or unwise decisions, and risks of being taken advantage of
sexually or financially. Required interventions can also include voluntary or court-
ordered hospitalization, or guardianship for very uncooperative and dangerously
disturbed patients. Impaired judgment and lack of insight into having a major men-
tal illness is a very common accompaniment of BPD that can limit cooperation and
acceptance of treatment. This pattern is especially common among young patients
early in their experience with the illness. Moreover, judgment and cooperation tend
to decline with re-emerging symptoms, often leading to treatment discontinuation
with rapid worsening of illness, further impairment of self-care, and risk of acci-
dents or suicide.

Patients and their families can benefit from education about the illness and its
treatment, its potential personal impact, and effects on work, finances, and the fam-
ily (39). Specific genetic counseling regarding risks to offspring can be offered,
and advice provided about the major risks of an unplanned pregnancy or of con-
tinuing or discontinuing treatment during pregnancy (35). Close clinical monitor-
ing is required to optimize medical treatment and its potential adverse effects under
changing conditions over time, as well as to detect early signs of impending mood
changes. Such comprehensive programs of care are important to achieve optimal
outcomes in the clinical management of this complex illness.

7.2. Medical Treatment

7.2.1. Short-Term Treatment
Treatment of acute episodes of mania in BPD typically relies on rapidly acting

antimanic and sedating agents that can be administered vigorously and rapidly (3).
Accordingly, treatment usually involves use of either an antimanic-antipsychotic
agent or an antimanic-anticonvulsant, typically supplemented briefly with sedating
doses of a potent benzodiazepine such as lorazepam or clonazepam. Virtually all
antipsychotic drugs are highly effectively antimanic, although only chlorpromazine,
olanzapine, quetiapine and risperidone currently are approved by the US Food and
Drug Administration (FDA) specifically for mania, although others may follow
(Table 3). Among anticonvulsants, use of loading doses of valproate (10–20 mg/kg
body weight in the first 24 hours) is a powerful, rapidly effective, and well-toler-
ated antimanic treatment (40). Lithium is effective and FDA-approved for mania,
but is slower acting and can be toxic if dosed aggressively.
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The optimal treatment of acute bipolar depression remains much less well stud-
ied than in other forms of major affective illness. Trials of modern antidepressants
have systematically excluded bipolar, psychotic, suicidal, or substance use-
comorbid subjects, leaving major gaps in research-based treatment options. Tradi-
tionally, antidepressants have been used freely, even though their safely and
efficacy for the short- or long-term treatment of bipolar depression remains largely
unproved and increasingly in doubt (3,41). Modern practice is shifting toward reli-
ance on mood-stabilizing agents even for acute bipolar depression, and particularly
when new episodes emerge despite ongoing treatment. If a mood-stabilizing treat-
ment is unable to prevent new depression, treatment options include addition of a
second mood-stabilizer, or temporary and cautious addition of an antidepressant in
moderate doses. Plausible choices include lithium if not already in place and

Table 3
Treatments for Bipolar Disorder

Agents (generic and trade names) Clinical applications

FDA-approved applications
Antipsychotics

Chlorpromzaine (Thorazine® and others) Antimanic
Olanzapine (Zyprexa®) Antimanic, may be mood-stabilizing
Risperidone (Risperdal®) Antimanic

Anticonvulsants
Divalproex (Depakote®) Antimanic, probably mood-stabilizing
Lamotrigine (Lamictal®) Mood-stabilizing (depression > mania)

Mood-stabilizer
Lithium carbonate or citrate Antimanic, mood-stabilizing

Antidepressants
Tricyclics Variable efficacy, high switch risk,

antipanic
Monoamine oxidase inhibitors Relatively effective, switch risk, antipanic
Serotonin reuptake inhibitors Low doses tolerated, variable efficacy,

anxiolytic, switch risk
Bupropion (Wellbutrin® and others) Low doses tolerated, variable efficacy,

switch risk
Benzodiazepines Sedative, anxiolytic

Off-label indications
Other antipsychotics Antimanic
Anticonvulsants:

Carbamazepine (Tegretol® and others) Antimanic, mood-stabilizing
Gabapentin (Neurontin®) Weakly antimanic, anxiolytic-sedative
Oxcarbazepine (Trileptal®) Inadequately tested; relatively well tolerated
Topiramate (Topamax®) Antimanic?; weight control
Zonisamide (Zonegran®) Inadequately tested; weight control

Benzodiazepines (potent) Antimanic, sedative, anxiolytic
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lamotrigine, recently FDA-approved for long-term treatment in BPD, with research
support for efficacy in bipolar depression and little risk of inducing mania. Electro-
convulsive treatment (ECT) is also a powerful option for manic and severe mixed
states, and especially for psychotic and acutely suicidal forms of bipolar depres-
sion, with limited risk of inducing mania (1).

7.2.2. Long-Term Treatment
The greatest therapeutic challenge in the care of BPD patients is to minimize the

frequency, severity, and duration of recurrences of mania and depression over many
years. Treatments with evidence of ability to limit long-term morbidity in BPD
include lithium, several anticonvulsants, and some modern antipsychotic drugs (3).
As noted above, the symptoms in many patients with BPD are not fully controlled
with any individual long-term treatment option. Accordingly, modern practice has
tended toward use of more than one mood-stabilizing agent at once, sometimes
with intermittent supplementation with an antipsychotic, anxiolytic-sedative, or
antidepressant agent, as required by changing symptoms. These complex practices,
although plausible, remain almost entirely empirical, and systematic research to
support them is needed.

The decision to undertake indefinitely prolonged prophylactic treatment with
medicines that carry substantial burdens of adverse effects, subjective discomfort,
inconvenience, and rising acquisition costs is never a simple one. Current practice
usually includes continuation of treatment for at least several months or a year
following an acute episode of mania. It is usual to recommend indefinitely pro-
longed prophylactic treatment after two episodes within 5 years, especially if one is
a suicidal depression, but sometimes even following a single, severe manic epi-
sode. Many patients are reluctant to continue such treatment for more than a few
months at a time. When a patient has been relatively stable for many months, and
continues to suffer from adverse effects of medication, acceptance of prolonged
treatment can be particularly difficult.

Recent research supports the important generalization that discontinuing any
long-term treatment with a psychotropic medicine is not equivalent to not treating.
Indeed, abrupt discontinuation of mood-stabilizing agents such as lithium leads to
sharp increases in early recurrences of both mania and depression, with markedly
increased risk of suicide (42). This response is not merely a manifestation of
re-emergence of untreated illness, but almost certainly an iatrogenically produced,
pharmacodynamic, stress effect. Support for this conclusion is that gradual dis-
continuation of treatment over weeks or even longer not only delays recurrences,
but actually reduces risk (42).

As discussed above, mechanisms of action of mood-stabilizing agents are prob-
ably associated with the interference with cellular signaling processes that include
molecular pathways that mediate the actions of neurotransmitter reception (second-
messengers) and intracellular regulatory processes (including those mediated by
protein kinases and phosphorylated proteins that regulate the functioning, genetic
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expression, and survival of neurons (22). Several of these mechanisms are common
to the actions of lithium and valproic acid (21).

7.2.2.1. LITHIUM SALTS

By the mid-1970s, abundant evidence had accumulated to support the concept
that sustained treatment of manic-depressive patients (with BPD or recurrent severe
depression) with lithium following recovery from an index episode of acute illness
could reduce long-term morbidity (3,43). This highly innovative approach to the
care of such patients was modeled after earlier use of long-term treatment with
neuroleptic agents to minimize long-term morbidity in schizophrenia and other
chronic psychotic illnesses.

Preventive, long-term treatment with lithium is effective in reducing recurrences
of both mania and depression, and in lessening the intensity of manic and depres-
sive recurrences in about two-thirds of patients with BPD over many years without
evidence of loss of benefits over time (3). For safety, serum concentrations of
lithium (and the status of other electrolytes, as well as renal and thyroid function-
ing) are assayed regularly. Lithium (and most mood-stabilizing agents) appear to
be somewhat more effective against recurrences of mania than depression, but long-
term benefits in both phases are substantial, and reductions of time in bipolar II
depression is about as great as in bipolar I mania (36). Moreover, lithium is the only
psychiatric treatment with clear evidence of major reductions in risk of suicides
(by about 80%), as well as attempts (44).

Clinically useful predictors of long-term responses to mood-stabilizing treat-
ment are not well established, but patients who present first in mania and later
become depressed may benefit more from lithium than those with the opposite
course-pattern (45). It is also likely that delay of treatment, even for years, and a
greater number of pretreatment illness-episodes or cycles do not limit benefits of
long-term treatment with mood-stabilizers (46,47).

7.2.2.2. ANTICONVULSANTS

Several drugs developed primarily to treat and prevent epileptic seizures also
have proved antimanic efficacy (3) (Table 3). Initially, carbamazepine was com-
monly used; it appears to have secure antimanic, and considerably less secure long-
term mood-stabilizing actions, and little evidence of reducing risk of suicide (3,48)
(Table 3). Its congener, oxcarbazepine, was introduced recently. It is somewhat
simpler to use than carbamazepine, particularly in having less risk of inducing the
hepatic metabolism of itself or other drugs. Neither of these agents is FDA-approved
for the treatment of BPD.

The valproic acid salt, sodium divalproex, has compelling evidence of a rapid
antimanic effect, and it is FDA-approved for that indication (4,40,48). Evidence for
its long-term protective effects against recurrences of mania and especially of bipo-
lar depression, as well as of reducing risk of suicide, is less secure. Nevertheless,
it became the most widely employed mood-stabilizing agent the United States in
recent years, in part owing to the relative simplicity of its clinical use and accept-
ability by many patients.
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Lamotrigine was recently FDA-approved as the only mood-stabilizing agent that
is not indicated for acute mania. It appears to have beneficial effects against bipolar
depression with little risk of inducing mania or rapid-cycling. However, its lack of
convincing evidence of acute antimanic effects, and the need to increase doses very
slowly to avoid potentially severe dermatological complications, particularly in
combination with valproic acid salts, preclude its use in acute episodes, and even
limit its use as a primary long-term mood-stabilizing treatment, and may require
combination with other agents (3,48).

Potential antimanic or mood-stabilizing effectiveness of other anticonvulsants
is unproved. However, topiramate and zonisamide are being studied currently. Both
are of interest because they are rare among antimanic or mood-stabilizing agents in
having little risk of weight gain (3,48).

7.2.2.3. ANTIPSYCHOTICS

All effective antipsychotic agents appear to have useful antimanic effects.
Among early agents, only chlorpromazine is FDA-approved for mania in the United
States. Some of the older neuroleptics, including haloperidol, although powerfully
antimanic, are suspected of worsening bipolar depression, and they produce
uncomfortable and potentially serious adverse extrapyramidal neurological effects.
These properties limit their utility in comparison to a series of newer antipsychotic
agents (3) (Table 3). Currently olanzapine, quetiapine, and risperidone are FDA-
approved for the treatment of mania, and olanzapine has a growing body of research
to support long-term mood-stabilizing effects that may include protection against
bipolar depression (49). Long-term adverse effects of olanzapine, and perhaps
quetiapine, include weight gain, and possibly increased risk of insulin-independent
diabetes mellitus and hyperlipidemia. Those of risperidone include extrapyramidal
neurological effects at even moderate doses, as well as major increases in circulat-
ing concentrations of prolactin, with uncertain long-term medical implications.
These adverse risks may limit indefinitely prolonged use of these drugs, but they
also appear to have clinically useful benefits when used for short periods as adjuncts
to lithium or anticonvulsants. Risperidone is available in a long-acting injectable
form that may be useful for treatment-nonadherent patients.

Clozapine appears to be quite effective in the treatment of type I BPD as well as
schizoaffective disorder patients. It also has some evidence of reduced risk of sui-
cide attempts in schizophrenia patients. However, its safe use requires regular moni-
toring of white blood cell counts to limit risk of leukopenia or agranulocytosis, and
it has a dose-dependent risk of inducing epileptic seizures, as well as metabolic
complications associated with weight gain. These shortcomings have limited its
use to the empirical, off-label treatment of otherwise poorly treatment-responsive
BPD cases (49).

7.2.2.4. ANTIDEPRESSANTS

As stated above, modern and older antidepressant agents are very poorly studied
in either the short-or long-term treatment of bipolar depression and dysthymia,
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despite their status as the major, and potentially lethal, morbidity of bipolar I and II
patients (2) (Table 3). All types of antidepressants appear to be less effective in
acute bipolar than nonbipolar depression, tend to lose effectiveness over time, and
may dose-dependently increase risk of switching into mixed states or a rapid-
cycling course, particularly when used without a mood-stabilizing agent. More-
over, their long-term effectiveness and safety compared to a mood-stabilizing
regimen alone, is not secure (3,41).

7.3. Nonpharmacological Treatments

7.3.1. Biological Rhythms and Hygienic Measures
The cyclic nature of BPD and its frequent presentation as a seasonal disturbance

of mood and behavior have suggested interventions aimed at adjusting or correct-
ing disturbances in biological rhythms, particularly daily (circadian) rhythms.
Timed exposure to intense daylight-mimicking artificial light is a proposed option,
but remains an unproved treatment for severe BPD. Additionally, comprehensive
clinical management of patients with BPD includes attention to sleep hygiene and
maintaining regular daily rhythms of activity, meals, and rest, as well as avoidance
of alcohol and stimulants including caffeine.

7.3.2. Psychosocial Interventions
Psychosocial components of comprehensive care of patients with BPD and their

families are much less well developed and studied than for other major psychiatric
disorders (39,50). Nevertheless, there is growing interest in this approach, and
emerging evidence of combined benefits that exceed those of treatment with mood-
stabilizing agents alone. Methods that have received particular clinical and research
attention include interpersonal psychotherapy, aimed at improving coping strate-
gies for social and interpersonal relationships; cognitive–behavioral therapy, which
attempts to modify ineffectual, self-detrimental, or exaggerated concepts by
encouraging more flexible schemas, and rehearsal of new cognitive and behavioral
responses; interpersonal and social rhythm therapy, which helps to re-organize
everyday life, and improve sleep-activity rhythms and social relationships; family-
focused therapy aims at reducing distress levels within the patients’ families. Edu-
cational psychotherapies that include family members, and other group therapies
appear to improve interpersonal communication, recognition of early symptoms
with earlier interventions, and improved knowledge of the illness and its treatments.
Moreover, a controlled trial of group psychoeducation was recently found to
decrease recurrence rates of bipolar I and II disorder (50).

All of these supplemental interventions appear to improve treatment-adherence,
add protection against illness recurrences, support coping skills, and avoid demor-
alization. These methods require further research, but they appear to be cost-effec-
tive as well as clinically useful for adults and children with BPD, and to enhance
the effectiveness of mood-stabilizing medical treatment.
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8. CONCLUSIONS

Bipolar disorder, one of the most recently defined major mental illnesses is char-
acterized by discrete recurrences of depressive, manic, or mixed states that vary in
their frequency, duration, and severity. BPD is associated with high rates of sub-
stance abuse, variable disability, and premature mortality, with very high suicide
rates. Subtypes differ in the severity of their manic phases. Lifetime prevalence
varies from about 1% for bipolar I disorder (with mania), to perhaps 5% if bipolar
II (with hypomania), cyclothymia, and juvenile forms are included. BPD is highly
heritable, but specific genetic factors and a coherent pathophysiology remain
uncertain. Treatment of patients with BPD has advanced greatly in recent years, but
treatment of bipolar depression and mixed dysphoric-agitated states is less well
studied than the treatment of mania. Lithium and several newer medicines, supple-
mented with supportive psychosocial measures, provide long-term prophylactic
benefits by reducing long-term morbidity in BPD, limiting disability and substance
abuse, and prolonging life.

GLOSSARY OF MEDICAL TERMINOLOGY

Antidepressants: Drugs effective in treating depressive and some anxiety disorders;
they risk inducing mania in vulnerable bipolar disorder patients

Bipolar disorder: A prevalent major psychiatric illness marked by mania or hypomania,
almost always recurrent and alternating with major depressive or mixed states.

Circadian rhythms: Daily fluctuations of motor activity, temperature, cortisol secretion
and other biological activities over an approximate 24-hour time course.

Dysphoria: A type of depressed mood, usually with a degree of anguish, tension, or
irritability.

Electroconvulsive treatment (ECT): Controlled, electrically induced epileptic convulsive
seizures as a highly effective treatment for severe and difficult to treat depression or
mania.

Euthymia: More-or-less stable mood, especially intervals between major recurrent episodes
of bipolar disorder or major depression.

Kindling: Phenomenon in animal models of experimental epilepsy whereby initially focal
abnormal irritability of brain tissue spontaneously becomes more widespread, and sei-
zure activity more generalized.

Limbic system: A neuroanatomical-neurophysiological concept of a large component of
the forebrain involved in the management of emotional aspects of behavioral
responses.

Manic-depressive illness: A group of recurring major psychiatric disorders marked by
mania or severe depression, alone or in various combinations.

Mood stabilizers: Drugs (including lithium salts, certain anticonvulsants, and some mod-
ern antipsychotic agents) that reduce the frequency, severity, or duration of recur-
rences of mania and depression in bipolar disorder with low risk of switching mood
states.

Rapid-cycling: A course specifier in DSM-IV for bipolar disorders, requiring at least four
distinct episodes of mania, hypomania, or major depression within 12 months of
assessment
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Seasonal affective disorders (SADs): Usually involve fall-winter depression and spring-
summer hypomania, or the opposite pattern, and are common among patients with
bipolar disorders.

Ultradian rhythms: Changes in biological functioning shorter than 24 hours, including
phases of sleep, attention, and many others.
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Attention Deficit Hyperactivity Disorder

Kehong Zhang, Eugen Davids, and Ross J. Baldessarini

Summary
Attention deficit hyperactivity disorder (ADHD) is a highly prevalent, heterogeneous

syndrome of cognitive and behavioral features including inattention, impulsivity, deficient
behavioral inhibition, and hyperactivity. Prevalence is about 4%, with a moderate excess of
a mainly inattentive subtype, and fewer mixed or mainly hyperactive/impulsive cases.
Comorbid conditions include conduct, learning, and mood disorders. ADHD can be found
at any age, but the diagnosis is more common in boys than girls or adults, and in the United
States than in Europe. Risk is 35% to 40% among first-degree relatives, and more than twice
greater in identical twins; heritability is high. Polymorphisms of the dopamine neuronal
transporter gene (DAT1) and D4 receptor gene (DRD4) have been associated with ADHD.
Diagnosis remains essentially clinical and there are no specific diagnostic tests. Prominent
deficits occur in executive functions, including response inhibition, sustained attention, and
working memory, all suggesting dysfunction of prefrontal cerebral cortex that is tentatively
supported by some brain-imaging studies. A precise neuropathophysiology remains unde-
fined. Laboratory animal models of ADHD include genetic (spontaneously hypertensive
rat, DAT-knock-out mouse, coloboma mouse) and neurotoxin models (neonatal 6-hydroxy-
dopamine-lesioned rodents). Most models emphasize hyperactivity rather than specific cog-
nitive dysfunctions, and vary in their neuropharmacological congruence with the clinical
therapeutics of ADHD. Empirically employed treatments with research support for cogni-
tive as well as behavioral benefits include most stimulants, and antidepressants with norad-
renergic actions; these treatments are best combined with comprehensive behavioral and
educational interventions.

Key Words: ADHD; antidepressants; attention; attention deficit hyperactivity disorder;
cognition; dopamine; hyperactivity; norepinephrine; prefrontal cerebral cortex; receptors;
serotonin; transporters.

1. INTRODUCTION AND HISTORY

Attention deficit hyperactivity disorder (ADHD) is a highly prevalent, hetero-
geneous syndrome consisting of both cognitive and behavioral features, notably,
inattention, impulsive behavior, and hyperactivity (1,2). It has been recognized in
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some form for at least a century, particularly in children and adolescents. The first
well-documented clinical description was in a series of 20 pediatric patients
reported by physician George Still in London in 1902. His cases were characterized
by excessive motor activity, inattention, and poor self-control. Still also found a
large excess of boys, as well as a frequent family history of depression, alcoholism,
or antisocial behavior.

In the early decades of the 20th century, there was a great interest in behavioral
disorders of children who had experienced encephalitis or other coarse brain dis-
eases. Clinical phenomena associated with residual states of neurological diseases
were later extended to similar behavioral abnormalities without obvious neurologi-
cal disease, leading to the concept of “minimum brain dysfunction.” By the late
1950s, there was more specific interest in deficits in attention or in hyperactivity as
noteworthy clinical elements in some children with learning and conduct disorders
but no evidence of neurological illness.

Interest in these conditions was advanced in the late 1930s through systematic
clinical observations by physician Charles Bradley in children and adolescents with
behavioral disorders in Providence, Rhode Island. Based on contemporary findings
that amphetamine produced beneficial effects on cognition and behavior in adults,
he carried out a planned and partly blinded, 1-week, intervention with D,L-amphet-
amine sulfate (Benzedrine®, at 10–30 mg per day). In all but 2 of the 30 patients in
his sample, amphetamine reduced overactivity, and improved attention as well as
school performance, with striking benefits in about half of the cases.

2. CLINICAL FEATURES AND DIAGNOSIS

2.1. Clinical Features
Clinical features of inattention, impulsivity, and overactivity, particularly in chil-

dren, have been recognized in the Diagnostic and Statistical Manual (DSM) of the
American Psychiatric Association since its second edition of 1968, initially as
“hyperkinetic disorder of childhood” or as the informal clinical concept, “mini-
mum brain dysfunction.” The concept of hyperkinetic disorder has been sustained
up to the most recent (1990) edition of the International Classification of Diseases
(ICD-10) of the World Health Organization (WHO).

The third edition of the DSM (DSM-III) of 1980 included two subtypes of
illness with either prominent inattention or hyperactivity. Excessive impulsivity
was considered to be common in both forms, but greater emphasis was placed on
cognitive deficits. This shift in emphasis was reflected in the new diagnostic term
“attention deficit disorder” (ADD), based in part on influential studies by Douglas
(3). ADD subtypes were removed in the 1987 revision of DSM-III, and the diagno-
sis was modified to the collective term “attention deficit hyperactivity disorder”
(ADHD). Subtypes reappeared in the fourth DSM edition (DSM-IV) of 1990 and
continued in its latest revision in 2000. Subtyping was reconsidered based on addi-
tional observations of uneven distribution of specific clinical features in large
samples of patients with ADHD (4). The current DSM diagnostic term “attention
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deficit hyperactivity disorder” recognizes the subtypes proposed in DSM-III, and a
third subtype with combined features of inattention and hyperactivity/impulsivity.

Continuing changes in American diagnostic terminology reflect the complexity
and heterogeneity of ADHD. Clinical features vary greatly among individuals and
this heterogeneity has been used to challenge the validity of ADHD as a discrete
disorder. The heterogeneity of ADHD also contributes to dissimilar US and inter-
national diagnostic criteria, which in turn, complicate epidemiological and clinical
comparisons among case samples ascertained by different criteria. Broadly defined,
ADHD is largely an American phenomenon; WHO diagnostic criteria are consider-
ably narrower. Moreover, in the United States, ADHD is widely considered a neuro-
psychiatric disorder with prominent cerebral dysfunction, whereas European
experts tend to view it as a developmental behavioral abnormality.

2.2. Diagnosis and Assessment

The current American DSM diagnostic criteria for ADHD and its subtypes are
summarized, and compared to the international criteria of ICD-10 in Table 1.
Whether the three DSM subtypes represent variable forms of a single disorder, or
separate clinical entities is unknown. By definition, greater impairment of selective
attention and sluggish information processing are characteristic of the predomi-
nantly inattentive type. The hyperactive/impulsive and combined types are charac-
terized by prominent hyperactivity, excessive impulsive behavior, as well as
distractibility.

As of 2004, diagnosis of ADHD remains essentially descriptive, and more
heavily dependent on secondary reports from parents and teachers than on direct
clinical observation. Indeed, evaluation of behavior by direct observation in most
clinical settings is of limited value owing to unrepresentativeness of behavior
at home or school. Applications of specific psychological testing methods can be
of some help. Beneficial effects of stimulant treatment do not confirm a diagnosis
of ADHD, because similar effects can occur in normal boys or men.

Efforts to define specific features in ADHD by analyses of symptom clusters
have met only limited success. Psychological studies have identified many deficits
in ADHD, as described below. However, it is important to point out that none of
these abnormalities is specific to, or diagnostic of ADHD. Psychological testing
methods used to support the diagnosis of ADHD have included the Delay Aversion
Task, Continuous Performance Task, Go/No-Go, and Stop-Signal tests. In these
tasks, highly variable and slower reaction times are characteristic of subjects diag-
nosed with ADHD. This finding contrasts with the common belief that ADHD sub-
jects respond more quickly than normal. Additionally, rates of errors-of-omission
(failure to respond when given a signal to do so) are increased among ADHD sub-
jects, suggesting either lack of motivation or poor attention. Errors-of-commission
(responding when given a signal not to do so) also are frequent, suggesting lack of
inhibitory control. There is some indication that ADHD subjects are more easily
distracted from tasks. Use of electronic devices to detect body motion has indicated



232 Zhang, Davids, and Baldessarini

Table 1
Standard American Diagnostic Criteria
for Attention Deficit Hyperactivity Disorder

A. Fulfills six or more of either of the following conditions that have persisted for at least
6 months:
1. Inattention

a. Lacks close attention to details or makes careless mistakes at school, work, or
other activities.

b. Shows difficulty in attention to tasks at play or work.
c. Does not listen when addressed directly.
d. Does not follow through on instructions or fails to complete tasks (not due to

oppositional behavior or lack of comprehension).
e. Has difficulty in organizing tasks or activities.
f. Avoids, dislikes, or is reluctant to engage in tasks requiring sustained mental

effort.
g. Loses materials required for tasks or activities.
h. Easily distracted by extraneous stimuli.
i. Forgetful in daily activities.

2. Hyperactivity–Impulsivity
a. Fidgets with hands or feet and does not sit still.
b. Leaves seat during a task.
c. Overactive and may feel restless.
d. Has difficulty in engaging quietly in leisure activities.
e. On the go as if driven.
f. Talks excessively.
g. Blurts out answers before question is completed.
h. Has difficulty in waiting a turn.
i. Interrupts others or intrudes socially.

B. Onset before age 7 years.
C. Symptoms and some impairment in at least two settings (e.g., home and school or

work).
D. Clear evidence of clinically significant dysfunction (social, academic, occupational).
E. Absence of a pervasive developmental or psychotic disorder, and not better accounted

for by diagnosis of a mood, anxiety, or personality disorder.

The tabulated criteria are based on the most recent revision of the American Psychiatric Asso-
ciation Diagnostic and Statistical Manual of Mental Disorders (fourth edition, DSM-IV, text-
revised) of 2000. DSM-IV considers three subtypes: Inattentive (I), Hyperactive-Impulsive (HI), or
Combined (C; with both attentional and motor features), based on predominant clinical features for
the preceding 6 months, with no upper age-limit. The World Health Organization’s most recent
edition of the Manual of the International Statistical Classification of Diseases, Injuries, and Causes
of Death (tenth revision, ICD-10) of 1990 includes the narrower diagnosis of Hyperkinetic Dis-
order, which is very similar to the combined type of ADHD in DSM-IV, except for requiring onset
before age 6 years and IQ greater than 50, with no subtypes, and direct observation of the patient’s
behavior by the diagnostician.

232
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that children with ADHD are indeed more active than normal controls, particularly
during tasks requiring sustained attention.

3. EPIDEMIOLOGY OF ADHD

Estimates of the prevalence of ADHD in general population, as well as in age-
and gender-specific groups vary widely with the diagnostic and case-finding meth-
ods employed. Surveys of relatively large samples of school-age children have
indicated lifetime prevalence in excess of 10%—an extraordinarily large propor-
tion of the population. However, DSM-IV estimates of the prevalence of ADHD
are lower, at about 4%, probably owing partly to the requirement of meeting full
diagnostic criteria in two dissimilar settings. For comparison, the rate of prescrip-
tion for methylphenidate—the most commonly prescribed medical treatment for
ADHD in the United States in the 1990s—ranged from 1.5% to 10% of school-
aged children, involving several million children in the United States alone (5).

Prevalence of specific DSM-IV subtypes ranks: inattentive type ‡ combined type
‡ hyperactive-impulsive type, with a total of nearly 10% of youngsters aged 7 to
18 years (6). Diagnosis of ADHD is made at least 2.5 times more often among boys
or men than girls or women, but such gender differences probably are confounded
by several factors (7). First, girls or women with ADHD often display minimal
features of hyperactivity and disruptive behaviors, and so tend to be overlooked.
Second, symptoms of the hyperactive/impulsive type of ADHD may appear at an
earlier age, and tend to diminish with maturation. Third, reported estimates in chil-
dren may not reflect prevalence of ADHD in late adolescence and adulthood, espe-
cially in adult women, in whom syndrome definitions and diagnostic criteria are
even less well established than in children or men.

The clinical similarity, or co-occurrence, of ADHD to other behavioral, cogni-
tive, and emotional disorders of childhood presents a particular problem for diag-
nosis, as well as for effective and safe clinical management. For example, many
symptoms of mild or moderate mental retardation or pervasive developmental dis-
orders (such as Asperger’s syndrome and autism) resemble those of ADHD. Other
confusing conditions include oppositional-defiant disorder (ODD) of childhood,
diagnosed in nearly half of children considered to have ADHD, and other conduct
disorders reported to occur in about 14% of children diagnosed with ADHD (8).
Comorbidity of ADHD with anxiety disorders also is common, at about 25%, and
rates of specific learning disabilities vary greatly, but average about 23%.

The diagnostic overlap or comorbidity of ADHD with mood disorders is an
especially challenging phenomenon. Mood disorders, including severe depression
and bipolar (manic-depressive) disorder, have long been recognized among chil-
dren (9), even though their clinical presentations may differ from classic syndrome
descriptions based on observations of adult patients. Both clinical depression
(nearly one-third) and bipolar disorder (approx 10%) have been reported in samples
of children diagnosed with ADHD, and first-degree relatives of patients with ADHD
have increased rates of mood disorders (10). Bipolar disorder in children with
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comorbid or misdiagnosed ADHD can be particularly problematic because use of
stimulants and antidepressants can induce potentially dangerous agitated-aggres-
sive manic or mixed manic-depressive reactions, with the potential for violent
behavior (11).

4. HERITABILITY AND GENETICS

ADHD has a strong familial, and presumably genetic component, with an esti-
mated heritability of 0.60 to 0.85 (12). First-degree biological relatives of probands
diagnosed with ADHD, have 5 to 10 times greater risk for ADHD (35–40%) than
adoptive relatives or the general population. These rates do not differ in families
identified with male or female probands. Family risk studies also provide opportu-
nities to test for separate heritability of specific components or subtypes of ADHD,
as well as to separate heritability of ADHD from commonly comorbid conditions,
but the results have not been consistent so far. In twin studies, concordance aver-
ages about 83% for identical or monozygotic (MZ) twins, and 38% for fraternal or
dizygotic (DZ) twins, as among other first-degree relatives. These rates yield a
modest, 2.2-fold, difference in relative risk in MZ/DZ twins.

Molecular genetic studies have provided interesting, but generally scattered and
poorly replicated leads in families with identified ADHD patients (13). Some genes
that encode proteins required for central monoaminergic neurotransmission have
been implicated. These include polymorphisms of genes for the DA transporter
(DAT1) and DA D4 receptor (DRD4) (14). The DA transporter is a cell membrane
protein uniquely expressed in dopaminergic neurons; it provides the most impor-
tant physiological mechanism for inactivating DA released into the synaptic cleft
by transporting it back to the nerve terminals. Some support for abnormality of this
transporter in ADHD patients is also provided by brain-imaging studies based on
use of DAT-selective radioligands. The D4 receptor membrane protein is a member
of the D2-like receptor family that inhibits the formation of cyclic AMP, an impor-
tant second messenger that mediates intracellular molecular actions of DA and other
transmitters and hormones.

The DAT1 allele associated with ADHD is more effective than other alleles in
transporting or inactivating DA. The D4 allele associated with ADHD is less effi-
cient in transducing synaptic DA signals into an intracellular adenylyl cyclase
response. These associations, consistent with the beneficial actions of DA-facilitat-
ing stimulant drugs, suggest that dopaminergic functioning in the brain may be
decreased in ADHD patients. However, caution must be exercised in interpreting
these findings because statistical association or linkage of a genetic polymorphism
to a disorder does not necessarily imply a cause–effect relationship. Moreover, the
magnitude of genetic linkage of ADHD to both the DA transporter and the D4

receptor has been small (14).
Other candidate genes related to cerebral neurotransmitters include those for the

DA D2, D3, and D5 receptors, the monoamine (catecholamines or serotonin)
metabolizing enzymes monoamine oxidase (MAO) and catechol-O-methyl-
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transferase (COMT), the a1C and a2C adrenoceptors for norepinephrine, as well as
the a4 nicotinic acetylcholine receptor, and the synaptosomal-associated protein of
molecular weight 25 kDa (SNAP-25).

In general, efforts in identifying susceptibility genes in ADHD have yielded
largely inconsistent results, with the possible exception of the DA D4 receptor.
Recent trends in genetics research on ADHD include use of intermediate pheno-
types (“endophenotypes”) instead of the complex ADHD syndrome itself as targets
for genetic association (15), and a genome-wide approach supported by powerful
new technical innovations developed largely to support the human genome project
(16). An intermediate phenotype is a heritable, quantifiable trait of the disorder
(such as response in a specific neurocognitive test) that may underlie or contribute
to its pathophysiology and clinical features. Use of such intermediate targets should
limit heterogeneity of samples and perhaps increase the statistical power of genetic
associations. Genome-wide scanning compares large numbers of DNA markers in
close relatives who share or do not share a disorder, and assumes that susceptibility
genes reside within regions of the genome that display high degree of similarity
between affected family members.

In the first genome-wide search for ADHD susceptibility genes, Ogdie and col-
leagues (16) recruited 270 ADHD sibling pairs, and identified chromosomes 5, 6,
16, and 17 as prime sites for candidate genes. Some of the same regions have also
been implicated in genetic contributions to autism and dyslexia, suggesting that
ADHD may share some common pathophysiological features with these clinically
dissimilar neurobehavioral disorders.

5. NEUROIMAGING

Recent advances in clinical neuroimaging techniques have provided means of
unprecedented power for probing the structure and functioning of the living human
brain. These techniques have helped to identify several candidate brain structures
as playing a critical role in ADHD. Most of the available evidence implicates struc-
tural and functional changes in the frontal cerebral lobe, but changes in the basal
ganglia, corpus collosum, and cerebellum also have been reported. This complex,
highly technical, and rapidly evolving topic has been reviewed elsewhere (2).

In normal human subjects, the right frontal lobe is slightly larger than the left.
In subjects diagnosed with ADHD, this asymmetry is reduced owing to a decrease
of right frontal volume (17). Moreover, the degree of reduction of right frontal
volume correlated with decreased response inhibition, a characteristic feature of
ADHD (18). Consistent with these structural abnormalities, regionally selective
decreases in cerebral blood flow and glucose utilization have been reported in
ADHD subjects compared to normal controls during the performance of a continu-
ous performance task (CPT; a test for sustained attention). The regions most
strongly implicated are the premotor and prefrontal cerebral cortex (PFC).
Functional magnetic resonance imaging (fMRI) studies of the brain during the per-
formance of other cognitive tasks that require frontal lobe functioning also demon-
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strated subnormal activation of PFC and anterior cingulate cortex in ADHD
patients (19).

It is important to emphasize that not all imaging studies have found structural or
functional changes in the PFC (2). Additionally, uncertainties surround the inter-
pretation of functional brain-imaging data obtained during cognitive testing. In par-
ticular, it is often very difficult to ascertain whether abnormalities revealed by
imaging methods are primary or causal, or if they merely reflect deficits in cogni-
tive functioning in ADHD. Despite limitations of reported studies based on modern
neuroimaging techniques, there is a growing consensus that the frontal lobes repre-
sent a brain region of especially great interest for understanding the neurobiologi-
cal basis of ADHD. This conclusion is consistent with neuropsychological models
of ADHD discussed in the next section, because the cognitive functions described
in these models require integrity of the frontal lobes, and especially the PFC and
anterior cingulate cortex.

6. EXPERIMENTAL MODELS OF ADHD

6.1. Animal Models
More than a dozen animal models representing specific components of clinical

ADHD have been studied in efforts to advance knowledge of the pathophysiol-
ogy and therapeutics of the clinical disorder (20). Animal models of ADHD gener-
ally fall into two categories: genetic variants or neurotoxin exposures in early
neurodevelopment. Such models allow greater experimental control of suspected
contributing factors, and avoid confounding factors such as comorbidity and drug
exposure than are possible in clinical studies. Particularly extensively studied mod-
els include three genetic models, the spontaneously hypertensive rat, the DA trans-
porter knock-out mouse, the coloboma mutant mouse with defective SNAP-25
protein, and a neurotoxin model involving juvenile rats with neonatal lesions of
central dopaminergic neurons.

The earliest animal model proposed to represent some features of ADHD is the
spontaneously hypertensive rat (SHR). SHR was selected for hypertension from
the Wistar-Kyoto rat (WKY). High motor activity co-segregated unexpectedly with
hypertension. However, substrains that selectively express either hyperactivity or
hypertension have subsequently been developed (21). SHR bears several similari-
ties to patients diagnosed with ADHD, including motor hyperactivity and learning
deficits. SHR is also more sensitive to immediate but smaller rewards than to larger,
delayed rewards. Sagvolden and colleagues argue that preference for immediate
rewards is a key feature of ADHD, and that SHR particularly faithfully represents
ADHD in domains of behavior under control of reinforcers. The stimulant drug
methylphenidate, increases motor activity in SHR, albeit less than in the wild-type
WKY rat, suggesting a hypo-dopaminergic state. However, the fact that stimulants
increase rather than decrease motor activity in SHR is inconsistent with the hyper-
activity-decreasing effects of these drugs in ADHD patients.
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A recent ADHD model is a genetically engineered knock-out mouse (DAT-KO
or DAT–/– [22]) that lacks functional DA transporters in neuronal membranes. Motor
hyperactivity in this model parallels dramatically reduced clearance of DA from
the synaptic cleft. This behavioral hyperactivity can be attenuated by various stimu-
lants, but this effect may not be directly relevant to their effectiveness in ADHD
because the drug effects in the mutant mouse appear to be mediated through activa-
tion of 5-HT, and not DA neurotransmission. Because selective serotonin reuptake
inhibitors (SSRIs) are essentially ineffective in the treatment of ADHD, the useful-
ness of the DAT-KO mice as an ADHD model remains uncertain. The DAT-KO
mouse also displays learning deficits, the pharmacology of which requires fur-
ther study.

The Coloboma mutant mouse was produced by neutron irradiation (23). These
mice display robust and highly variable motor hyperactivity and developmental
delays. Their hyperactivity can be inhibited by moderate doses of amphetamine,
but methylphenidate paradoxically increases activity to limit the validity of this
preparation as a model of ADHD. This mutant mouse carries a mutation in the gene
that encodes protein SNAP-25, which contributes to the fusion of synaptic vesicles
with presynaptic membranes. The mutation impairs release of monoamine neu-
rotransmitters by exocytosis. Genetic linkage of polymorphisms for the SNAP-25
protein has been suggested in clinical ADHD, as mentioned previously, but the
specific mutation associated with the coloboma mouse mutation is not known to be
involved.

Juvenile rats and mice with selective dopaminergic lesions induced by the neu-
rotoxin 6-hydroxydopamine shortly after birth is another extensively studied labo-
ratory model of ADHD (24). These rodents do not develop bradykinesia and other
features of the parkinsonism syndrome as is found with adult lesioning. Instead,
they display paradoxical motor hyperactivity during youth that inexplicably
disappears in adulthood despite persistent loss of DA innervation to forebrain.
Their hyperactive behavior is inhibited by both stimulants and tricyclic anti-
depressants, as in clinical ADHD, but also by SSRIs, thus limiting its value as a
model of ADHD. Encouraged by the findings of genetic linkage of DA D4 recep-
tor polymorphisms with ADHD, we found that the magnitude and timing of
motor hyperactivity in this model correlated well with abnormal expression of D4

receptor in forebrain, and several selective D4 receptor antagonists inhibited the
hyperactivity (25).

Although there are many laboratory models for ADHD, none is entirely satisfac-
tory. Their limitations as models of clinical ADHD include use of experimental
manipulations that are not relevant to the clinical disorder, variable concordance
between the neuropharmacology of the models and of the disorder, and heavy reli-
ance on hyperactivity or lack of habituation to a novel environment as a primary
measure that is only one component of ADHD, and probably one that is less essen-
tial than its cognitive manifestations.
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6.2. Neuropsychological Models
Many attempts have been made to devise theoretical constructs for ADHD that

account for clinical symptoms as well as experimental findings. One influential
model emphasizes the importance and primacy of deficient inhibition of behavioral
responses (26). Other proposals emphasize the importance of working memory and
attention (27,28).

6.2.1. Response Inhibition
Deficient behavioral response inhibition is a measure of impulsivity (29).

Impulsivity is a characteristic feature of ADHD, and deficient response inhibition
may underlie some of its symptoms. Barkley (26) suggested that impaired response
inhibition leads to dysfunctions of other executive cognitive functions in ADHD,
including attention, motivation, working memory, and behavioral synthesis,
although probably not in the predominantly inattentive subtype.

Empirical evidence supporting this theory mainly comes from human studies
using tests sensitive to behavioral inhibition, particularly the “Stop-Signal” task
(30). In this procedure, subjects engaged in a primary task are required to respond
to a stimulus (go signal) as fast as possible. In a small proportion of randomly
selected trials, a “stop” signal is presented at a specified delay after the “go signal,”
and subjects are required to refrain from responding. The basic assumption in this
testing paradigm is that outcome is determined by the race between a “go” process
and a “stop” process. A shorter stop-signal reaction time (SSRT) is a primary index
of response inhibition, indicating more efficient inhibitory control. Studies using
this paradigm have consistently found that ADHD patients have longer and more
variable SSRT, and that stimulant drugs decrease SSRT (31).

Despite a critical role of response inhibition in ADHD, there was little informa-
tion about the basic neurobiology of this executive cognitive function until the
recent development of a behavioral testing method applicable to laboratory animals
(32). In this paradigm, rats are engaged in a primary task, and must stop the “go”
response and perform an alternative response when a “stop” signal is presented at a
certain delay after the “go” signal. In rats with long baseline SSRT, d-amphetamine
significantly decreased the SSRT. In rats with short baseline SSRT, however, stimu-
lants had no effect. This finding provides the first direct evidence in experimental
animals that stimulants can improve response inhibition.

6.2.2. Attention
Attention is a broad cognitive construct with multiple dimensions. Depending

on the context, it may refer to: (a) initial selection of a stimulus to which to allocate
neurocognitive processing resources, (b) sustaining these resources to a relevant
stimulus (sustained attention), (c) inhibition of irrelevant stimuli (selective atten-
tion), and (d) shifting of the same resources when other stimuli become relevant.
Problems with attention in ADHD subjects typically include short attention span
and distractibility, which are suggestive of impaired sustained attention and defi-
cient selective attention, respectively.
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The most widely used test for sustained attention is the continuous performance
task (CPT). In its original version, subjects are presented a series of visual stimuli
(typically, letters A–Z), with a rarely occurring stimulus (e.g., the letter X) desig-
nated as a target stimulus. Subjects are required to respond by pressing a lever
when a target stimulus occurs, and to withhold response otherwise. Response accu-
racy (the proportion of correct responses relative to the number of target presenta-
tions) is used as the primary index of sustained attention.

Many studies using the CPT have demonstrated decreased response accuracy
and slower responding in subjects with ADHD compared to normal controls (33).
Slow responses are inconsistent with Barkley’s model in which deficient response
inhibition should result in decreased, not increased, response latency. This incon-
sistency suggests that attention deficit and deficient response inhibition are sepa-
rate features of ADHD.

In laboratory animals, sustained attention has been studied extensively using a
5-choice serial reaction time task (5-CSRTT), developed by Robbins and colleagues
(34). This behavioral paradigm has basic elements of the CPT, and measures ability
to sustain attention over a large number of trials. Choice accuracy is used as a
primary index for sustained attention. Several neurotransmitter systems are impli-
cated in sustained attention as reflected in responses in the 5-CSRTT, including
dopamine, norepinephrine, g-aminobutyric acid (GABA), and others. Alternatively,
sustained attention can be examined with a method developed by Sarter and col-
leagues that indicates paramount importance of acetylcholine to this function (35).
Whereas the 5-CSRTT has a component of spatial attention (rats must monitor
events in several different locations), Sarter’s method emphasizes the importance
of nonsignal trials that are analogous to components of the human CPT.

The mesocortical DA pathway projecting from the ventral tegmental area of
midbrain to the PFC is important in maintaining choice accuracy in the 5-CSRTT
paradigm. Rats with low baseline choice accuracy show improved sustained atten-
tion with direct infusion of the D1 partial agonist SKF-38393 into PFC, whereas the
selective D1 antagonist SCH-23390 can reduce choice accuracy in rats with rela-
tively high baseline performance. When given either systemically or directly into
the nucleus accumbens (a primary mesolimbic dopaminergic projection site), stimu-
lants usually increase overall responses and premature responding, with no change
in choice accuracy at moderate doses. However, in rats with spontaneous poor per-
formance, low doses of methylphenidate may enhance choice accuracy and decrease
premature responding, suggesting that rats with naturally occurring poor perfor-
mance in this task may serve as a model for ADHD.

Lesions of norepinephrine neurons that project from the brainstem to forebrain
usually do not affect performance in the 5-CSRTT task. However, poor choice
accuracy becomes evident when interfering stimuli are presented prior to salient
stimuli under such conditions, suggesting that the central noradrenergic system may
protect selective attention from distractions. Studies using selective noradrenergic
drugs indicate further, that stimulation of postsynaptic a1 adrenoceptors can improve
choice accuracy, whereas stimulation of a2 adrenoceptors impairs test performance,
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presumably by reducing overall noradrenergic activity through an autoreceptor
mechanism. Effects of tricyclic antidepressants in this model have yet to be studied.

6.2.3. Working Memory
Working memory encodes and maintains newly acquired, task relevant informa-

tion that is held “on-line” for a short time, and used to guide future response selec-
tion, and therefore is essential for the temporal organization of goal-directed
behavior. Based on extensive testing of ADHD patients with relevant cognitive
tasks, working memory appears to be a major area of deficit (2). ADHD subjects
perform poorly in tasks that require intact working memory (e.g., CPT, Stop-Sig-
nal, Go/No-Go, and digit span), but not in others with minimal demand for working
memory (e.g., visuomotor, finger-tapping, pegboard, and others). One possibility is
that “inability to maintain working memory representations may lead to an
increased rate at which input is delivered to working memory so as to compensate
for rapid fading of representations in working memory” (2). Such considerations
support the hypothesis that a deficit in working memory may underlie the rapid
shifts of attention and the disorganized/hyperactive behavior in ADHD patients.

In laboratory animals, working memory is commonly assessed with delayed
response/alternation tasks. Studies using such paradigms support a critical role of
DA and norepinephrine innervation to the PFC in the regulation of working memory
(36). Removal of dopaminergic input to the PFC impairs working memory. These
deficits can be reversed by treatment with a direct dopaminergic agonist, and opti-
mal responses are supported at an intermediate level of stimulation of D1 DA recep-
tors in the PFC.

The DA D4 receptor also may play a role in the regulation of working memory
because deficits in working memory induced by the benzodiazepine inverse agonist
FG-7142 in monkeys could be prevented by pretreatment with a selective D4

antagonist (37). Furthermore, we recently found in rats with poor baseline working
memory, that this cognitive function was enhanced with low doses of the selective
D4 antagonist L-745,870, whereas high doses reversed this beneficial effect. In rats
with good baseline performance, the D4 antagonist had no effect at low doses, but
disrupted working memory at high doses. Again, interest in D4 receptor-mediated
mechanisms in ADHD is supported by evidence of genetic linkage of the disorder
to polymorphism of the D4 receptor gene, as already discussed (14).

In addition to DA, norepinephrine also plays an important role in working
memory. Selective stimulation of the a2A adrenoceptor ameliorates working
memory deficits induced by depletion of catecholamines in the PFC of laboratory
animals. Beneficial effects of a2 receptor agonists such as clonidine are especially
prominent when a working memory task is affected by competing stimuli. This
observation is consistent with the findings in the 5-CSRTT testing paradigm that
noradrenergic lesions decrease choice accuracy when interfering stimuli are present.
Such effects of clonidine parallel the benefits of this direct a2 receptor agonist in
clinical ADHD, and may reflect actions on postsynaptic adrenoceptors in PFC rather
than on autoreceptors that limit the production and release of norepinephrine.
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6.2.4. Summary of Neuropsychological Models
In summary, neuropsychological studies demonstrate that executive functions

(response inhibition, sustained attention, working memory, and others) are defi-
cient or defective in persons diagnosed with ADHD. Experimental models for these
cognitive domains provide a heuristic theoretical framework for future studies of
ADHD, including further development of reliable diagnostic tools for clinical
ADHD, potential endophenotypes for genetic analysis, and methods for predicting
innovative treatments. The broad spectrum of ADHD symptoms is not adequately
explained by any single model of response inhibition, attention, or working memory
alone. Instead, such cognitive models should be viewed as complimentary to each
other, as well as partly overlapping in their underlying mechanisms. For example,
interference control, or resistance to distraction can be viewed as a component of
response inhibition, as a manifestation of selective attention, or as an integral part
of working memory.

Despite limitations of these models, they point to common neuroanatomical and
neurophysiological substrates. Electrophysiological and lesioning studies have pro-
vided ample evidence indicating that certain cognitive processes found to be defi-
cient in ADHD patients (e.g., response inhibition, attention, and working memory)
are critically dependent on the integrity of neuronal circuitry in the frontal cerebral
cortex, and particularly prefrontal cortex. This conclusion is consistent with the
clinical observation that some features of ADHD are reproduced in human subjects
with lesions or injuries of the frontal cortex.

The catecholamines DA and norepinephrine are implicated in response inhibi-
tion, attention, and working memory. This involvement is consistent with the clini-
cal efficacy of stimulants and noradrenergic antidepressants, and adds strong
support to the validity of these cognitive measures as targets of experimental mod-
eling as well as clinical investigation. Moreover, they may serve as important inter-
mediate phenotypes of ADHD and therefore useful experimental targets in future
studies of the genetics and neuropharmacology of the clinical disorder.

7. TREATMENT

Patients diagnosed with ADHD, especially children, require comprehensive
interventions that include use of appropriate medication. Various elements of spe-
cial education, behavior therapy, psychotherapy, and family therapy are also essen-
tial parts of the intervention, but are beyond the scope of the present discussion.
The clinical management of ADHD is complicated by comorbidity with other dis-
orders. A matter of particular concern is that the syndrome of bipolar disorder is
often undiagnosed or misdiagnosed among patients considered to have ADHD, and
especially children. In such patients, use of stimulants or antidepressants can pro-
duce adverse behavioral responses including manic or mixed manic-depressive
states, psychosis, aggression, self-injury, or suicide (11). Treatments with evidence
of effectiveness in clinical ADHD are summarized in Table 2.
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7.1. Stimulants
Stimulants have been used to treat both behavioral and cognitive features of

ADHD since the 1930s, when Bradley introduced d,l-amphetamine for the treat-
ment of a range of behavioral disorders in children and adolescents. Indeed,
amphetamines and other stimulants have become the cornerstone of medical treat-
ment for ADHD. This group of drugs includes several amphetamines, racemic or
d-methylphenidate, pemoline, the antidepressant bupropion, and an emerging group
of experimental agents that share some neuropharmacological features of typical
stimulants, notably their ability to release or prevent the inactivation of catechola-
mines by neuronal reuptake.

The pharmacology of stimulants, which facilitate release of both norepinephrine
and DA, overlaps that of many antidepressants that act by inhibition of norepineph-
rine transport and also have proved to be effective in the treatment of ADHD.
Agents that act selectively to block neuronal transport of DA, or use of stimulants
in combination with selective antagonists of DA receptors, have not been tested
experimentally in ADHD patients, leaving considerable uncertainty about the rela-
tive importance of norepinephrine and DA in mediating clinically useful effects of
stimulants in ADHD.

The only drugs that are Food and Drug Administration (FDA)-approved specifi-
cally for the treatment of ADHD are amphetamines, methylphenidate, pemoline
(under limited circumstances), and the new antidepressant-like agent atomoxetine
(Table 2). All other treatment options represent empirical, “off-label” applications
of agents approved for other indications, such as depression or hypertension. More-
over, use of many agents found to be effective in the treatment of ADHD in chil-
dren is considered “off-label” as a result of specific FDA-approval for treatment of
adults only, notably including the tricyclic antidepressants. Additionally, FDA-
approved recommendations for the duration of treatment are typically as brief as
4 to 6 weeks, even although ADHD typically requires indefinitely prolonged
treatment.

By far, the most commonly employed treatment for ADHD in the United States
has been racemic d,l-threo-methylphenidate (Ritalin®), a diasteriomeric compound
with four possible conformations (d- and l-, threo or erythro). Methylphenidate is
available in a wide range of preparations, including ordinary and slow-release tab-
lets, as well as a multicompartment oral preparation (Concerta®) that releases the
drug in rising amounts over at least 12 hours, with minimized risk of rapid
tolerance or tachyphylaxis that can limit the action of ordinary long-acting prepara-
tions (38). A transdermal skin patch delivery system also is available. Finally, the
pure d-threo-isomer of methylphenidate (Focalin®) was recently FDA-approved
for treatment of ADHD.

Pemoline is recommended only when other stimulants fail to alleviate symp-
toms or are poorly tolerated, owing to an increased risk of liver damage. Bupropion
appears to be somewhat less consistently effective than other stimulants, and is
associated with a risk of epileptic seizures at higher doses. Other stimulant-
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like agents remain experimental, including an active metabolite of the anorexic
agent sibutramine, and the new agent GW-329659, that inhibits both DA and nore-
pinephrine transporters.

Despite their status as a treatment of choice for ADHD at all ages, stimulants
continue to draw criticism for their alleged overuse and potential for abuse or illicit
diversion. Some stimulants (amphetamines and pemoline, but not methylphenidate,
bupropion, or sibutramine) are categorized as controlled substances by US Drug
Enforcement Administration regulations. A recent study of a sample of nearly
6000 children and adolescents suggested that overuse of stimulants may not be as
widespread as once thought (39). In that study, the prevalence of “definite” ADHD
across all ages was 7.4%, and 86.5% of youths so diagnosed were treated with a
stimulant at some time. However, among those without ADHD, only 0.2% was
ever given a stimulant, with intermediate rates for those with less certain diag-
nostic status.

7.2. Antidepressants
Antidepressants that selectively block norepinephrine reuptake, or both norepi-

nephrine and serotonin transport, are effective in the treatment of ADHD, whereas
SSRI antidepressants are not (1,40). Beneficial effects of adrenergic antidepres-
sants have been demonstrated with both older tricyclic antidepressants (e.g., imi-
pramine, desipramine, and nortriptyline), which are relatively toxic in overdoses
and the newer, safer agent atomoxetine (41). These agents may also have beneficial
effects in suppressing tics in children with a primary tic disorder such as Gilles de
la Tourette’s syndrome, or those induced by stimulants. Monoamine oxidase
inhibitors (MAOIs; e.g., tranylcypromine and selegiline), which potentiate cat-
echolamines and serotonin, also have been reported to be of benefit in ADHD.

The potential toxicity of the tricyclic antidepressants and MAOIs has limited
clinical enthusiasm for their use except when stimulants prove to be ineffective or
poorly tolerated. Newer agents that block the norepinephrine transporter, such as
atomoxetine and duloxetine, have a much improved safety profile, and are emerg-
ing as plausible alternatives to the older antidepressants and even the stimulants.

7.3. Miscellaneous Agents
The a2 adrenoceptor agonists clonidine and guanfacine have some evidence of

clinical utility in ADHD although their primary indication is hypertension.
Mechanisms by which these drugs alleviate ADHD symptoms remain unknown.
An autoreceptor mechanism seems unlikely because activation of the presynaptic
a2 autoreceptor reduces noradrenergic neurotransmission, and so, a direct postsyn-
aptic action is more likely. There is some evidence that centrally active b-adrener-
gic blockers including pindolol may also be helpful in ADHD, through unexplained
mechanisms.

Finally, several agents developed mainly for other purposes may be useful in
the treatment of ADHD. These include the anticonvulsant carbamazepine, the
cholinesterase inhibitor donepezil, the antinarcolepsy agent of uncertain mecha-
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nism of action, modafinil, as well as the experimental histamine H3 receptor
antagonist GT-2331 (Perceptin®). However, experimental trials of these agents
remain limited and mainly anecdotal.

8. CONCLUSIONS

ADHD is a highly prevalent and heterogeneous syndrome consisting of cogni-
tive and behavioral deficits, notably, inattention, impulsivity, deficient behavioral
inhibition, and hyperactivity that can be comorbid with conduct, learning, and mood
disorders. ADHD can be found at any age, but is more often diagnosed in boys than
girls or adults, and in the United States more than Europe. Compared to the general
population, risk of ADHD is 5 to 10 times greater among first-degree relatives of
index cases, and more than twice greater in identical than fraternal twins. Heritabil-
ity of ADHD is high and there are suggestive associations with specific genetic
polymorphisms of neuronal proteins essential to cerebral dopaminergic neu-
rotransmission. Diagnosis remains essentially clinical, based on multiple sources
of information. There are no specific psychological or other diagnostic tests, but
objective measures of body motility during sustained attention tasks are promising.

Prominent deficits in executive functions suggest dysfunction of the prefrontal
cerebral cortex. This theory is tentatively supported by some brain-imaging stud-
ies, although a specific pathophysiology is unknown. Laboratory animal models of
ADHD include genetic and neurotoxin models, and paradoxically, include states of
either dopaminergic excess or deficiency. These models vary in their similarity to
clinical ADHD, and emphasize behavioral hyperactivity rather than specific cogni-
tive dysfunctions. Newer approaches to laboratory modeling include use of rela-
tively specific cognitive testing methods that are applicable to animal and human
subjects. These models of specific cognitive deficits (including response inhibi-
tion, sustained attention, working memory, and others) may also represent
endophenotypes appropriate for genetic and pharmacological study instead of the
more complex and heterogeneous clinical syndrome of ADHD.

Effective treatment of ADHD includes most stimulants (with dopaminergic and
noradrenergic actions), and antidepressants with noradrenergic, but not selective
serotonergic, actions, along with comprehensive behavioral and educational inter-
ventions. Interest in developing innovative treatments for ADHD has increased
greatly in recent years following decades of heavy reliance on the use of stimulants.

GLOSSARY OF MEDICAL TERMINOLOGY
Allele: Any one of a series of two or more different genes that occupy the same locus on a

chromosome.
Attention: The ability to attend to a specific stimulus. Notice the contrast to alertness in

which a person can response to any stimulus.
Comorbidity: A concomitant but separable disease.
Polymorphism: Occurrence of multiple discrete alleles.
Prevalence: The number of cases of a disease relative to a given population at a specific

time or period of time.
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Proband: The patient carrying a specific disease.
Relative risk: The ratio of the risk of a disease among those exposed to a specific factor,

to the risk among those not exposed.
Stimulant: An agent that increases motor activity, decreases fatigue, or promotes a sense of

well-being.
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