K’S

\ KAPLAN & SADOX

~ SYNOPSIS
OF PSYCHIATRY

Behavioral Sciences/Clinical Psychiatry

ER LR ERVEESINS IR B RIS IR (RN

ser/Blink99/
, ey

Benjamin James Sadock, M.D.
Virginia Alcott Sadock, M.D.
Pedro Ruiz, M.D.

&3 Wolters Kluwer

Health

https://kat.cr/user/Blink99/




.-.!:I. "l e
— | ‘ _-'q
1 il P ' :. P s,
i | '1 | i > 1 - O ﬁ G

It LY

- L

| ! s Y = i

! . e _ -_ — !

To receive speC|a| fers and NEWS
about our latest products,
Sign up below.

Or visit LWW.com

g:?@Wolters Kluwer



KAPLAN & SADOCK'S
Synopsis of
Psychiatry

Behavioral Sciences/Clinical Psychiatry

ELEVENTH EDITION




CONTRIBUTING EDITORS

Caroly S. Pataki, M.D.

Clinical Professor of Psychiatry & Biobehavioral Sciences
David Geffen School of Medicine at UCLA

Norman Sussman, M.D.

Professor of Psychiatry, New York University School of Medicine;
Director, Treatment Resistant Depression Program and Co-director,
Continuing Education in Psychiatry, Department of Psychiatry;
Attending Psychiatrist, Tisch Hospital, New York, New York



KAPLAN & SADOCK'S

Synopsis of Psychiatry

Behavioral Sciences/Clinical Psychiatry

ELEVENTH EDITION

Benjamin James Sadock, M.D.

Menas S. Gregory Professor of Psychiatry,
Department of Psychiatry, New York University School of Medicine;
Attending Psychiatrist, Tisch Hospital;
Attending Psychiatrist, Bellevue Hospital Center;
New York, New York

Virginia Alcott Sadock, M.D.

Professor of Psychiatry, Department of Psychiatry,
New York University School of Medicine;
Attending Psychiatrist, Tisch Hospital;
Attending Psychiatrist, Bellevue Hospital Center,
New York, New York

Pedro Ruiz, M.D.

Professor of Psychiatry, Executive Vice-Chair and Director of Clinical Programs,
Department of Psychiatry and Behavioral Sciences,
University of Miami Miller School of Medicine, Miami, Florida

@®Wolters Kluwer

Philadelphia ¢« Baltimore « New York * London
Buenos Aires « Hong Kong « Sydney « Tokyo



Acquisitions Editor: Julie Goolsby

Acquisitions Editor: Jamie Elfrank

Senior Product Development Editor: Kristina Oberle
Product Development Editor: Andrea Vosburgh
Production Project Manager: Bridgett Dougherty
Marketing Manager: Stephanie Manzo
Manufacturing Manager: Beth Welsh

Design Coordinator: Stephen Druding

Production Services: Aptara, Inc.

11th edition
Copyright © 2015 Wolters Kluwer
“Kaplan Sadock Psychiatry” with the pyramid logo is a trademark of Lippincott Williams & Wilkins.

All rights reserved. This book is protected by copyright. No part of this book may be reproduced or
transmitted in any form or by any means, including as photocopies or scanned-in or other electronic
copies, or utilized by any information storage and retrieval system without written permission from
the copyright owner, except for brief quotations embodied in critical articles and reviews. Materials
appearing in this book prepared by individuals as part of their official duties as U.S. government
employees are not covered by the above-mentioned copyright. To request permission, please contact
Wolters Kluwer at Two Commerce Square, 2001 Market Street, Philadelphia, PA 19103, via email at
permissions@lww.com, or via our website at lww.com (products and services).

Previous Editions
First Edition 1972
Second Edition 1976
Third Edition 1981
Fourth Edition 1985
Fifth Edition 1988
Sixth Edition 1991
Seventh Edition 1994
Eighth Edition 1998
Ninth Edition 2003
Tenth Edition 2007

Library of Congress Cataloging-in-Publication Data
Sadock, Benjamin J., author.

Kaplan & Sadock’s synopsis of psychiatry : behavioral sciences/clinical psychiatry.—Eleventh
edition / Benjamin James Sadock, Virginia Alcott Sadock, Pedro Ruiz.

p.;cm.

Kaplan and Sadock’s synopsis of psychiatry

Synopsis of psychiatry

Preceded by Kaplan & Sadock’s synopsis of psychiatry / Benjamin James Sadock, Virginia Alcott
Sadock. 10th ed. 2007.

Includes bibliographical references and index.

Summary: “The goal of this book is to foster professional competence and ensure the highest quality
care to those with mental illness. An eclectic, multidisciplinary approach has been its hallmark; thus,
biological, psychological, and sociological factors are equitably presented as they affect the person in
health and disease”—Provided by publisher.

ISBN 978-1-60913-971-1 (alk. paper)

I. Sadock, Virginia A., author. II. Ruiz, Pedro, 1936- author. III. Title. IV. Title: Kaplan and Sadock’s
synopsis of psychiatry. V. Title: Synopsis of psychiatry.

[DNLM: 1. Mental Disorders. WM 140]

RC454

616.89—dc23

2014021574

This work is provided “as is,” and the publisher disclaims any and all warranties, express or implied,
including any warranties as to accuracy, comprehensiveness, or currency of the content of this work.

This work is no substitute for individual patient assessment based upon healthcare professionals’
examination of each patient and consideration of, among other things, age, weight, gender, current or
prior medical conditions, medication history, laboratory data and other factors unique to the patient.
The publisher does not provide medical advice or guidance and this work is merely a reference
tool. Healthcare professionals, and not the publisher, are solely responsible for the use of this work
including all medical judgments and for any resulting diagnosis and treatments.

Given continuous, rapid advances in medical science and health information, independent
professional verification of medical diagnoses, indications, appropriate pharmaceutical selections and
dosages, and treatment options should be made and healthcare professionals should consult a variety
of sources. When prescribing medication, healthcare professionals are advised to consult the product
information sheet (the manufacturer’s package insert) accompanying each drug to verify, among other
things, conditions of use, warnings and side effects and identify any changes in dosage schedule or
contradictions, particularly if the medication to be administered is new, infrequently used or has a
narrow therapeutic range. To the maximum extent permitted under applicable law, no responsibility is
assumed by the publisher for any injury and/or damage to persons or property, as a matter of products
liability, negligence law or otherwise, or from any reference to or use by any person of this work.

LWW.com

Cover Illustration: Artist Surrounded by Masks (detail), 1899 by James Ensor (1860—-1949). © 2014
Artists Rights Society (ARS), New York/SABAM, Brussels.



To
Our Grandchildren



Preface

This is the eleventh edition of Kaplan & Sadock's Synopsis
of Psychiatry, which was first published more than 40 years
ago. During that time, it has gained the reputation of being
an independent, consistent, accurate, objective, and reliable
compendium of new events in the field of psychiatry. Since its
beginning, the goal of this book has been to foster professional
competence and ensure the highest quality care to those with
mental 1llness. An eclectic, multidisciplinary approach has been
its hallmark; thus, biological, psychological, and sociological
factors are equitably presented as they affect the person in health
and disease.

Synopsis serves the needs of diverse professional groups:
psychiatrists and nonpsychiatric physicians, medical students,
psychologists, social workers, psychiatric nurses, and other men-
tal health professionals, such as occupational and art therapists,
among others. Synopsis is also used by nonprofessionals as an
authoritative guide to help them collaborate in the care of a family
member or friend with mental illness. As authors and editors, we
have been extremely gratified by the wide acceptance and use of
Synopsis, both in the United States and around the world.

We are especially pleased that Pedro Ruiz, M.D., who joined
us as third editor for the last (Tenth) edition of the Comprehen-
sive Textbook of Psychiatry, is continuing his association with
us as co-author of Synopsis. Dr. Ruiz is not only a close friend
but is a distinguished academic psychiatrist, renowned as both
an educator and clinician. He is past president of the American
Psychiatric Association and serves as the current president of
the World Psychiatric Association. Dr. Ruiz is Professor of Psy-
chiatry and Executive Vice-Chair and Director of Clinical Pro-
grams at the University of Miami Miller School of Medicine.

HISTORY

This textbook evolved from our experience editing the Com-
prehensive Textbook of Psychiatry. That book is nearly 4,000
double-column pages long, with more than 450 contributions by
outstanding psychiatrists and behavioral scientists. It serves the
needs of those who require an exhaustive, detailed, and encyclo-
pedic survey of the entire field. In an effort to be as comprehen-
sive as possible, the textbook spans two volumes to cover the
material, clearly rendering it unwieldy for some groups, espe-
cially medical students, who need a brief and more condensed
statement of the field of psychiatry. To accomplish this, sections
of the Comprehensive Textbook of Psychiatry were deleted or
condensed, new subjects were introduced, and all sections were
brought up to date, especially certain key areas, such as psycho-
pharmacology. We wish to acknowledge our great and obvious
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debt to the more than 2,000 contributors to the current and pre-
vious editions of the Comprehensive Textbook of Psychiatry, all
of whom have allowed us to synopsize their work. At the same
time, we must accept responsibility for the modifications and
changes in the new work.

COMPREHENSIVE TEACHING SYSTEM

This textbook forms one part of a comprehensive system devel-
oped by us to facilitate the teaching of psychiatry and the behav-
ioral sciences. At the head of the system is the Comprehensive
Textbook of Psychiatry, which 1s global in depth and scope; it is
designed for and used by psychiatrists, behavioral scientists, and
all workers in the mental health field. Synopsis of Psychiatry is a
relatively brief, highly modified, and current version useful for
medical students, psychiatric residents, practicing psychiatrists,
and mental health professionals. Two special editions derived
from Synopsis, Concise Textbook of Clinical Psychiatry and
Concise Textbook of Child and Adolescent Psychiatry, contain
descriptions of all psychiatric disorders, including their diagno-
sis and treatment in adults and children, respectively. They will
be useful for clinical clerks and psychiatric residents who need
a succinct overview of the management of clinical problems.
Another part of the system, Study Guide and Self-Examination
Review of Psychiatry, consists of multiple-choice questions
and answers; it is designed for students of psychiatry and for
clinical psychiatrists who require a review of the behavioral
sciences and general psychiatry in preparation for a variety of
examinations. The questions are modeled after and consistent
with the format used by the American Board of Psychiatry and
Neurology (ABPN), the National Board of Medical Examiners
(NBME), and the United States Medical Licensing Examination
(USMLE). Other parts of the system are the various editions of
the pocket handbooks: Pocket Handbook of Clinical Psychiatry,
Pocket Handbook of Psychiatric Drug Treatment, Pocket Hand-
book of Emergency Psychiatric Medicine, and Pocket Handbook
of Primary Care Psychiatry. Those books cover the diagnosis
and treatment of psychiatric disorders, psychopharmacology,
psychiatric emergencies, and primary care psychiatry, respec-
tively, and are designed and written to be carried by clinical
clerks and practicing physicians, whatever their specialty, to
provide a quick reference. Finally, Comprehensive Glossary
of Psychiatry and Psychology provides simply written defini-
tions for psychiatrists and other physicians, psychologists, stu-
dents, other mental health professionals, and the general public.
Together, these books create a multiple approach to the teach-
ing, study, and learning of psychiatry.



CLASSIFICATION OF DISORDERS
DSM-5

A fifth edition of the American Psychiatric Association
Diagnostic and Statistical Manual of Mental Disorders was
published in 2013 called DSM-S5. It contains the official nomen-
clature used by psychiatrists and other mental health profes-
sionals in the United States; the psychiatric disorders discussed
in the textbook are consistent with and follow that nosology.
Every section dealing with clinical disorders has been updated
thoroughly and completely to include the revisions contained in
DSM-5. The reader also will find DSM-5 tables for most major
mental disorders reprinted in this textbook as it has been in each
of our editions.

The DSM is the “law of the land” and, as mentioned previ-
ously, is the nomenclature used throughout this textbook; how-
ever, some clinicians and researchers have reservations about
various aspects of the DSM, which readers will find mentioned
in Synopsis. As future editions of the DSM appear, this textbook,
as always, will allow room for dissent before and especially
after every new version appears. It will continue to provide a
forum for discussion, evaluation, criticism, and disagreement,
while duly acknowledging the official nomenclature.

ICD-10

Readers also should be aware of a parallel classification system
developed by the World Health Organization (WHO) called the
International Statistical Classification of Diseases and Related
Health Problems (ICD-10). There are textual differences
between DSM and ICD, but according to treaties between the
United States and the WHO, the diagnostic code numbers must
be identical to ensure uniform reporting of national and interna-
tional psychiatric statistics. ICD diagnoses and numerical codes
are accepted by Medicare, Medicaid, and private insurance
companies for reimbursement purposes in the United States.

COVER ART AND ILLUSTRATIONS

Synopsis was one of the first modern psychiatric textbooks to
use art and photographs to illustrate psychiatric subjects in
order to enrich the learning experience, and we have continued
that tradition through each edition.

The cover art is a detail of a painting entitled Artist Sur-
rounded by Masks by the Belgian-born artist James Ensor (1860—
1949), who was fascinated by masks, which for him represented
the hypocrisy of humanland. Masks have played a role through-
out human history. They both hide and reveal; they hide what we
do not wish to show to others or to ourselves or what we wish
to keep secret, and they reveal what we wish others to see. In
the rehabilitation of psychiatric patients, making masks has been
used by art therapists to help patients explore their feelings and
to experience their creativity. The psychiatrist Hervey Cleckley
coined the term “mask of sanity” to refer to the psychopath who
manipulates others but who is, beneath the fagade of normality,
profoundly disturbed. Carl Jung wrote of the persona (derived
from the Latin word for mask) as the image we wish to present
to the world behind which lay other images of the self. We hope
that the cover art enriches the learning experience for our readers.

Preface vii

As in all Kaplan & Sadock books, color plates of proprietary
forms of commonly used psychiatric drugs including their dos-
age forms are pictured. All new drugs developed since the last
edition was published are included. In addition, new illustra-
tions and color plates have been added to many sections.

CASE HISTORIES

Case histories are an integral part of Synopsis. They are used
extensively throughout the text to add clarity and bring life
to the clinical disorders described. Cases come from various
sources including the contributors to the current and previous
editions of the Comprehensive Textbook of Psychiatry and our
hospital colleagues, all of whom we thank for their contribu-
tions. Some also come from the authors’ clinical experience at
Bellevue Hospital in New York. Cases appear in tinted type to
help the reader find them easily.

NEW AND UPDATED SECTIONS

The introduction of DSM-5 in 2013 reframed psychiatric nosol-
ogy, and the reader will find every section of Syrnopsis revised and
updated to reflect those changes. The chapter on Classification in
Psychiatry provides a concise overview and definition of every
psychiatric disorder listed in DSM-5. In the rest of the book, each
of these disorders is discussed in great detail in separate chapters
and sections. In addition, almost every major mental disorder is
accompanied by its corresponding DSM-5 diagnostic table.

The table of contents was reorganized starting with the
chapter called Neural Sciences, in which three new sections
were added: Neural Development and Neurogenesis reflects the
important role of the developing nervous system in the causa-
tion of mental illness; Applied Electrophysiology describes the
effects of electrical impulses in the brain and its relation to clini-
cal psychiatry; and Immune System and Central Nervous System
Interactions describes the complex effects of the immune sys-
tem on the brain in health and disease.

A new section entitled Normality and Mental Health pro-
vides the reader with a framework within which to understand
the boundaries of mental illness. Similarly, another new section,
Positive Psychology, describes emerging theories and therapeu-
tic approaches that contribute to mental health.

A chapter called Contributions of the Sociocultural Sciences
contains three new sections entitled Sociology and Ethology,
Transcultural Psychiatry, and Culture-Bound Syndromes that,
taken together, reflect the tremendous impact that culture has
on both the manifestations and prevalence of mental disorders
around the world.

The chapter End-of-Life Issues covers death, dying, bereave-
ment, and palliative care to reflect the important role psychia-
trists have in the clinical specialty of palliative medicine. This
chapter also covers pain control, which is a relatively new but
important area in which psychiatrists play a significant role.
In the chapter entitled Gender Dysphoria—a new diagnostic
category included in DSM-5—special attention is given to
issues that affect gay, lesbian, bisexual, and transgender per-
sons. The chapter Psychiatry and Reproductive Medicine was
revised extensively to keep pace with advances in women’s
health issues. The chapter Ethics in Psychiatry was updated to
include an extensive discussion of physician-assisted suicide.



viii Preface

This topic is also given special attention in the section enti-
tled Euthanasia and Physician-Assisted Suicide. In the last
edition, the section on Posttraumatic Stress Disorder covered
the tragic events of September 11, 2001, involving the World
Trade Center in New York and the Pentagon in Washington.
Regrettably, other disasters such as Hurricane Sandy and the
Newtown killings have occurred since then. The psychological
effects of those events are covered, as are the effects of the wars
in Iraq and Afghanistan on the mental health of the veterans of
those wars. Related to that is new coverage of the effects of
terrorism and torture, two areas rarely covered in textbooks
of psychiatry, but of extreme importance to psychiatrists who
treat its victims.

Two new chapters, Public Psychiatry and World Aspects of
Psychiatry, have been added to this edition, both of which reflect
the national and global scope of psychiatry and the need for cli-
nicians to understand disorders that appear around the world.
A new section called Brain Stimulation Methods describes
such new advances as transmagnetic and deep brain stimula-
tion developed to restore health to those patients who have not
responded to conventional therapies and who are among the
most severely mentally ill.

The chapter on psychotherapy has been expanded to include
newer treatments such as Mentalization and Mindfulness, both
of which are covered in a newly written section. And, as in pre-
vious editions, the chapter Pharmacological Treatment covers
every drug used by psychiatrists to treat mental illness. It has
been completely updated to include all new drugs introduced
since the last edition of this book was published.

Finally, every chapter in the behavioral sciences section has
been revised and updated to reflect the latest advances in the field.

PSYCHOPHARMACOLOGY

The authors are committed to classifying drugs used to treat
mental disorders according to their pharmacological activ-
ity and mechanism of action rather than using such categories
as antidepressants, antipsychotics, anxiolytics, and mood sta-
bilizers, which are overly broad and do not reflect, scientifi-
cally, the clinical use of psychotropic medication. For example,
many antidepressant drugs are used to treat anxiety disorders;
some anxiolytics are used to treat depression and bipolar dis-
orders; and drugs from all categories are used to treat other
clinical problems, such as eating disorders, panic disorders, and
impulse-control disorders. Many drugs are also used to treat a
variety of mental disorders that do not fit into any broad clas-
sification. Information about all pharmacological agents used
in psychiatry, including pharmacodynamics, pharmacokinetics,
dosages, adverse effects, and drug—drug interactions, was thor-
oughly updated to reflect recent research.

CHILDHOOD DISORDERS

The chapters covering childhood disorders were extensively
revised to include important new material. DSM-5 introduced
new childhood diagnostic categories and eliminated others. For
example, diagnoses such as Pervasive Developmental Disorder,
Rett’s Disorder, and Asperger’s Disorder are now subsumed
under the rubric of Autism Spectrum Disorder, and Disruptive
Mood Dysregulation Disorder and Attenuated Psychosis Syn-

drome were added as new diagnostic entities. These and other
changes are reflected in the expanded coverage of disorders
that usually begin in childhood and adolescence. The section
dealing with the impact of terrorism has been updated to reflect
new information about posttraumatic stress disorders in chil-
dren, including the latest data on the psychological effects on
children exposed to natural and man-made disasters. The sec-
tion Anxiety Disorders was reorganized and updated thoroughly,
and Obsessive-Compulsive Disorder 1s now a separate chapter.
The section that deals with the use of pharmacological agents in
children was updated extensively to reflect the many changes in
the use of medications to treat disorders of childhood that have
occurred since the last edition this book was published.

GLOSSARY

Unique to this edition is a new and updated comprehensive glos-
sary of psychiatric signs and symptoms. Psychiatry is a descrip-
tive science and the knowledge and accurate usage of the many
terms available to the clinician is crucial to successful diagnosis
and treatment. We hope readers find this new addition to the
textbook of use.

REFERENCES

Each section in Synopsis ends with a number of citations that
include reviews of the literature and up-to-date references in
addition to relevant chapters in our larger textbook, Comprehen-
sive Textbook of Psychiatry. References are limited in number;
in part this was to conserve space, but more importantly, we
are mindful that modern-day readers consult Internet databases
such as PubMed and Google Scholar to stay abreast of the most
current literature, and we encourage that trend.
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A 1.1 Introduction

The human brain 1s responsible for our cognitive processes, emo-
tions, and behaviors—that is, everything we think, feel, and do.
Although the early development and adult function of the brain
are shaped by multiple factors (e.g., epigenetic, environmental,
and psychosocial experiences), the brain is the final integrator
of these influences. Despite the many advances in neural sci-
ences over the last several decades, including the “decade of the
brain” in the 1990s, and the wide acceptance of the brain as the
biological substrate for normal and abnormal mental functions,
there has not been a true transformational advance in the treat-
ment of mental disorders for more than half a century. The most
obvious reason for the absence of more progress is the profound
complexity of the human brain. A perhaps less obvious reason
is the current practice of psychiatric diagnosis, which, for most
clinicians, is based on syndrome-based classification systems.

The purpose of this chapter is to introduce the neural sciences
sections, which describe the anatonmty and function of the human
brain, and then to discuss how an evolution of thinlang toward a
brain-based or biologically based diagnostic system for mental
illness might facilitate our efforts to advance brain research, to
develop better treatments, and to improve patient care.

In other fields of medicine, diagnosis is based on physical
signs and symptoms, a medical history, and results of labora-
tory and radiological tests. In psychiatry, a diagnosis is based
primarily on the clinician’s impression of the patient’s interpre-
tation of his or her thoughts and feelings. The patient’s symp-
toms are then cross-referenced to a diagnostic or classification
manual (e.g., Diagnostic and Statistical Manual of Mental Dis-
orders [DSM-5], International Statistical Classification of Dis-
eases and Related Health Problems [ICD]) containing hundreds
of potential syndromes, and one or more diagnoses are applied
to the particular patient. These standard classification systems
represent significant improvements in reliability over previous
diagnostic systems, but there is little reason to believe that these
diagnostic categories are valid, in the sense that they represent
discrete, biologically distinct entities. Although a patient with
no symptoms or complaints can be diagnosed as having diabe-
tes, cancer, or hypertension on the basis of blood tests, X-rays,
or vital signs, a patient with no symptoms cannot be diagnosed
with schizophrenia, for example, because there are no currently
recognized objective, independent assessments.

The goals of clinicians and researchers are to reduce human
suffering by increasing our understanding of diseases, develop-
ing new treatments to prevent or cure diseases, and caring for

Neural Sciences

patients in an optimal manner. If the brain 1s the organ of focus
for mental illnesses, then it may be time to be more ambitious
in building the classification of patients with mental illnesses
directly from our understanding of biology, rather than only
from the assessment of a patient’s symptoms.

THE HUMAN BRAIN

The following neural sciences sections each address a field
of brain biology. Each of these fields could be relevant to the
pathophysiology and treatment of mental illnesses. Although the
complexity of the human brain is daunting compared with other
organs of the body, progress can only be made if one approaches
this complexity consistently, methodically, and bravely.

The neuronal and glial cells of the human brain are orga-
nized in a characteristic manner, which has been increasingly
clarified through modern neuroanatomical techniques. In addi-
tion, our knowledge of normal human brain development has
become more robust in the last decade. The human brain clearly
evolved from the brain of lower animal species, allowing infer-
ences to be made about the human brain from animal studies.
Neurons communicate with one another through chemical and
electrical neurotransmission. The major neurotransmitters are
the monoamines, amino acids, and neuropeptides. Other chemi-
cal messengers include neurotrophic factors and an array of
other molecules, such as nitric oxide. Electrical neurotransmis-
sion occurs through a wide range of ion channels. Chemical
and electrical signals received by a neuron subsequently initiate
various molecular pathways within other neurons that regulate
the biology and function of individual neurons, including the
expression of individual genes and the production of proteins.

In addition to the central nervous system (CNS), the human
body contains two other systems that have complex, internal
communicative networks: the endocrine system and the immune
system. The recognition that these three systems communicate
with each other has given birth to the fields of psychoneuro-
endocrinology and psychoneuroimmunology. Another property
shared by the CNS, the endocrine system, and the immune
system 1s the regular changes they undergo with the passage
of time (e.g., daily, monthly), which is the basis of the field of
chronobiology.

PSYCHIATRY AND THE HUMAN BRAIN

In the first half of the 20 century, the advances in psycho-
dynamic psychiatry, as well as in social and epidemiological
psychiatry, led to a separation of psychiatric research from the
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2 Chapter 1: Neural Sciences

study of the human brain. Since the 1950s, the appreciation of
the effectiveness of medications in treating mental disorders and
the mental effects of illicit drugs, have reestablished a biologi-
cal view of mental illness, which had already been seeded by
the introduction of electroconvulsive therapy (ECT) and James
Papez’s description of the limbic circuit in the 1930s. This bio-
logical view has been reinforced further by the development
of brain imaging techniques that have helped reveal how the
brain performs in normal and abnormal conditions. During this
period, countless discoveries have been made in basic neural
science research using experimental techniques to assess the
development, structure, biology, and function of the CNS of
humans and animals.

Psychopharmacology

The effectiveness of drugs in the treatment of mental illness
has been a major feature of the last half-century of psychiatric
practice. The first five editions of this textbook divided psycho-
pharmacological treatment into four chapters on antipsychotic,
antidepressant, antianxiety, and mood-stabilizing drugs. The
prior division of psychiatric drugs into four classes is less valid
now than it was in the past for the following reasons: (1) Many
drugs of one class are used to treat disorders previously assigned
to another class; (2) drugs from all four categories are used to
treat disorders not previously treatable by drugs (for example,
eating disorders, panic disorders, and impulse control disor-
ders); and (3) drugs such as clonidine (Catapres), propranolol
(Inderal), and verapamil (Isoptin) can effectively treat a variety
of psychiatric disorders and do not fit easily into the aforemen-
tioned classification of drugs.

The primary motivation for this change was that the vari-
ety and application of the drug treatments no longer clearly fit
a division of disorders into psychosis, depression, anxiety, and
mania. In other words, the clinical applications of biologically
based treatments did not neatly align with our syndrome-based
diagnostic system. An implication of this observation could be
that drug response might be a better indicator of underlying bio-
logical brain dysfunction than any particular group of symp-
toms. For example, although the DSM-5 distinguishes major
depressive disorder from generalized anxiety disorder, most
clinicians are aware that these are often overlapping symptoms
and conditions in clinical practice. Moreover, the same drugs
are used to treat both conditions.

The animal models that are used to identify new drug treat-
ments may also have affected our ability to advance research
and treatment. Many major classes of psychiatric drugs were
discovered serendipitously. Specifically, the drugs were devel-
oped originally for nonpsychiatric indications, but observant
clinicians and researchers noted that psychiatric symptoms
improved in some patients, which led to focused study of these
drugs in psychiatric patients. The availability of these effective
drugs, including monoaminergic antidepressants and antipsy-
chotics, led to the development of animal models that could
detect the effects of these drugs (e.g., tricyclic antidepressants
increase the time mice spend trying to find a submerged plat-
form in a “forced swim” test). These animal models were then
used to screen new compounds in an attempt to identify drugs
that were active in the same animal models. The potential risk
of this overall strategy is that these animal models are merely

a method for detecting a particular molecular mechanism of
action (e.g., increasing serotonin concentrations), rather than a
model for a true behavioral analog of a human mental illness
(e.g., behavioral despair in a depressed patient).

Endophenotypes

A possible diagnosis-related parallel to how this textbook sepa-
rated the four classes of psychotropic drugs into approximately
30 different categories is the topic of endophenotypes in psy-
chiatric patients. An endophenotype is an internal phenotype,
which is a set of objective characteristics of an individual that
are not visible to the unaided eye. Because there are so many
steps and variables that separate a particular set of genes from
the final functioning of a whole human brain, it may be more
tractable to consider intermediate assessments such as endophe-
notypes. This hypothesis is based on the assumption that the
number of genes that are involved in an endophenotype might
be fewer than the number of genes involved in causing what we
would conceptualize as a disease. The nature of an endophe-
notype, as considered in psychiatry, is biologically defined on
the basis of neuropsychological, cognitive, neurophysiological,
neuroanatomical, biochemical, and brain imaging data. Such an
endophenotype, for example, might include specific cognitive
impairments as just one of its objectively measured features.
This endophenotype would not be limited to patients with a
diagnosis of schizophrenia because it might also be found in
some patients with depression or bipolar disorder.

The potential role of an endophenotype can be further clari-
fied by stating what it is not. An endophenotype is not a symp-
tom, and it is not a diagnostic marker. A classification based on
the presence or absence of one or more endophenotypes would
be based on objective biological and neuropsychological mea-
sures with specific relationships to genes and brain function. A
classification based on endophenotypes might also be a produc-
tive approach toward the development of more relevant animal
models of mental illnesses, and thus the development of novel
treatments.

PSYCHIATRY AND THE HUMAN GENOME

Perhaps 70 to 80 percent of the 25,000 human genes are
expressed in the brain, and because most genes code for more
than one protein, there may be 100,000 different proteins in the
brain. Perhaps 10,000 of these are known proteins with some-
what identified functions, and no more than 100 of these are the
targets for existing psychotherapeutic drugs.

The study of families with the use of population genetic meth-
ods over the last 50 years has consistently supported a genetic,
heritable component to mental disorders. More recent techniques
in molecular biology have revealed that specific chromosomal
regions and genes are associated with particular diagnoses. A
potentially very powerful application of these techniques has been
to study transgenic models of behavior in animals. These trans-
genic models can help us understand the effects of individual
genes as well as discover completely novel molecular targets for
drug development.

It may be a natural response to resist “simple” genetic expla-
nations for human features. Nonetheless, research on humans



generally has found that approximately 40 to 70 percent of
aspects of cognition, temperament, and personality are attribut-
able to genetic factors. Because these are the very domains that
are affected in mentally ill patients, it would not be surprising to
discover a similar level of genetic influence on mental illness,
especially if we were able to assess this impact at a more dis-
crete level, such as with endophenotypes.

Individual Genes and Mental Disorders

Several types of data and observations suggest that any single
gene is likely to have only a modest effect on the development
of a mental disorder, and that when a mental disorder is pres-
ent in an individual, it represents the effects of multiple genes,
speculatively on the order of five to ten genes. This hypoth-
esis is also supported by our failure to find single genes with
major effects in mental illnesses. Some researchers, however,

still consider it a possibility that genes with major effects will
be identified.

“Nature” and “Nurture” within the CNS

In 1977, George Engel, at the University of Rochester, pub-
lished a paper that articulated the biopsychosocial model of
disease, which stressed an integrated approach to human behav-
ior and disease. The biological system refers to the anatomical,
structural, and molecular substrates of disease; the psychologi-
cal system refers to the effects of psychodynamic factors; and
the social system examines cultural, environmental, and famil-
ial influences. Engel postulated that each system affects and is
affected by the others.

The observation that a significant percentage of identical
twins are discordant for schizophrenia is one example of the
type of data that support the understanding that there are many
significant interactions between the genome and the environ-
ment (i.e., the biological basis of the biopsychosocial concept).
Studies in animals have also demonstrated that many factors—
including activity, stress, drug exposure, and environmental
toxins—can regulate the expression of genes and the develop-
ment and functioning of the brain.

Mental Disorders Reflect Abnormalities
in Neuroanatomical Circuits and
Synaptic Regulation

Although genes lead to the production of proteins, the actual
functioning of the brain needs to be understood at the level
of regulation of complex pathways of neurotransmission and
intraneuronal signaling, and of networks of neurons within and
between brain regions. In other words, the downstream effects
of abnormal genes are modifications in discrete attributes such
as axonal projections, synaptic integrity, and specific steps in
intraneuronal molecular signaling.

Why Not a Genetic-Based Diagnostic System?

Some researchers have proposed moving psychiatry toward a
completely genetic-based diagnostic system. This proposal,
however, seems premature based on the complexity of the
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genetic factors presumably involved in psychiatric disorders,
the current absence of sufficient data to make these genetic con-
nections, and the importance of epigenetic and environmental
influences on the final behavioral outcomes resulting from an
individual’s genetic information.

LESSONS FROM NEUROLOGY

Clinical and research neurologists seem to have been able to
think more clearly than psychiatrists about their diseases
of interest and their causes, perhaps because the symptoms
are generally nonbehavioral. Neurologists have biologically
grounded differential diagnoses and treatment choices. This
clarity of approach has helped lead to significant advances in
neurology in the last two decades, for example, clarification of
the amyloid precursor protein abnormalities in some patients
with Alzheimer’s disease, the presence of trinucleotide repeat
mutations in Huntington’s disease and spinocerebellar ataxia,
and the appreciation of alpha-synucleinopathies, such as
Parkinson’s disease and Lewy body dementia.

The continued separation of psychiatry from neurology is in
itself a potential impediment to good patient care and research.
Many neurological disorders have psychiatric symptoms (e.g.,
depression in patients following a stroke or with multiple scle-
rosis or Parkinson’s disease), and several of the most severe
psychiatric disorders have been associated with neurological
symptoms (e.g., movement disorders in schizophrenia). This is
not surprising given that the brain is the organ shared by psy-
chiatric and neurological diseases, and the division between
these two disease areas is arbitrary. For example, patients with
Huntington’s disease are at much greater risk for a wide range
of psychiatric symptoms and syndromes, and thus many differ-
ent DSM-5 diagnoses. Because we know that Huntington’s dis-
ease 1s an autosomal dominant genetic disorder, the observation
that it can manifest with so many different DSM-5 diagnoses
does not speak to a very strong biological distinction among the
existing DSM-5 categories.

EXAMPLES OF COMPLEX HUMAN
BEHAVIORS

The goal to understand the human brain and its normal and
abnormal functioning is truly one of the last frontiers for
humans to explore. Trying to explain why a particular individ-
ual is the way he or she is, or what causes schizophrenia, for
example, will remain too large a challenge for some decades.
It is more approachable to consider more discrete aspects of
human behavior.

It is not the role of textbooks to set policies or to write diag-
nostic manuals, but rather to share knowledge, generate ideas,
and encourage innovation. The authors believe, however, that
it 1s time to reap the insights of decades of neural science and
clinical brain research and to build the classification of mental
illnesses on fundamental principles of biology and medicine.
Regardless of official diagnostic systems, however, clinicians
and researchers should fully understand the biological com-
ponent of the biopsychosocial model, and not let research or
patient care suffer because of a diagnostic system that is not
founded on biological principles.
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A 1.2 Functional

Neuroanatomy

The sensory, behavioral, affective, and cognitive phenomena
and attributes experienced by humans are mediated through the
brain. It is the organ that perceives and affects the environment
and integrates past and present. The brain is the organ of the
mind that enables persons to sense, do, feel, and think.

Sensory systems create an internal representation of the exter-
nal world by processing external stimuli into neuronal impulses.
A separate map is formed for each sensory modality. Motor
systems enable persons to manipulate their environment and
to influence the behavior of others through communication. In
the brain, sensory input, representing the external world, is inte-
grated with internal drivers, memories, and emotional stimuli in
association units, which in turn drive the actions of motor units.
Although psychiatry is concerned primarily with the brain’s
association function, an appreciation of information processing
of the sensory and motor systems is essential for sorting logical
thought from the distortions introduced by psychopathology.

BRAIN ORGANIZATION

The human brain contains approximately 10" neurons (nerve
cells) and approximately 10'* glial cells. Neurons most classi-
cally consist of a soma, or cell body, which contains the nucleus;
usually multiple dendrites, which are processes that extend from
the cell body and receive signals from other neurons; and a sin-
gle axon, which extends from the cell body and transmits signals
to other neurons. Connections between neurons are made at axon
terminals; there the axons of one neuron generally contact the
dendrite or cell body of another neuron. Neurotransmitter release
occurs within axon terminals and is one of the major mecha-
nisms for intraneuronal communications, and also for the effects
of psychotropic drugs.

There are three types of glial cells, and although they have
often been thought of as having only a supportive role for neu-

ronal functioning, glia have been increasingly appreciated as
potentially involved in brain functions that may contribute more
directly to both normal and disease mental conditions. The most
common type of glial cell are the astrocytes, which have a num-
ber of functions, including nutrition of neurons, deactivation of
some neurotransmitters, and integration with the blood—brain
barrier. The oligodendrocytes in the central nervous system and
the Schwann cells in the peripheral nervous system wrap their
processes around neuronal axons, resulting in myelin sheaths that
facilitate the conduction of electrical signals. The third type of
glial cells, the microglia, which are derived from macrophages,
are involved in removing cellular debris following neuronal death.

The neurons and glial cells are arranged in regionally distinct pat-
terns within the brain. Neurons and their processes form groupings in
many different ways, and these patterns of organization, or architecture,
can be evaluated by several approaches. The pattern of distribution of
nerve cell bodies, called cytoarchitecture, is revealed by aniline dyes
called Nissl stains that stain ribonucleotides in the nuclei and the cyto-
plasm of neuronal cell bodies. The Nissl stains show the relative size
and packing density of the neurons and, consequently, reveal the orga-
nization of the neurons into the different layers of the cerebral cortex.

SENSORY SYSTEMS

The external world offers an infinite amount of potentially rel-
evant information. In this overwhelming volume of sensory
information in the environment, the sensory systems must both
detect and discriminate stimuli; they winnow relevant informa-
tion from the mass of confounding input by applying filtration
at all levels. Sensory systems first transform external stimuli
into neural impulses and then filter out irrelevant information to
create an internal image of the environment, which serves as a
basis for reasoned thought. Feature extraction is the quintessen-
tial role of sensory systems, which achieve this goal with their
hierarchical organizations, first by transforming physical stim-
uli into neural activity in the primary sense organs and then by
refining and narrowing the neural activity in a series of higher
cortical processing areas. This neural processing eliminates
irrelevant data from higher representations and reinforces cru-
cial features. At the highest levels of sensory processing, neural
images are transmitted to the association areas to be acted on in
the light of emotions, memories, and drives.

Somatosensory System

The somatosensory system, an intricate array of parallel point-
to-point connections from the body surface to the brain, was the
first sensory system to be understood in anatomical detail. The
six somatosensory modalities are light touch, pressure, pain,
temperature, vibration, and proprioception (position sense). The
organization of nerve bundles and synaptic connections in the
somatosensory system encodes spatial relationships at all lev-
els, so that the organization is strictly somatotopic (Fig. 1.2-1).

Within a given patch of skin, various receptor nerve terminals act in
concert to mediate distinct modalities. The mechanical properties of the
skin’s mechanoreceptors and thermoreceptors generate neural impulses
in response to dynamic variations in the environment while they sup-
press static input. Nerve endings are either fast or slow responders; their
depth in the skin also determines their sensitivity to sharp or blunt stim-
uli. Thus the representation of the external world is significantly refined
at the level of the primary sensory organs.
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FIGURE 1.2-1

Pathway of somatosensory information processing. (Adapted from
Patestas MA, Gartner LP. A Textbook of Neuroanatomy. Malden,
MA: Blackwell; 2006:149.)

The receptor organs generate coded neural impulses that travel prox-
imally along the sensory nerve axons to the spinal cord. These far-flung
routes are susceptible to varying systemic medical conditions and to
pressure palsies. Pain, tingling, and numbness are the typical presenting
symptoms of peripheral neuropathies.

All somatosensory fibers project to, and synapse in, the thalamus.
The thalamic neurons preserve the somatotopic representation by pro-
jecting fibers to the somatosensory cortex, located immediately posterior
to the sylvian fissure in the parietal lobe. Despite considerable overlap,
several bands of cortex roughly parallel to the sylvian fissure are seg-
regated by a somatosensory modality. Within each band is the sensory
“homunculus,” the culmination of the careful somatotopic segregation
of the sensory fibers at the lower levels. The clinical syndrome of tactile
agnosia (astereognosis) is defined by the inability to recognize objects
based on touch, although the primary somatosensory modalities—Ilight
touch, pressure, pain, temperature, vibration, and proprioception—are
intact. This syndrome, localized at the border of the somatosensory and
association areas in the posterior parietal lobe, appears to represent an
isolated failure of only the highest order of feature extraction, with pres-
ervation of the more basic levels of the somatosensory pathway.

Reciprocal connections are a key anatomical feature of cru-
cial importance to conscious perception—as many fibers proj-
ect down from the cortex to the thalamus as project up from the
thalamus to the cortex. These reciprocal fibers play a critical
role in filtering sensory input. In normal states, they facilitate
the sharpening of internal representations, but in pathological
states, they can generate false signals or inappropriately sup-
press sensation. Such cortical interference with sensory per-
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ception is thought to underlie many psychosomatic syndromes,
such as the hemisensory loss that characterizes conversion
disorder.

The prenatal development of the strict point-to-point pattern
that characterizes the somatosensory system remains an area
of active study. Patterns of sensory innervation result from a
combination of axonal guidance by particular molecular cues
and pruning of exuberant synaptogenesis on the basis of an
organism’s experience. Leading hypotheses weigh contributions
from a genetically determined molecular map—in which the
arrangement of fiber projections is organized by fixed and dif-
fusible chemical cues—against contributions from the model-
ing and remodeling of projections on the basis of coordinated
neural activity. Thumbnail calculations suggest that the 30,000
to 40,000 genes in human deoxyribonucleic acid (DNA) are far
too few to encode completely the position of all the trillions of
synapses in the brain. In fact, genetically determined positional
cues probably steer growing fibers toward the general target, and
the pattern of projections is fine-tuned by activity-dependent
mechanisms. Recent data suggest that well-established adult
thalamocortical sensory projections can be gradually remod-
eled as a result of a reorientation of coordinated sensory input
or in response to loss of part of the somatosensory cortex, for
instance, in stroke.

Development of the Somatosensory System

A strict somatotopic representation exists at each level of the
somatosensory system. During development, neurons extend
axons to connect to distant brain regions; after arriving at the
destination, a set of axons must therefore sort itself to preserve
the somatotopic organization. A classic experimental paradigm
for this developmental process is the representation of a mouse’s
whiskers in the somatosensory cortex. The murine somatosen-
sory cortex contains a barrel field of cortical columns, each of
which corresponds to one whisker. When mice are inbred to pro-
duce fewer whiskers, fewer somatosensory cortex barrels appear.
Each barrel is expanded in area, and the entire barrel field covers
the same area of the somatosensory cortex as it does in normal
animals. This experiment demonstrates that certain higher corti-
cal structures can form in response to peripheral input and that
different input complexities determine different patterns of syn-
aptic connectivity. Although the mechanisms by which peripheral
input molds cortical architecture are largely unknown, animal
model paradigms are beginning to yield clues. For example, in
a mutant mouse that lacks monoamine oxidase A and, thus, has
extremely high cortical levels of serotonin, barrels fail to form in
the somatosensory cortex. This result indirectly implicates sero-
tonin in the mechanism of barrel field development.

In adults, the classic mapping studies of Wilder Penfield
suggested the existence of a homunculus, an immutable cortical
representation of the body surface. More recent experimental
evidence from primate studies and from stroke patients, how-
ever, has promoted a more plastic conception than that of Pen-
field. Minor variations exist in the cortical pattern of normal
individuals, yet dramatic shifts in the map can occur in response
to loss of cortex from stroke or injury. When a stroke ablates
a significant fraction of the somatosensory homunculus, the
homuncular representation begins to contract and shift propor-
tionately to fill the remaining intact cortex.
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Moreover, the cortical map can be rearranged solely in
response to a change in the pattern of tactile stimulation of the
fingers. The somatotopic representation of the proximal and dis-
tal segments of each finger normally forms a contiguous map,
presumably because both segments contact surfaces simultane-
ously. However, under experimental conditions in which the dis-
tal segments of all fingers are simultaneously stimulated while
contact of the distal and proximal parts of each finger is sepa-
rated, the cortical map gradually shifts 90 degrees to reflect the
new sensory experience. In the revised map, the cortical repre-
sentation of the proximal segment of each finger is no longer
contiguous with that of the distal segment.

These data support the notion that the internal representation of the
external world, although static in gross structure, can be continuously
modified at the level of synaptic connectivity to reflect relevant sensory
experiences. The cortical representation also tends to shift to fit entirely
into the available amount of cortex.

These results also support the notion that cortical representations of
sensory input, or of memories, may be holographic rather than spatially
fixed: The pattern of activity, rather than the physical structure, may
encode information. In sensory systems, this plasticity of cortical rep-
resentation allows recovery from brain lesions; the phenomenon may
also underlie learning.

Visual System

Visual images are transduced into neural activity within the
retina and are processed through a series of brain cells, which
respond to increasingly complex features, from the eye to
the higher visual cortex. The neurobiological basis of feature
extraction is best understood in finest detail in the visual system.
Beginning with classic work in the 1960s, research in the visual
pathway has produced two main paradigms for all sensory sys-
tems. The first paradigm, mentioned earlier with respect to the
somatosensory system, evaluates the contributions of genetics
and experience—or nature and nurture—in the formation of the
final synaptic arrangement. Transplantation experiments, result-
ing in an accurate point-to-point pattern of connectivity, even
when the eye was surgically inverted, have suggested an innate,
genetically determined mechanism of synaptic pattern forma-
tion. The crucial role of early visual experience in establish-
ing the adult pattern of visual connections, on the other hand,
crystallized the hypothesis of activity-dependent formation of
synaptic connectivity. The final adult pattern is the result of both
factors.

The second main paradigm, most clearly revealed in the
visual system, is that of highly specialized brain cells that
respond exclusively to extremely specific stimuli. Recent work,
for example, has identified cells in the inferior temporal cor-
tex that respond only to faces viewed at a specific angle. An
individual’s response to a particular face requires the activity of
large neural networks and may not be limited to a single neuron.
Nevertheless, the cellular localization of specific feature extrac-
tion is of critical importance in defining the boundary between
sensory and association systems, but only in the visual system
has this significant question been posed experimentally.

In the primary visual cortex, columns of cells respond spe-
cifically to lines of a specific orientation. The cells of the pri-
mary visual cortex project to the secondary visual cortex, where
cells respond specifically to particular movements of lines and

to angles. In turn, these cells project to two association areas,
where additional features are extracted and conscious awareness
of images forms.

The inferior temporal lobe detects the shape, form, and color
of the object—the what questions; the posterior parietal lobe
tracks the location, motion, and distance—the where questions.
The posterior parietal lobe contains distinct sets of neurons that
signal the intention either to look into a certain part of visual
space or to reach for a particular object. In the inferior tempo-
ral cortices (ITCs), adjacent cortical columns respond to com-
plex forms. Responses to facial features tend to occur in the left
ITC, and responses to complex shapes tend to occur in the right
ITC. The brain devotes specific cells to the recognition of facial
expressions and to the aspect and position of faces of others
with respect to the individual.

The crucial connections between the feature-specific cells and
the association areas involved in memory and conscious thought
remain to be delineated. Much elucidation of feature recogni-
tion is based on invasive animal studies. In humans, the clinical
syndrome of prosopagnosia describes the inability to recognize
faces, in the presence of preserved recognition of other envi-
ronmental objects. On the basis of pathological and radiological
examination of individual patients, prosopagnosia is thought to
result from disconnection of the left ITC from the visual associa-
tion area in the left parietal lobe. Such lesional studies are useful
in identifying necessary components of a mental pathway, but
they may be inadequate to define the entire pathway. One nonin-
vasive technique that is still being perfected and is beginning to
reveal the full anatomical relation of the human visual system to
conscious thought and memory is functional neuroimaging.

As is true for language, there appears to be a hemispheric asym-
metry for certain components of visuospatial orientation. Although
both hemispheres cooperate in perceiving and drawing complex
images, the right hemisphere, especially the parietal lobe, contrib-
utes the overall contour, perspective, and right-left orientation, and
the left hemisphere adds internal detail, embellishment, and com-
plexity. The brain can be fooled in optical illusions.

Neurological conditions such as strokes and other focal lesions have
permitted the definition of several disorders of visual perception. Apper-
ceptive visual agnosia is the inability to identify and draw items using
visual cues, with preservation of other sensory modalities. It represents
a failure of transmission of information from the higher visual sensory
pathway to the association areas and is caused by bilateral lesions in
the visual association areas. Associative visual agnosia is the inability
to name or use objects despite the ability to draw them. It is caused by
bilateral medial occipitotemporal lesions and can occur along with other
visual impairments. Color perception may be ablated in lesions of the
dominant occipital lobe that include the splenium of the corpus cal-
losum. Color agnosia is the inability to recognize a color despite being
able to match it. Color anomia is the inability to name a color despite
being able to point to it. Central achromatopsia is a complete inability to
perceive color. Anton’s syndrome is a failure to acknowledge blindness,
possibly owing to interruption of fibers involved in self-assessment. It
is seen with bilateral occipital lobe lesions. The most common causes
are hypoxic injury, stroke, metabolic encephalopathy, migraine, hernia-
tion resulting from mass lesions, trauma, and leukodystrophy. Balint’s
syndrome consists of a triad of optic ataxia (the inability to direct opti-
cally guided movements), oculomotor apraxia (inability to direct gaze
rapidly), and simultanagnosia (inability to integrate a visual scene to
perceive it as a whole). Balint’s syndrome is seen in bilateral parieto-
occipital lesions. Gerstmann's syndrome includes agraphia, calculation



difficulties (acalculia), right—left disorientation, and finger agnosia. It
has been attributed to lesions of the dominant parietal lobe.

Development of the Visual System

In humans, the initial projections from both eyes intermingle in
the cortex. During the development of visual connections in the
early postnatal period, there is a window of time during which
binocular visual input is required for development of ocular
dominance columns in the primary visual cortex. Ocular domi-
nance columns are stripes of cortex that receive input from only
one eye, separated by stripes innervated only by fibers from the
other eye. Occlusion of one eye during this critical period com-
pletely eliminates the persistence of its fibers in the cortex and
allows the fibers of the active eye to innervate the entire visual
cortex. In contrast, when normal binocular vision is allowed
during the critical development window, the usual dominance
columns form; occluding one eye after the completion of inner-
vation of the cortex produces no subsequent alteration of the
ocular dominance columns. This paradigm crystallizes the
importance of early childhood experience on the formation of
adult brain circuitry.

Auditory System

Sounds are instantaneous, incremental changes in ambient air
pressure. The pressure changes cause the ear’s tympanic mem-
brane to vibrate; the vibration is then transmitted to the ossicles
(malleus, incus, and stapes) and thereby to the endolymph or
fluid of the cochlear spiral. Vibrations of the endolymph move
cilia on hair cells, which generate neural impulses. The hair cells
respond to sounds of different frequency in a tonotopic manner
within the cochlea, like a long, spiral piano keyboard. Neural
impulses from the hair cells travel in a tonotopic arrangement
to the brain in the fibers of the cochlear nerve. They enter the
brainstem cochlear nuclei, are relayed through the lateral lem-
niscus to the inferior colliculi, and then to the medial geniculate
nucleus (MGN) of the thalamus. MGN neurons project to the
primary auditory cortex in the posterior temporal lobe. Dichotic
listening tests, in which different stimuli are presented to each
ear simultaneously, demonstrate that most of the input from one
ear activates the contralateral auditory cortex and that the left
hemisphere tends to be dominant for auditory processing.

Sonic features are extracted through a combination of mechanical
and neural filters. The representation of sound is roughly tonotopic in
the primary auditory cortex, whereas lexical processing (i.e., the extrac-
tion of vowels, consonants, and words from the auditory input) occurs in
higher language association areas, especially in the left temporal lobe.
The syndrome of word deafness, characterized by intact hearing for
voices but an inability to recognize speech, may reflect damage to the
left parietal cortex. This syndrome is thought to result from disconnec-
tion of the auditory cortex from Wernicke’s area. A rare, complementary
syndrome, auditory sound agnosia, is defined as the inability to recog-
nize nonverbal sounds, such as a horn or a cat’s meow, in the presence
of intact hearing and speech recognition. Researchers consider this syn-
drome the right hemisphere correlate of pure word deafness.

Development of the Auditory System

Certain children are unable to process auditory input clearly
and therefore have impaired speech and comprehension of
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spoken language. Studies on some of these children have
determined that, in fact, they can discriminate speech if the
consonants and vowels—the phonemes—are slowed twofold
to fivefold by a computer. Based on this observation, a tuto-
rial computer program was designed that initially asked ques-
tions in a slowed voice and, as subjects answered questions
correctly, gradually increased the rate of phoneme presenta-
tion to approximate normal rates of speech. Subjects gained
some ability to discriminate routine speech over a period of 2
to 6 weeks and appeared to retain these skills after the tutor-
ing period was completed. This finding probably has thera-
peutic applicability to 5 to 8 percent of children with speech
delay, but ongoing studies may expand the eligible group of
students. This finding, moreover, suggests that neuronal cir-
cuits required for auditory processing can be recruited and be
made more efficient long after language is normally learned,
provided that the circuits are allowed to finish their task prop-
erly, even if this requires slowing the rate of input. Circuits
thus functioning with high fidelity can then be trained to speed
their processing.

A recent report has extended the age at which language
acquisition may be acquired for the first time.

A boy who had intractable epilepsy of one hemisphere was mute
because the uncontrolled seizure activity precluded the development
of organized language functions. At the age of 9 years he had the
abnormal hemisphere removed to cure the epilepsy. Although up to
that point in his life he had not spoken, he initiated an accelerated
acquisition of language milestones beginning at that age and ulti-
mately gained language abilities only a few years delayed relative to
his chronological age.

Researchers cannot place an absolute upper limit on the age
at which language abilities can be learned, although acquisition
at ages beyond the usual childhood period is usually incomplete.
Anecdotal reports document acquisition of reading skills after
the age of 80 years.

Olfaction

Odorants, or volatile chemical cues, enter the nose, are solu-
bilized in the nasal mucus, and bind to odorant receptors dis-
played on the surface of the sensory neurons of the olfactory
epithelium. Each neuron in the epithelium displays a unique
odorant receptor, and cells displaying a given receptor are
arranged randomly within the olfactory epithelium. Humans
possess several hundred distinct receptor molecules that bind
the huge variety of environmental odorants; researchers esti-
mate that humans can discriminate 10,000 different odors.
Odorant binding generates neural impulses, which travel along
the axons of the sensory nerves through the cribriform plate to
the olfactory bulb. Within the bulb, all axons corresponding to
a given receptor converge onto only 1 or 2 of 3,000 processing
units called glomeruli. Because each odorant activates several
receptors that activate a characteristic pattern of glomeruli, the
identity of external chemical molecules is represented inter-

nally by a spatial pattern of neural activity in the olfactory
bulb.
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Each glomerulus projects to a unique set of 20 to 50 separate col-
umns in the olfactory cortex. In turn, each olfactory cortical column
receives projections from a unique combination of glomeruli. The con-
nectivity of the olfactory system is genetically determined. Because
each odorant activates a unique set of several receptors and thus a
unique set of olfactory bulb glomeruli, each olfactory cortical column
is tuned to detect a different odorant of some evolutionary significance
to the species. Unlike the signals of the somatosensory, visual, and audi-
tory systems, olfactory signals do not pass through the thalamus but
project directly to the frontal lobe and the limbic system, especially the
pyriform cortex. The connections to the limbic system (amygdala, hip-
pocampus, and pyriform cortex) are significant. Olfactory cues stimu-
late strong emotional responses and can evoke powerful memories.

Olfaction, the most ancient sense in evolutionary terms, is tightly
associated with sexual and reproductive responses. A related chemo-
sensory structure, the vomeronasal organ, is thought to detect pherom-
ones, chemical cues that trigger unconscious, stereotyped responses.
In some animals, ablation of the vomeronasal organ in early life may
prevent the onset of puberty. Recent studies have suggested that humans
also respond to pheromones in a manner that varies according to the
menstrual cycle. The structures of higher olfactory processing in phy-
logenetically more primitive animals have evolved in humans into the
limbic system, the center of the emotional brain and the gate through
which experience is admitted into memory according to emotional sig-
nificance. The elusive basic animal drives with which clinical psychiatry
constantly grapples may therefore, in fact, originate from the ancient
centers of higher olfactory processing.

Development of the Olfactory System

During normal development, axons from the nasal olfactory
epithelium project to the olfactory bulb and segregate into about
3,000 equivalent glomeruli. If an animal is exposed to a single
dominant scent in the early postnatal period, then one glomeru-
lus expands massively within the bulb at the expense of the sur-
rounding glomeruli. Thus, as discussed earlier with reference to
the barrel fields of the somatosensory cortex, the size of brain
structures may reflect the environmental input.

Taste

Soluble chemical cues in the mouth bind to receptors in the
tongue and stimulate the gustatory nerves, which project to the
nucleus solitarius in the brainstem. The sense of taste is believed
to discriminate only broad classes of stimuli: sweet, sour, bitter,
and salty. Each modality is mediated through a unique set of cel-
lular receptors and channels, of which several may be expressed
in each taste neuron. The detection and the discrimination of
foods, for example, involve a combination of the senses of taste,
olfaction, touch, vision, and hearing. Taste fibers activate the
medial temporal lobe, but the higher cortical localization of
taste is only poorly understood.

Autonomic Sensory System

The autonomic nervous system (ANS) monitors the basic func-
tions necessary for life. The activity of visceral organs, blood
pressure, cardiac output, blood glucose levels, and body tem-
perature are all transmitted to the brain by autonomic fibers.
Most autonomic sensory information remains unconscious; if
such information rises to conscious levels, it is only as a vague
sensation, in contrast to the capacity of the primary senses to
transmit sensations rapidly and exactly.

Alteration of Conscious Sensory
Perception through Hypnosis

Hypnosis is a state of heightened suggestibility attainable by
a certain proportion of the population. Under a state of hyp-
nosis, gross distortions of perception in any sensory modality
and changes in the ANS can be achieved instantaneously. The
anatomy of the sensory system does not change, yet the same
specific stimuli may be perceived with diametrically opposed
emotional value before and after induction of the hypnotic state.
For example, under hypnosis a person may savor an onion as
if 1t were a luscious chocolate truffle, only to reject the onion
as abhorrently pungent seconds later, when the hypnotic sug-
gestion is reversed. The localization of the hypnotic switch has
not been determined, but it presumably involves both sensory
and association areas of the brain. Experiments tracing neural
pathways in human volunteers via functional neuroimaging
have demonstrated that shifts in attention in an environmental
setting determine changes in the regions of the brain that are
activated, on an instantaneous time scale. Thus the organiz-
ing centers of the brain may route conscious and unconscious
thoughts through different sequences of neural processing cen-
ters, depending on a person’s ultimate goals and emotional state.
These attention-mediated variations in synaptic utilization can
occur instantaneously, much like the alteration in the routing of
associational processing that may occur in hypnotic states.

MOTOR SYSTEMS

Body muscle movements are controlled by the lower motor neu-
rons, which extend axons—some as long as 1 meter—to the
muscle fibers. Lower motor neuron firing is regulated by the sum-
mation of upper motor neuron activity. In the brainstem, primitive
systems produce gross coordinated movements of the entire body.
Activation of the rubrospinal tract stimulates flexion of all limbs,
whereas activation of the vestibulospinal tract causes all limbs
to extend. Newborn infants, for example, have all limbs tightly
flexed, presumably through the dominance of the rubrospinal sys-
tem. In fact, the movements of an anencephalic infant, who com-
pletely lacks a cerebral cortex, may be indistinguishable from the
movements of a normal newborn. In the first few months of life,
the flexor spasticity is gradually mitigated by the opposite actions
of the vestibulospinal fibers, and more limb mobility occurs.

At the top of the motor hierarchy is the corticospinal tract, which
controls fine movements and which eventually dominates the brainstem
system during the first years of life. The upper motor neurons of the
corticospinal tract reside in the posterior frontal lobe, in a section of
cortex known as the motor strip. Planned movements are conceived in
the association areas of the brain, and in consultation with the basal
ganglia and cerebellum, the motor cortex directs their smooth execu-
tion. The importance of the corticospinal system becomes immediately
evident in strokes, in which spasticity returns as the cortical influence
is ablated and the actions of the brainstem motor systems are released
from cortical modulation.

Basal Ganglia

The basal ganglia, a subcortical group of gray matter nuclei,
appear to mediate postural tone. The four functionally distinct
ganglia are the striatum, the pallidum, the substantia nigra,



and the subthalamic nucleus. Collectively known as the cor-
pus striatum, the caudate and putamen harbor components of
both motor and association systems. The caudate nucleus plays
an important role in the modulation of motor acts. Anatomical
and functional neuroimaging studies have correlated decreased
activation of the caudate with obsessive-compulsive behavior.
When functioning properly, the caudate nucleus acts as a gate-
keeper to allow the motor system to perform only those acts that
are goal directed. When it fails to perform its gatekeeper func-
tion, extraneous acts are performed, as in obsessive-compulsive
disorder or in the tic disorders, such as Tourette’s disorder. Over-
activity of the striatum owing to lack of dopaminergic inhibi-
tion (e.g., in parlansonian conditions) results in bradykinesia,
an inability to initiate movements. The caudate, in particular,
shrinks dramatically in Huntington’s disease. This disorder is
characterized by rigidity, on which is gradually superimposed
choreiform, or “dancing,” movements. Psychosis may be a
prominent feature of Huntington’s disease, and suicide is not
uncommon. The caudate is also thought to influence associative,
or cognitive, processes.

The globus pallidus contains two parts linked in series. In a
cross section of the brain, the internal and external parts of the
globus pallidus are nested within the concavity of the putamen.
The globus pallidus receives input from the corpus striatum and
projects fibers to the thalamus. This structure may be severely
damaged in Wilson’s disease and in carbon monoxide poison-
ing, which are characterized by dystonic posturing and flapping
movements of the arms and legs.

The substantia nigra is named the black substance because
the presence of melanin pigment causes it to appear black to the
naked eye. It has two parts, one of which is functionally equiva-
lent to the globus pallidus interna. The other part degenerates
in Parkinson’s disease. Parkinsonism is characterized by rigid-
ity and tremor and is associated with depression in more than
30 percent of cases.

Finally, lesions in the subthalamic nucleus yield ballistic
movements, sudden limb jerks of such velocity that they are
compared to projectile movement.

10—
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Together, the nucle1 of the basal ganglia appear capable of
initiating and maintaining the full range of useful movements.
Investigators have speculated that the nuclei serve to configure
the activity of the overlying motor cortex to fit the purpose of the
association areas. In addition, they appear to integrate proprio-
ceptive feedback to maintain an intended movement.

Cerebellum

The cerebellum consists of a simple six-cell pattern of cir-
cuitry that is replicated roughly 10 million times. Simultaneous
recordings of the cerebral cortex and the cerebellum have shown
that the cerebellum is activated several milliseconds before a
planned movement. Moreover, ablation of the cerebellum ren-
ders intentional movements coarse and tremulous. These data
suggest that the cerebellum carefully modulates the tone of ago-
nistic and antagonistic muscles by predicting the relative con-
traction needed for smooth motion. This prepared motor plan is
used to ensure that exactly the right amount of flexor and exten-
sor stimuli is sent to the muscles. Recent functional imaging
data have shown that the cerebellum is active, even during the
mere imagination of motor acts when no movements ultimately
result from its calculations. The cerebellum harbors two, and
possibly more, distinct “homunculi” or cortical representations
of the body plan.

Motor Cortex

Penfield’s groundbreaking work defined a motor homunculus in
the precentral gyrus, Brodmann’s area 4 (Fig. 1.2-2), where a
somatotopic map of the motor neurons 1s found. Individual cells
within the motor strip cause contraction of single muscles. The
brain region immediately anterior to the motor strip is called the
supplementary motor area, Brodmann’s area 6. This region con-
tains cells that when individually stimulated can trigger more
complex movements by influencing a firing sequence of motor
strip cells. Recent studies have demonstrated wide representa-
tion of motor movements in the brain.

Drawing of the lateral view (A) and medial view (B) of the cytoarchitectonic subdivisions of the human brain as determined by Brodmann.
(From Sadock BJ, Sadock VA, Ruiz P. Kaplan & Sadock’s Comprehensive Textbook of Psychiatry. 9" ed. Philadelphia: Lippincott Williams

& Wilkins; 2009.)



10 Chapter 1: Neural Sciences

The skillful use of the hands is called praxis, and deficits in skilled
movements are termed apraxias. The three levels of apraxia are limb-
kinetic, ideomotor, and ideational. Limb-kinetic apraxia is the inability
to use the contralateral hand in the presence of preserved strength; it
results from isolated lesions in the supplementary motor area, which
contains neurons that stimulate functional sequences of neurons in the
motor strip.

Ideomotor apraxia is the inability to perform an isolated motor act
on command, despite preserved comprehension, strength, and sponta-
neous performance of the same act. Ideomotor apraxia simultaneously
affects both limbs and involves functions so specialized that they are
localized to only one hemisphere. Conditions in two separate areas can
produce this apraxia. Disconnection of the language comprehension
area, Wernicke’s area, from the motor regions causes an inability to fol-
low spoken commands, and lesions to the left premotor area may impair
the actual motor program as it is generated by the higher-order motor
neurons. This program is transmitted across the corpus callosum to the
right premotor area, which directs the movements of the left hand. A
lesion in this callosal projection can also cause an isolated ideomotor
apraxia in the left hand. This syndrome implies the representation of
specific motor acts within discrete sections of the left premotor cortex.
Thus just as some cells respond selectively to specific environmental
features in the higher sensory cortices, some cells in the premotor cortex
direct specific complex motor tasks.

Ideational apraxia occurs when the individual components of a
sequence of skilled acts can be performed in isolation, but the entire
series cannot be organized and executed as a whole. For example, the
sequence of opening an envelope, removing the letter, unfolding it, and
placing it on the table cannot be performed in order, even though the
individual acts can be performed in isolation. The representation of the
concept of a motor sequence may involve several areas, specifically
the left parietal cortex, but it likely also relies on the sequencing and
executive functions of the prefrontal cortex. This apraxia is a typical
finding of diffuse cortical degeneration, such as Alzheimer’s disease.

Autonomic Motor System

The autonomic system is divided into a sensory component
(described earlier) and a motor component. The autonomic
motor system 1s divided into two branches: the sympathetic and
the parasympathetic. As a rule, organs are innervated by both
types of fibers, which often serve antagonistic roles. The para-
sympathetic system slows the heart rate and begins the process
of digestion. In contrast, the sympathetic system mediates the
fight or flight response, with increased heart rate, shunting of
blood away from the viscera, and increased respiration. The
sympathetic system is highly activated by sympathomimetic
drugs, such as amphetamine and cocaine, and may also be
activated by withdrawal from sedating drugs such as alcohol,
benzodiazepines, and opioids. Investigators who have found an
increased risk of heart attacks in persons with high levels of
hostility have suggested that chronic activation of the sympa-
thetic fight or flight response, with elevated secretion of adrena-
line, may underlie this association.

The brain center that drives the autonomic motor system is the Aypo-
thalamus, which houses a set of paired nuclei that appear to control
appetite, rage, temperature, blood pressure, perspiration, and sexual
drive. For example, lesions to the ventromedial nucleus, the satiety cen-
ter, produce a voracious appetite and rage. In contrast, lesions to the
upper region of the lateral nucleus, the hunger center, produce a pro-
found loss of appetite. Numerous research groups are making intense
efforts to define the biochemical regulation of appetite and obesity and
frequently target the role of the hypothalamus.

In the regulation of sexual attraction, the role of the hypothala-
mus has also become an area of active research. In the 1990s, three
groups independently reported neuroanatomical differences between
certain of the hypothalamic nuclei of heterosexual and homosexual
men. Researchers interpreted this finding to suggest that human sexual
orientation has a neuroanatomical basis, and this result has stimulated
several follow-up studies of the biological basis of sexual orientation. At
present, however, these controversial findings are not accepted without
question, and no clear consensus has emerged about whether the struc-
ture of the hypothalamus consistently correlates with sexual orientation.
In animal studies, early nurtunng and sexual experiences consistently
alter the size of specific hypothalamic nuclei.

Primitive Reflex Circuit

Sensory pathways function as extractors of specific features
from the overwhelming multitude of environmental stimuli,
whereas motor pathways carry out the wishes of the organ-
ism. These pathways may be linked directly, for example, in the
spinal cord, where a primitive reflex arc may mediate the brisk
withdrawal of a limb from a painful stimulus, without immedi-
ate conscious awareness. In this loop, the peripheral stimulus
activates the sensory nerve, the sensory neuron synapses on
and directly activates the motor neuron, and the motor neuron
drives the muscle to contract. This response is strictly local and
all-or-none. Such primitive reflex arcs, however, rarely gener-
ate an organism’s behaviors. In most behaviors, sensory systems
project to association areas, where sensory information is inter-
preted in terms of internally determined memories, motivations,
and drives. The exhibited behavior results from a plan of action
determined by the association components and carried out by
the motor systems.

Localization of Brain Functions

Many theorists have subdivided the brain into functional sys-
tems. Brodmann defined 47 areas on the basis of cytoarchitec-
tonic distinctions, a cataloging that has been remarkably durable
as the functional anatomy of the brain has been elucidated. A
separate function, based on data from lesion studies and from
functional neuroimaging, has been assigned to nearly all
Brodmann’s areas. At the other extreme, certain experts have dis-
tinguished only three processing blocks: The brainstem and the
thalamic reticular activating system provide arousal and set up
attention; the posterior cortex integrates perceptions and gener-
ates language; and, at the highest level, the frontal cortex gener-
ates programs and executes plans like an orchestra conductor.
Hemispheric lateralization of function is a key feature of
higher cortical processing. The primary sensory cortices for
touch, vision, hearing, smell, and taste are represented bilat-
erally, and the first level of abstraction for these modalities is
also usually represented bilaterally. The highest levels of feature
extraction, however, are generally unified in one brain hemi-
sphere only. For example, recognition of familiar and unfamiliar
faces seems localized to the left inferior temporal cortex, and
cortical processing of olfaction occurs in the right frontal lobe.

Hypotheses about the flow of thought in the brain are based on few
experimental data, although this scarcity of findings has not impeded
numerous theoreticians from speculating about functional neuroanat-
omy. Several roles have been tentatively assigned to specific lobes of
the brain, on the basis of the functional deficits resulting from localized



injury. These data indicate that certain regions of cortex may be nec-
essary for a specific function, but they do not define the complete set
of structures that suffices for a complex task. Anecdotal evidence from
surface electrocorticography for the study of epilepsy, for example, sug-
gests that a right parietal seizure impulse may shoot immediately to the
left frontal lobe and then to the right temporal lobe before spreading
locally to the remainder of the parietal lobe. This evidence illustrates
the limitations of naively assigning a mental function to a single brain
region. Functional neuroimaging studies frequently reveal simultaneous
activation of disparate brain regions during the performance of even
a simple cognitive task. Nevertheless, particularly in the processing of
vision and language, fairly well-defined lobar syndromes have been
confirmed.

Language

The clearest known example of hemispheric lateralization is
the localization of language functions to the left hemisphere.
Starting with the work of Pierre Broca and Karl Wernicke in the
19™ century, researchers have drawn a detailed map of language
comprehension and expression.

At least eight types of aphasias in which one or more com-
ponents of the language pathway are inured have been defined.
Prosody, the emotional and affective components of language,
or “body language,” appears to be localized in a mirror set of
brain units in the right hemisphere.

Because of the major role of verbal and written language in
human communication, the neuroanatomical basis of language
is the most completely understood association function. Lan-
guage disorders, also called aphasias, are readily diagnosed in
routine conversation, whereas perceptual disorders may escape
notice, except during detailed neuropsychological testing,
although these disorders may be caused by injury of an equal
volume of cortex. Among the earliest models of cortical local-
ization of function were Broca’s 1865 description of a loss of
fluent speech caused by a lesion in the left inferior frontal lobe
and Wernicke’s 1874 localization of language comprehension to
the left superior temporal lobe. Subsequent analyses of patients
rendered aphasic by strokes, trauma, or tumors have led to the
definition of the entire language association pathway from sen-
sory input through the motor output.

Language most clearly demonstrates hemispheric localiza-
tion of function. In most persons, the hemisphere dominant for
language also directs the dominant hand. Ninety percent of the
population is right-handed, and 99 percent of right-handers have
left hemispheric dominance for language. Of the 10 percent who
are left-handers, 67 percent also have left hemispheric language
dominance; the other 33 percent have either mixed or right hemi-
spheric language dominance. This innate tendency to lateraliza-
tion of language in the left hemisphere is highly associated with
an asymmetry of the planum temporale, a triangular cortical patch
on the superior surface of the temporal lobe that appears to harbor
Wernicke’s area. Patients with mixed hemispheric dominance for
language lack the expected asymmetry of the planum temporale.
That asymmetry has been observed in prenatal brains suggests a
genetic determinant. Indeed, the absence of asymmetry runs in
families, although both genetic and intrauterine influences prob-
ably contribute to the final pattern.

Language comprehension is processed at three levels. First,
in phonological processing, individual sounds, such as vow-
els or consonants, are recognized in the inferior gyrus of the
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frontal lobes. Phonological processing improves if lip reading is
allowed, if speech is slowed, or if contextual clues are provided.
Second, lexical processing matches the phonological input with
recognized words or sounds in the individual’s memory. Lexical
processing determines whether a sound is a word. Recent evi-
dence has localized lexical processing to the left temporal lobe,
where the representations of lexical data are organized accord-
ing to semantic category. Third, semantic processing connects
the words to their meaning. Persons with an isolated defect in
semantic processing may retain the ability to repeat words in the
absence of an ability to understand or spontaneously generate
speech. Semantic processing activates the middle and superior
gyri of the left temporal lobe, whereas the representation of the
conceptual content of words is widely distributed in the cortex.
Language production proceeds in the opposite direction, from the
cortical semantic representations through the left temporal lexical
nodes to either the oromotor phonological processing area (for
speech) or the graphomotor system (for writing). Each of these
areas can be independently or simultaneously damaged by stroke,
trauma, infection, or tumor, resulting in a specific type of aphasia.

The garbled word salad or illogical utterances of an aphasic
patient leave little uncertainty about the diagnosis of left-sided
cortical injury, but the right hemisphere contributes a somewhat
more subtle, but equally important, affective quality to lan-
guage. For example, the phrase “I feel good” may be spoken
with an infinite variety of shadings, each of which is understood
differently. The perception of prosody and the appreciation of
the associated gestures, or “body language,” appear to require an
intact right hemisphere. Behavioral neurologists have mapped
an entire pathway for prosody association in the right hemi-
sphere that mirrors the language pathway of the left hemisphere.
Patients with right hemisphere lesions, who have impaired com-
prehension or expression of prosody, may find it difficult to
function in society despite their intact language skills.

Developmental dyslexia is defined as an unexpected diffi-
culty with learning in the context of adequate intelligence, moti-
vation, and education. Whereas speech consists of the logical
combination of 44 basic phonemes of sounds, reading requires
a broader set of brain functions and, thus, is more susceptible
to disruption. The awareness of specific phonemes develops at
about the age of 4 to 6 years and appears to be prerequisite to
acquisition of reading skills. Inability to recognize distinct pho-
nemes is the best predictor of a reading disability. Functional
neuroimaging studies have localized the identification of let-
ters to the occipital lobe adjacent to the primary visual cortex.
Phonological processing occurs in the inferior frontal lobe, and
semantic processing requires the superior and middle gyri of the
left temporal lobe. A recent finding of uncertain significance is
that phonological processing in men activates only the left infe-
rior frontal gyrus, whereas phonological processing in women
activates the inferior frontal gyrus bilaterally. Careful analysis
of an individual’s particular reading deficits can guide remedial
tutoring efforts that can focus on weaknesses and thus attempt
to bring the reading skills up to the general level of intelligence
and verbal skills.

In children, developmental nonverbal learning disorder is pos-
tulated to result from right hemisphere dysfunction. Nonverbal
learning disorder is characterized by poor fine-motor control in
the left hand, deficits in visuoperceptual organization, problems
with mathematics, and incomplete or disturbed socialization.
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Patients with nonfluent aphasia, who cannot complete a
simple sentence, may be able to sing an entire song, apparently
because many aspects of music production are localized to the
right hemisphere. Music is represented predominantly in the right
hemisphere, but the full complexity of musical ability seems to
involve both hemispheres. Trained musicians appear to transfer
many musical skalls from the right hemisphere to the left as they
gain proficiency in musical analysis and performance.

Arousal and Attention

Arousal, or the establishment and maintenance of an awake
state, appears to require at least three brain regions. Within the
brainstem, the ascending reticular activating system (ARAS), a
diffuse set of neurons, appears to set the level of consciousness.
The ARAS projects to the intralaminar nuclei of the thalamus,
and these nuclei in turn project widely throughout the cortex.
Electrophysiological studies show that both the thalamus and
the cortex fire rhythmical bursts of neuronal activity at rates of
20 to 40 cycles per second. During sleep, these bursts are not
synchronized. During wakefulness, the ARAS stimulates the
thalamic intralaminar nuclei, which in turn coordinate the oscil-
lations of different cortical regions. The greater the synchroniza-
tion, the higher the level of wakefulness. The absence of arousal
produces stupor and coma. In general, small discrete lesions of
the ARAS can produce a stuporous state, whereas at the hemi-
spheric level, large bilateral lesions are required to cause the
same depression in alertness. One particularly unfortunate but
instructive condition involving extensive, permanent, bilateral
cortical dysfunction is the persistent vegetative state. Sleep—
wake cycles may be preserved, and the eyes may appear to gaze;
but the external world does not register and no evidence of con-
scious thought exists. This condition represents the expression
of the isolated actions of the ARAS and the thalamus.

The maintenance of attention appears to require an intact right
frontal lobe. For example, a widely used test of persistence requires
scanning and identifying only the letter A from a long list of random
letters. Healthy persons can usually maintain performance of such a
task for several minutes, but in patients with right frontal lobe dys-
function, this capacity is severely curtailed. Lesions of similar size in
other regions of the cortex usually do not affect persistence tasks. In
contrast, the more generally adaptive skill of maintaining a coherent
line of thought is diffusely distributed throughout the cortex. Many
medical conditions can affect this skill and may produce acute confu-
sion or delirium.

One widely diagnosed disorder of attention is attention-deficit/
hyperactivity disorder (ADHD). No pathological findings have been
consistently associated with this disorder. Functional neuroimaging
studies, however, have variously documented either frontal lobe or right
hemisphere hypometabolism in patients with ADHD, compared with
normal controls. These findings strengthen the notion that the frontal
lobes—especially the right frontal lobe—are essential to the mainte-
nance of attention.

Memory

The clinical assessment of memory should test three periods,
which have distinct anatomical correlates. Immediate memory
functions over a period of seconds; recent memory applies on
a scale of minutes to days; and remote memory encompasses
months to years. Immediate memory is implicit in the concept
of attention and the ability to follow a train of thought. This

ability has been divided into phonological and visuospatial com-
ponents, and functional imaging has localized them to the left
and right hemispheres, respectively. A related concept, incorpo-
rating immediate and recent memory, is working memory, which
is the ability to store information for several seconds, whereas
other, related cognitive operations take place on this informa-
tion. Recent studies have shown that single neurons in the dor-
solateral prefrontal cortex not only record features necessary for
working memory, but also record the certainty with which the
information is known and the degree of expectation assigned
to the permanence of a particular environmental feature. Some
neurons fire rapidly for an item that is eagerly awaited, but may
cease firing if hopes are dashed unexpectedly. The encoding of
the emotional value of an item contained in the working memory
may be of great usefulness in determining goal-directed behav-
ior. Some researchers localize working memory predominantly
to the left frontal cortex. Clinically, however, bilateral prefrontal
cortex lesions are required for severe impairment of working
memory. Other types of memory have been described: episodic,
semantic, and procedural.

Three brain structures are critical to the formation of memo-
ries: the medial temporal lobe, certain diencephalic nuclei,
and the basal forebrain. The medial temporal lobe houses the
hippocampus, an elongated, highly repetitive network. The
amygdala is adjacent to the anterior end of the hippocampus.
The amygdala has been suggested to rate the emotional impor-
tance of an experience and to activate the level of hippocampal
activity accordingly. Thus an emotionally intense experience is
indelibly etched in memory, but indifferent stimuli are quickly
disregarded.

Animal studies have defined a hippocampal place code, a
pattern of cellular activation in the hippocampus that corre-
sponds to the animal’s location in space. When the animal is
introduced to a novel environment, the hippocampus is broadly
activated. As the animal explores and roams, the firing of certain
hippocampal regions begins to correspond to specific locations
in the environment. In about 1 hour, a highly detailed internal
representation of the external space (a “cognitive map”) appears
in the form of specific firing patterns of the hippocampal cells.
These patterns of neuronal firing may bear little spatial resem-
blance to the environment they represent; rather, they may seem
randomly arranged in the hippocampus. If the animal is manu-
ally placed in a certain part of a familiar space, only the cor-
responding hippocampal regions show intense neural activity.
When recording continues into sleep periods, firing sequences
of hippocampal cells outlining a coherent path of navigation
through the environment are registered, even though the animal
is motionless. If the animal is removed from the environment
for several days and then returned, the previously registered
hippocampal place code is immediately reactivated. A series of
animal experiments have dissociated the formation of the hip-
pocampal place code from either visual, auditory, or olfactory
cues, although each of these modalities may contribute to place
code generation. Other factors may include internal calculations
of distances based on counting footsteps or other proprioceptive
information. Data from targeted genetic mutations in mice have
implicated both the N-methyl-D-aspartate (NMDA) glutamate
receptors and the calcium-calmodulin kinase II (CaMKII) in
the proper formation of hippocampal place fields. These data
suggest that the hippocampus is a significant site for formation
and storage of immediate and recent memories. Although no



data yet support the notion, it is conceivable that the hippocam-
pal cognitive map is inappropriately reactivated during a déja vu
experience.

The most famous human subject in the study of memory is
H. M., a man with intractable epilepsy, who had both his hippoc-
ampi and amygdalae surgically removed to alleviate his condition.
The epilepsy was controlled, but he was left with a complete ina-
bility to form and recall memories of facts. H. M.’s learning and
memory skills were relatively preserved, which led to the suggestion
that declarative or factual memory may be separate within the brain
from procedural or skill-related memory. A complementary deficit
in procedural memory with preservation of declarative memory may
be seen in persons with Parkinson’s disease, in whom dopaminer-
gic neurons of the nigrostriatal tract degenerate. Because this defi-
cit in procedural memory can be ameliorated with treatment with
levodopa (Larodopa), which is thought to potentiate dopaminergic
neurotransmission in the nigrostriatal pathway, a role has been pos-
tulated for dopamine in procedural memory. Additional case reports
have further implicated the amygdala and the afferent and efferent
fiber tracts of the hippocampus as essential to the formation of
memories. In addition, lesional studies have suggested a mild lat-
eralization of hippocampal function in which the left hippocampus
1s more efficient at forming verbal memories and the right hippoc-
ampus tends to form nonverbal memories. After unilateral lesions
in humans, however, the remaining hippocampus may compensate
to a large extent. Medical causes of amnesia include alcoholism,
seizures, migraine, drugs, vitamin deficiencies, trauma, strokes,
tumors, infections, and degenerative diseases.

The motor system within the cortex receives directives from
the association areas. The performance of a novel act requires
constant feedback from the sensory and association areas for
completion, and functional neuroimaging studies have dem-
onstrated widespread activation of the cortex during unskilled
acts. Memorized motor acts initially require activation of the
medial temporal lobe. With practice, however, the performance
of ever-larger segments of an act necessary to achieve a goal
become encoded within discrete areas of the premotor and pari-
etal cortices, particularly the left parietal cortex, with the result
that a much more limited activation of the cortex is seen during
highly skilled acts, and the medial temporal lobe is bypassed.
This process is called the corticalization of motor commands. In
lay terms, the process suggests a neuroanatomical basis for the
adage “practice makes perfect.”

Within the diencephalon, the dorsal medial nucleus of the
thalamus and the mammillary bodies appear necessary for
memory formation. These two structures are damaged in thia-
mine deficiency states usually seen in chronic alcoholics, and
their inactivation is associated with Korsakoff’s syndrome. This
syndrome is characterized by severe inability to form new mem-
ories and a variable inability to recall remote memories.

The most common clinical disorder of memory is Alzheimer’s
disease. Alzheimer’s disease is characterized pathologically by the
degeneration of neurons and their replacement by senile plaques and
neurofibrillary tangles. Clinicopathological studies have suggested that
the cognitive decline is best correlated with the loss of synapses. Ini-
tially, the parietal and temporal lobes are affected, with relative sparing
of the frontal lobes. This pattern of degeneration correlates with the early
loss of memory, which is largely a temporal lobe function. Also, syntac-
tical language comprehension and visuospatial organization, functions
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that rely heavily on the parietal lobe, are impaired early in the course
of Alzheimer’s disease. In contrast, personality changes, which reflect
frontal lobe function, are relatively late consequences of Alzheimer’s
disease. A rarer, complementary cortical degeneration syndrome, Pick’s
disease, first affects the frontal lobes while sparing the temporal and
parietal lobes. In Pick’s disease, disinhibition and impaired language
expression, which are signs of frontal dysfunction, appear early, with
relatively preserved language comprehension and memory.

Memory loss can also result from disorders of the subcortical gray
matter structures, specifically the basal ganglia and the brainstem
nuclei, from disease of the white matter, or from disorders that affect
both gray and white matter.

Emotion

Individual emotional experiences occupy the attention of all men-
tal health professionals. Emotion derives from basic drives, such
as feeding, sex, reproduction, pleasure, pain, fear, and aggression,
which all animals share. The neuroanatomical basis for these
drives appears to be centered in the limbic system. Distinctly
human emotions, such as affection, pride, guilt, pity, envy, and
resentment, are largely learned and most likely are represented
in the cortex (see Color Plate 1.2-3). The regulation of drives
appears to require an intact frontal cortex. The complex inter-
play of the emotions, however, is far beyond the understanding
of functional neuroanatomists. Where, for example, are the rep-
resentations of the id, the ego, and the superego? Through what
pathway are ethical and moral judgments shepherded? What pro-
cesses allow beauty to be in the eye of the beholder? These philo-
sophical questions represent a true frontier of human discovery.

Several studies have suggested that within the cortex exists
a hemispheric dichotomy of emotional representation. The left
hemisphere houses the analytical mind but may have a limited
emotional repertoire. For example, lesions to the right hemi-
sphere, which cause profound functional deficits, may be noted
with indifference by the intact left hemisphere. The denial of
illness and of the inability to move the left hand in cases of
right hemisphere injury is called anosognosia. In contrast, left
hemisphere lesions, which cause profound aphasia, can trigger
a catastrophic depression, as the intact right hemisphere strug-
gles with the realization of the loss. The right hemisphere also
appears dominant for affect, socialization, and body image.

Damage to the left hemisphere produces intellectual dis-
order and loss of the narrative aspect of dreams. Damage to
the right hemisphere produces affective disorders, loss of the
visual aspects of dreams, and a failure to respond to humor,
shadings of metaphor, and connotations. In dichotic vision
experiments, two scenes of varied emotional content were dis-
played simultaneously to each half of the visual field and were
perceived separately by each hemisphere. A more intense emo-
tional response attended the scenes displayed to the left visual
field that were processed by the right hemisphere. Moreover,
hemisensory changes representing conversion disorders have
been repeatedly noted to involve the left half of the body more
often than the right, an observation that suggests an origin in
the right hemisphere.

Within the hemispheres, the temporal and frontal lobes play a prom-
inent role in emotion. The temporal lobe exhibits a high frequency of
epileptic foci, and temporal lobe epilepsy (TLE) presents an interesting
model for the role of the temporal lobe in behavior. In studies of epi-
lepsy, abnormal brain activation is analyzed, rather than the deficits in
activity analyzed in classic lesional studies. TLE is of particular interest
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in psychiatry because patients with temporal lobe seizures often mani-
fest bizarre behavior without the classic grand mal shaking movements
caused by seizures in the motor cortex. A proposed TLE personality is
characterized by hyposexuality, emotional intensity, and a perseverative
approach to interactions, termed viscosity. Patients with left TLE may
generate references to personal destiny and philosophical themes and
display a humorless approach to life. In contrast, patients with right TLE
may display excessive emotionality, ranging from elation to sadness.
Although patients with TLE may display excessive aggression between
seizures, the seizure itself may evoke fear.

The inverse of a TLE personality appears in persons with bilat-
eral injury to the temporal lobes after head trauma, cardiac arrest,
herpes simplex encephalitis, or Pick’s disease. This lesion resem-
bles the one described in the Kliiver-Bucy syndrome, an experimen-
tal model of temporal lobe ablation in monkeys. Behavior in this
syndrome is characterized by hypersexuality, placidity, a tendency
to explore the environment with the mouth, inability to recognize
the emotional significance of visual stimuli, and constantly shifting
attention, called hypermetamorphosis. In contrast to the aggres-
sion—fear spectrum sometimes seen in patients with TLE, complete
experimental ablation of the temporal lobes appears to produce a
uniform, bland reaction to the environment, possibly because of an
inability to access memories.

The prefrontal cortices influence mood in a complementary way.
Whereas activation of the left prefrontal cortex appears to lift the mood,
activation of the right prefrontal cortex causes depression. A lesion to
the left prefrontal area, at either the cortical or the subcortical level,
abolishes the normal mood-elevating influences and produces depres-
sion and uncontrollable crying. In contrast, a comparable lesion to the
right prefrontal area may produce laughter, euphoria, and witzelsucht,
a tendency to joke and make puns. Effects opposite to those caused by
lesions appear dunng seizures, in which occurs abnormal, excessive
activation of either prefrontal cortex. A seizure focus within the left
prefrontal cortex can cause gelastic seizures, for example, in which the
ictal event is laughter. Functional neuroimaging has documented left
prefrontal hypoperfusion during depressive states, which normalized
after the depression was treated successfully.

Limbic System Function

The limbic system was delineated by James Papez in 1937. The
Papez circuit consists of the hippocampus, the fornix, the mam-
millary bodies, the anterior nucleus of the thalamus, and the cin-
gulate gyrus (Fig. 1.2-4). The boundaries of the limbic system
were subsequently expanded to include the amygdala, septum,
basal forebrain, nucleus accumbens, and orbitofrontal cortex.

Although this schema creates an anatomical loop for emo-
tional processing, the specific contributions of the individual
components other than the hippocampus or even whether a
given train of neural impulses actually travels along the entire
pathway 1s unlenown.

The amygdala appears to be a critically important gate
through which internal and external stimuli are integrated.
Information from the primary senses is interwoven with inter-
nal drives, such as hunger and thirst, to assign emotional sig-
nificance to sensory experiences. The amygdala may mediate
learned fear responses, such as anxiety and panic, and may
direct the expression of certain emotions by producing a par-
ticular affect. Neuroanatomical data suggest that the amygdala
exerts a more powerful influence on the cortex, to stimulate or
suppress cortical activity, than the cortex exerts on the amyg-
dala. Pathways from the sensory thalamic relay stations sepa-
rately send sensory data to the amygdala and the cortex, but
the subsequent effect of the amygdala on the cortex is the more
potent of the two reciprocal connections. In contrast, damage to
the amygdala has been reported to ablate the ability to distin-
guish fear and anger in other persons’ voices and facial expres-
sions. Persons with such injuries may have a preserved ability
to recognize happiness, sadness, or disgust. The limbic system
appears to house the emotional association areas, which direct
the hypothalamus to express the motor and endocrine compo-
nents of the emotional state.
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Fear and Aggression

Electrical stimulation of animals throughout the subcortical
area involving the limbic system produces rage reactions (e.g.,
growling, spitting, and arching of the back). Whether the animal
flees or attacks depends on the intensity of the stimulation.

Limbic System and Schizophrenia

The limbic system has been particularly implicated in neu-
ropathological studies of schizophrenia. Eugen Bleuler’s
well-known four As of schizophrenia—affect, associations,
ambivalence, and autism—refer to brain functions served in part
by limbic structures. Several clinicopathological studies have
found a reduction in the brain weight of the gray matter but not of
the white matter in persons with schizophrenia. In pathological
as well as in magnetic resonance imaging (MRI) reports, persons
with schizophrenia may have reduced volume of the hippocam-
pus, amygdala, and parahippocampal gyrus. Schizophrenia may
be a late sequela of a temporal epileptic focus, with some studies
reporting an association in 7 percent of patients with TLE.

Functional neuroimaging studies have demonstrated
decreased activation of the frontal lobes in many patients with
schizophrenia, particularly during tasks requiring willed action.
A reciprocal increase in activation of the temporal lobe can
occur during willed actions, such as finger movements or speak-
ing, in persons with schizophrenia. Neuropathological studies
have shown a decreased density of neuropil, the intertwined
axons and dendrites of the neurons, in the frontal lobes of these
patients. During development, the density of neuropil is highest
around age 1 year and then is reduced somewhat through syn-
aptic pruning; the density plateaus throughout childhood and
is further reduced to adult levels in adolescence. One hypoth-
esis of the appearance of schizophrenia in the late teenage years
is that excessive adolescent synaptic pruning occurs and results
in too little frontolimbic activity. Some experts have suggested
that hypometabolism and paucity of interneuronal connections
in the prefrontal cortex may reflect inefficiencies in working
memory, which permits the disjointed discourse and loosening
of associations that characterize schizophrenia. At present, the
molecular basis for the regulation of the density of synapses
within the neuropil is unlmown. Other lines of investigation
aimed at understanding the biological basis of schizophrenia
have documented inefficiencies in the formation of cortical
synaptic connections in the middle of the second trimester of
gestation, which may result from a viral infection or malnutri-
tion. Neurodevelopmental surveys administered during child-
hood have found an increased incidence of subtle neurological
abnormalities before the appearance of the thought disorder in
persons who subsequently exhibited signs of schizophrenia.

In one intriguing study, positron emission tomography (PET)
scanning was used to identify the brain regions that are activated
when a person hears spoken language. A consistent set of corti-
cal and subcortical structures demonstrated increased metabo-
lism when speech was processed. The researchers then studied
a group of patients with schizophrenia who were experiencing
active auditory hallucinations. During the hallucinations, the
same cortical and subcortical structures were activated as were
activated by the actual sounds, including the primary auditory
cortex. At the same time, decreased activation was seen of areas
thought to monitor speech, including the left middle temporal
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gyrus and the supplementary motor area. This study raises the
questions of what brain structure is activating the hallucinations
and by what mechanism do neuroleptic drugs suppress the hal-
lucinations. Clearly, functional imaging has much to tell about
the neuroanatomical basis of schizophrenia.

Frontal Lobe Function

The frontal lobes, the region that determines how the brain acts
on its knowledge, constitute a category unto themselves. In com-
parative neuroanatomical studies, the massive size of the fron-
tal lobes is the main feature that distinguishes the human brain
from that of other primates and that lends it uniquely human
qualities. There are four subdivisions of the frontal lobes. The
first three—the motor strip, the supplemental motor area, and
Broca’s area—are mentioned in the preceding discussion of the
motor system and language. The fourth, most anterior, division
is the prefrontal cortex. The prefrontal cortex contains three
regions in which lesions produce distinct syndromes: the orbi-
tofrontal, the dorsolateral, and the medial. Dye-tracing studies
have defined dense reciprocal connections between the prefron-
tal cortex and all other brain regions. Therefore, to the extent
that anatomy can predict function, the prefrontal cortex is ide-
ally connected to allow sequential use of the entire palette of
brain functions in executing goal-directed activity. Indeed, fron-
tal lobe injury usually impairs the executive functions: motiva-
tion, attention, and sequencing of actions.

Bilateral lesions of the frontal lobes are characterized by
changes in personality—how persons interact with the world.
The frontal lobe syndrome, which is most commonly produced
by trauma, infarcts, tumors, lobotomy, multiple sclerosis, or
Pick’s disease, consists of slowed thinking, poor judgment,
decreased curiosity, social withdrawal, and irritability. Patients
typically display apathetic indifference to experience that can
suddenly explode into impulsive disinhibition. Unilateral fron-
tal lobe lesions may be largely unnoticed because the intact lobe
can compensate with high efficiency.

Frontal lobe dysfunction may be difficult to detect by means
of highly structured, formal neuropsychological tests. Intelli-
gence, as reflected in the intelligence quotient (IQ), may be nor-
mal, and functional neuroimaging studies have shown that the
IQ seems to require mostly parietal lobe activation. For exam-
ple, during administration of the Wechsler Adult Intelligence
Scale-Revised (WAIS-R), the highest levels of increased meta-
bolic activity during verbal tasks occurred in the left parietal
lobe, whereas the highest levels of increased metabolic activity
during performance skills occurred in the right parietal lobe.
In contrast, frontal lobe pathology may become apparent only
under unstructured, stressful, real-life situations.

A famous case illustrating the result of frontal lobe damage
mvolves Phineas Gage, a 25-year-old railroad worker. While he was
working with explosives, an accident drove an iron rod through Gage’s
head. He survived, but both frontal lobes were severely damaged. After
the accident, his behavior changed dramatically. The case was writ-
ten up by J. M. Harlow, M.D., in 1868, as follows: [George] is fitfull,
irreverent, indulging at times in the grossest profanity (which was not
previously his custom), manifesting but little deference for his fellows,
impatient of restraint or advice when it conflicts with his desires. .. His
mind was radically changed, so decidedly that his friends and acquaint-
ances said he was “no longer Gage.” (see Fig. 1.2-5)
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FIGURE 1.2-5

The life mask and skull of Phineas Gage. Note damage to the fron-
tal region. “A famous case illustrating the result of frontal lobe dam-
age involves Phineas Gage, a 25-year-old railroad worker. While he
was working with explosives, an accident drove an iron rod through
Gage’s head. He survived, but both frontal lobes were severely
damaged. After the accident, his behavior changed dramatically.
The case was written up by J.M. Harlow, M.D., in 1868, as fol-
lows: [Gage] is fitful, irreverent, indulging at times in the gross-
est profanity (which was not previously his custom), manifesting
but little deference for his fellows, impatient of restraint or advice
when it conflicts his desires...His mind was radically changed, so
decidedly that his friends and acquaintances said he was ‘no lon-
ger Gage.”” (Courtesy of Anthony A. Walsh, Ph.D.)

In one study of right-handed males, lesions of the right prefrontal
cortex eliminated the tendency to use internal, associative memory cues
and led to an extreme tendency to interpret the task at hand in terms of
its immediate context. In contrast, right-handed males who had lesions
of the left prefrontal cortex produced no context-dependent interpreta-
tions and interpreted the tasks entirely in terms of their own internal
drives. A mirror image of the functional lateralization appeared in left-
handed subjects. This test thus revealed the clearest known association
of higher cortical functional lateralization with the subjects’ dominant
hand. Future experiments in this vein will attempt to reproduce these
findings with functional neuroimaging. If corroborated, these studies
suggest a remarkable complexity of functional localization within the
prefrontal cortex and may also have implications for the understanding
of psychiatric diseases in which prefrontal pathology has been postu-
lated, such as schizophrenia and mood disorders.

The heavy innervation of the frontal lobes by dopamine-containing
nerve fibers is of interest because of the action of antipsychotic medica-
tions. At the clinical level, antipsychotic medications may help to organ-
ize the rambling associations of a patient with schizophrenia. At the
neurochemical level, most typical antipsychotic medications block the
actions of dopamine at the D, receptors. The frontal lobes, therefore,
may be a major therapeutic site of action for antipsychotic medications.

DEVELOPMENT

The nervous system is divided into the central and peripheral
nervous systems (CNS and PNS). The CNS consists of the brain
and spinal cord; the PNS refers to all the sensory, motor, and
autonomic fibers and ganglia outside the CNS. During develop-
ment, both divisions arise from a common precursor, the neural
tube, which in turn is formed through folding of the neural plate,
a specialization of the ectoderm, the outermost of the three lay-
ers of the primitive embryo. During embryonic development, the
neural tube itself becomes the CNS; the ectoderm immediately

superficial to the neural tube becomes the neural crest, which
gives rise to the PNS. The formation of these structures requires
chemical communication between the neighboring tissues in the
form of cell surface molecules and diffusible chemical signals. In
many cases, an earlier-formed structure, such as the notochord, is
said to induce the surrounding ectoderm to form a later structure,
in this case the neural plate (see Color Plate 1.2-6). Identification
of the chemical mediators of tissue induction is an active area of
research. Investigators have begun to examine whether failures
of the interactions of these mediators and their receptors could
underlie errors in brain development that cause psychopathology.

Neuronal Migration and Connections

The life cycle of a neuron consists of cell birth, migration to the
adult position, extension of an axon, elaboration of dendrites,
synaptogenesis, and, finally, the onset of chemical neurotransmis-
sion. Individual neurons are born in proliferative zones generally
located along the inner surface of the neural tube. At the peak
of neuronal proliferation in the middle of the second trimester,
250,000 neurons are born each minute. Postmitotic neurons
migrate outward to their adult locations in the cortex, guided
by radially oriented astrocytic glal fibers. Glia-guided neuro-
nal migration in the cerebral cortex occupies much of the first
6 months of gestation. For some neurons in the prefrontal cortex,
migration occurs over a distance 5,000 times the diameter of the
neuronal cell body. Neuronal migration requires a complex set of
cell—cell interactions and is susceptible to errors in which neurons
fail to reach the cortex and instead reside in ectopic positions. A
group of such incorrectly placed neurons is called a heterotopia.
Neuronal heterotopias have been shown to cause epilepsy and are
highly associated with mental retardation. In a neuropathological
study of the planum temporale of four consecutive patients with
dyslexia, heterotopias were a common finding. Recently, hetero-
topic neurons within the frontal lobe have been postulated to play
a causal role in some cases of schizophrenia.

Many neurons lay down an axon as they migrate, whereas
others do not initiate axon outgrowth until they have reached
their cortical targets. Thalamic axons that project to the cortex
initially synapse on a transient layer of neurons called the sub-
plate neurons. In normal development, the axons subsequently
detach from the subplate neurons and proceed superficially to
synapse on the true cortical cells. The subplate neurons then
degenerate. Some brains from persons with schizophrenia
reveal an abnormal persistence of subplate neurons, suggesting
a failure to complete axonal pathfinding in the brains of these
persons. This finding does not correlate with the presence of
schizophrenia in every case, however. A characteristic branched
dendritic tree elaborates once the neuron has completed migra-
tion. Synaptogenesis occurs at a furious rate from the second
trimester through the first 10 years or so of life. The peak of
synaptogenesis occurs within the first 2 postnatal years, when as
many as 30 million synapses form each second. Ensheathment
of axons by myelin begins prenatally; it is largely complete in
early childhood, but does not reach its full extent until late in the
third decade of life. Myelination of the brain is also sequential.

Neuroscientists are tremendously interested in the effect of experi-
ence on the formation of brain circuitry in the first years of life. As noted
earlier, many examples are seen of the impact of early sensory experi-
ence on the wiring of cortical sensory processing areas. Similarly, early



movement patterns are lnown to reinforce neural connections in the
supplemental motor area that drive specific motor acts. Neurons rapidly
form a fivefold excess of synaptic connections; then, through a Darwinian
process of elimination, only those synapses that serve a relevant function
persist. This synaptic pruning appears to preserve input in which the pre-
synaptic cell fires in synchrony with the postsynaptic cell, a process that
reinforces repeatedly activated neural circuits. One molecular component
that is thought to mediate synaptic reinforcement is the postsynaptic
NMDA glutamate receptor. This receptor allows the influx of calcium
ions only when activated by glutamate at the same time as the membrane
in which it sits is depolarized. Thus, glutamate binding without mem-
brane depolarization or membrane depolarization without glutamate
binding fails to trigger calcium influx. NMDA receptors open in dendrites
that are exposed to repeated activation, and their activation stimulates sta-
bilization of the synapse. Calcium is a crucial intracellular messenger that
initiates a cascade of events, including gene regulation and the release of
trophic factors that strengthen particular synaptic connections. Although
less experimental evidence exists for the role of experience in modulating
synaptic connectivity of association areas than has been demonstrated
in sensory and motor areas, neuroscientists assume that similar activity-
dependent mechanisms may apply in all areas of the brain.

Adult Neurogenesis

A remarkable recent discovery has been that new neurons can
be generated in certain brain regions (particularly the dentate
gyrus of the hippocampus) in adult animals, including humans.
This is in marked contrast to the previous belief that no neurons
were produced after birth in most species. This discovery has
a potentially profound impact on our understanding of normal
development, incorporation of experiences, as well as the abil-

ity of the brain to repair itself after various types of injuries (see
Color Plates 1.2-7 and 1.2-8).

Neurological Basis of Development Theories

In the realm of emotion, early childhood experiences have been
suspected to be at the root of psychopathology since the earliest
theories of Sigmund Freud. Freud’ psychoanalytic method aimed
at tracing the threads of a patient’s earliest childhood memories.
Franz Alexander added the goal of allowing the patient to relive
these memories in a less pathological environment, a process
known as a corrective emotional experience. Although neurosci-
entists have no data demonstrating that this method operates at the
level of neurons and circuits, emerging results reveal a profound
effect of early caregivers on an adult individual’s emotional rep-
ertoire. For example, the concept of attunement is defined as the
process by which caregivers “play back a child’s inner feelings.”
If a baby’s emotional expressions are reciprocated in a consistent
and sensitive manner, certain emotional circuits are reinforced.
These circuits likely include the limbic system, in particular, the
amygdala, which serves as a gate to the hippocampal memory
circuits for emotional stimuli. In one anecdote, for example, a
baby whose mother repeatedly failed to mirror her level of excite-
ment emerged from childhood an extremely passive girl, who was
unable to experience a thrill or a feeling of joy.

The relative contributions of nature and nurture are perhaps
nowhere more indistinct than in the maturation of emotional
responses, partly because the localization of emotion within the
adult brain is only poorly understood. It is reasonable to assume,
however, that the reactions of caregivers during a child’s first
2 years of life are eventually internalized as distinct neural cir-
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cuits, which may be only incompletely subject to modification
through subsequent experience. For example, axonal connec-
tions between the prefrontal cortex and the limbic system, which
probably play a role in modulating basic drives, are established
between the ages of 10 and 18 months. Recent work suggests
that a pattern of terrifying experiences in infancy may flood
the amygdala and drive memory circuits to be specifically alert
to threatening stimuli, at the expense of circuits for language
and other academic skills. Thus infants raised in a chaotic and
frightening home may be neurologically disadvantaged for the
acquisition of complex cognitive skills in school.

An adult correlate to this cascade of detrimental overactivity
of the fear response is found in posttraumatic stress disorder
(PTSD), in which persons exposed to an intense trauma involv-
ing death or injury may have feelings of fear and helplessness
for years after the event. A PET scanning study of patients with
PTSD revealed abnormally high activity in the right amygdala
while the patients were reliving their traumatic memories. The
researchers hypothesized that the stressful hormonal milieu
present during the registration of the memories may have served
to burn the memories into the brain and to prevent their erasure
by the usual memory modulation circuits. As a result, the trau-
matic memories exerted a pervasive influence and led to a state
of constant vigilance, even in safe, familiar settings.

Workers in the related realms of mathematics have produced results
documenting the organizing effects of early experiences on internal rep-
resentations of the external world. Since the time of Pythagoras, music
has been considered a branch of mathematics. A series of recent studies
has shown that groups of children who were given 8 months of intensive
classical music lessons during preschool years later had significantly
better spatial and mathematical reasoning in school than a control
group. Nonmusical tasks, such as navigating mazes, drawing geomet-
ric figures, and copying patterns of two-color blocks, were performed
significantly more skillfully by the musical children. Early exposure to
music, thus, may be ideal preparation for later acquisition of complex
mathematical and engineering skills.

These tantalizing observations suggest a neurological basis for the
developmental theories of Jean Piaget, Erik Erikson, Margaret Mahler,
John Bowlby, Sigmund Freud, and others. Erikson’s epigenetic theory
states that normal adult behavior results from the successful, sequential
completion of each of several infantile and childhood stages. According
to the epigenetic model, failure to complete an early stage is reflected
in subsequent physical, cognitive, social, or emotional maladjustment.
By analogy, the experimental data just discussed suggest that early
experience, particularly during the critical window of opportunity for
establishing neural connections, primes the basic circuitry for lan-
guage, emotions, and other advanced behaviors. Clearly, miswiring of
an infant’s brain may lead to severe handicaps later when the person
attempts to relate to the world as an adult. These findings support the
vital need for adequate public financing of Early Intervention and Head
Start programs, programs that may be the most cost-effective means of

improving persons’ mental health.
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A 1.3 Neural Development

and Neurogenesis

The human brain is a structurally and functionally complex sys-
tem that exhibits ongoing modification in response to both expe-
rience and disease. The anatomical and neurochemical systems
that underlie the cognitive, social, emotional, and sensorimotor
functions of the mature nervous system emerge from neuronal
and glial cell populations that arise during the earliest periods
of development.

An understanding of molecular and cellular mechanisms
mediating nervous system development is critical in psychiatry
because abnormalities of developmental processes contribute to
many brain disorders. Although a developmental basis may not
be surprising in early childhood disorders, such as autism, fragile
X mental retardation, and Rett syndrome, even mature diseases
including schizophrenia and depression reflect ontogenetic fac-
tors. For example, evidence from brain pathology and neuroimag-
ing indicates that there are reductions in forebrain region volumes,
neuron and glial cell numbers, and some classes of interneurons in
schizophrenia that are apparent at the time of diagnosis. Similarly,
in autism, early brain growth is abnormally increased, and abnor-
malities of cellular organization are observed that reflect distur-
bances in the basic processes of cell proliferation and migration.
When there is abnormal regulation of early brain development, a
foundation of altered neuron populations that may differ in cell
types, numbers, and positions is laid down, or abnormal connec-
tions, with consequences for interacting glial populations, may be
elaborated. With progressive postnatal development, the maturing
brain systems call upon component neurons to achieve increasing
levels of complex information processing, which may be defi-
cient should initial conditions be disturbed. New neural proper-
ties emerge during maturation as neuron populations elaborate
additional functional networks based on and modified by ongoing
experience. Given the brain’s dynamic character, we may expect

that developmental abnormalities in neural populations and sys-
tems, caused by genetic as well as environmental factors, will
manifest at diverse times in a person’s life.

OVERVIEW OF NERVOUS SYSTEM
MORPHOLOGICAL DEVELOPMENT

In considering brain development, several overarching prin-
ciples need to be considered. First, different brain regions and
neuron populations are generated at distinct times of develop-
ment and exhibit specific temporal schedules. This has impli-
cations for the consequences of specific developmental insults,
such as the production of autism following fetal exposure to the
drug thalidomide only during days 20 to 24 of gestation. Second,
the sequence of cellular processes comprising ontogeny predicts
that abnormalities in early events necessarily lead to differences
in subsequent stages, although not all abnormalities may be
accessible to our clinical tools. For example, a deficit in the
number of neurons will likely lead to reductions in axonal pro-
cesses and ensheathing white matter in the mature brain. How-
ever, at the clinical level, since glial cells outnumber neurons 8
to 1, the glial cell population, the oligodendrocytes, and their
myelin appear as altered white matter on neuroimaging with lit-
tle evidence of a neuronal disturbance. Third, it is clear that spe-
cific molecular signals, such as extracellular growth factors and
cognate receptors or transcription factors, play roles at multiple
developmental stages of the cell. For example, both insulin-like
growth factor I (IGF-I) and brain-derived neurotrophic factor
(BDNF) regulate multiple cellular processes during the devel-
opmental generation and mature function of neurons, includ-
ing cell proliferation, survival promotion, neuron migration,
process outgrowth, and the momentary synaptic modifications
(plasticity) underlying learning and memory. Thus changes in
expression or regulation of a ligand or its receptor, by experi-
ence, environmental insults, or genetic mechanisms, will have
effects on multiple developmental and mature processes.

The Neural Plate and Neurulation

The nervous system of the human embryo first appears between
2'2 and 4 weeks of gestation. During development, emergence
of new cell types, including neurons, results from interactions
between neighboring layers of cells. On gestational day 13, the
embryo consists of a sheet of cells. Following gastrulation (days
14 to 15), which forms a two-cell-layered embryo consisting of
ectoderm and endoderm, the neural plate region of the ectoderm
is delineated by the underlying mesoderm, which appears on day
16. The mesoderm forms by cells entering a midline cleft in the
ectoderm called the primitive streak. After migration, the meso-
dermal layer lies between ectoderm and endoderm and induces
overlying ectoderm to become neural plate. Induction usually
involves release of soluble growth factors from one group of
cells, which in turn bind receptors on neighboring cells, elic-
iting changes in nuclear transcription factors that control
downstream gene expression. In some cases, cell-cell contact-
mediated mechanisms are involved. In the gene-patterning sec-
tion below, the important roles of soluble growth factors and
transcription factor expression are described.

The neural plate, the induction of which is complete by
18 days, is a sheet of columnar epithelium and is surrounded by
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FIGURE 1.3-1

Mechanisms of neurulation. Neurulation begins with the formation of a neural plate in response to soluble growth factors released by the
underlying notochord. The neural plate originates as a thickening of the ectoderm that results from cuboidal epithelial cells becoming
columnar in shape. With further changes in cell shape and adhesion, the edges of the plate fold and rise, meeting in the midline to form
a tube. Cells at the tips of the neural folds come to lie between the neural tube and overlying epidermis, forming the neural crest that
gives rise to the peripheral nervous system and other structures. (From Sadock BJ, Sadock VA, Ruiz P. Kaplan & Sadock’s Comprehensive
Textbook of Psychiatry. 9" ed. Philadelphia: Lippincott Williams & Wilkins; 2009:44.)

ectodermal epithelium. After formation, the edges of the neural
plate elevate, forming the neural ridges. Subsequently, changes
in intracellular cytoskeleton and cell-extracellular matrix
attachment cause the ridges to merge in the midline and fuse, a
process termed neurulation, forming the neural tube, with a cen-
tral cavity presaging the ventricular system (Fig. 1.3-1). Fusion
begins in the cervical region at the hindbrain level (medulla and
pons) and continues rostrally and caudally. Neurulation occurs
at 3 to 4 weeks of gestation in humans, and its failure results
in anencephaly rostrally and spina bifida caudally. Neurulation
defects are well known following exposure to retinoic acid in
dermatological preparations and anticonvulsants, especially val-
proic acid, as well as diets deficient in folic acid.

Another product of neurulation is the neural crest, the cells of which
derive from the edges of the neural plate and dorsal neural tube. From
this position, neural crest cells migrate dorsolaterally under the slan
to form melanocytes and ventromedially to form dorsal root sensory
ganglia and sympathetic chains of the peripheral nervous system and
ganglia of the enteric nervous system. However, neural crest gives rise to
diverse tissues including cells of neuroendocrine, cardiac, mesenchymal,
and skeletal systems, forming the basis of many congenital syndromes
involving brain and other organs. The neural crest origin at the border of
neural and epidermal ectoderm and its generation of melanocytes forms
the basis of the neurocutaneous disorders, including tuberous sclerosis
and neurofibromatosis. Finally, another nonneuronal structure of meso-
dermal origin formed during neurulation is the notochord found on the
ventral side of the neural tube. As seen in subsequent text of this section,
the notochord plays a critical role during neural tube differentiation,
since it is a signaling source of soluble growth factors, such as sonic
hedgehog (Shh), which affect gene patterning and cell determination.

Regional Differentiation of the Embryonic
Nervous System

After closure, the neural tube expands differentially to form
major morphological subdivisions that precede the major func-

tional divisions of the brain. These subdivisions are impor-
tant developmentally, because different regions are generated
according to specific schedules of proliferation and subsequent
migration and differentiation. The neural tube can be described
in three dimensions, including longitudinal, circumferential,
and radial. The longitudinal dimension reflects the rostrocaudal
(anterior—posterior) organization, which most simply consists
of brain and spinal cord. Organization in the circumferential
dimension, tangential to the surface, represents two major axes:
In the dorsoventral axis, cell groups are uniquely positioned
from top to bottom. On the other hand, in the medial to lateral
axis, there 1s mirror image symmetry, consistent with right—left
symmetry of the body. Finally, the radial dimension represents
organization from the innermost cell layer adjacent to the ven-
tricles to the outermost surface and exhibits region-specific cell
layering. At 4 weeks, the human brain is divided longitudinally
into the prosencephalon (forebrain), mesencephalon (midbrain),
and rhombencephalon (hindbrain). These three subdivisions or
“vesicles” divide further into five divisions by 5 weeks, con-
sisting of the prosencephalon, which forms the telencephalon
(including cortex, hippocampus, and basal ganglia) and dien-
cephalon (thalamus and hypothalamus), the mesencephalon,
(midbrain), and the rhombencephalon, yielding metencepha-
lon (pons and cerebellum) and myelencephalon (medulla).
Morphological transformation into five vesicles depends on
region-specific proliferation of precursor cells adjacent to the
ventricles, the so-called ventricular zones (VZs). As discussed
later, proliferation intimately depends on soluble growth factors
made by proliferating cells themselves or released from regional
signaling centers. In turn, growth factor production and cognate
receptor expression also depend on region-specific patterning
genes. We now know that VZ precursors, which appear mor-
phologically homogeneous, express a checkerboard array of
molecular genetic determinants that control the generation of
specific types of neurons in each domain (Fig. 1.3-2).
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Progression of brain regional differentiation. Early after neurulation, the neural tube differentiates into four regions (forebrain, midbrain, hind-
brain, and spinal cord) that give rise following later divisions and maturation to the different brain structures. (From Sadock BJ, SadockVA,
Ruiz P. Kaplan & Sadock’s Comprehensive Textbook of Psychiatry. 9" ed. Philadelphia: Lippincott Williams & Wilkins; 2009:45.)

In the circumferential dimension, organization begins very early
and extends over many rostrocaudal subdivisions. In the spinal cord,
the majority of tissue comprises the lateral plates, which later divide
into dorsal or alar plates, composed of sensory interneurons, and motor
or basal plates, consisting of ventral motor neurons. Two other diminu-
tive plates, termed the roof plate and floor plate, are virtually absent in
maturity; however, they play critical regulatory roles as growth factor
signaling centers in the embryo. Indeed, the floor plate, in response to
Shh from the ventrally located notochord, produces its own Shh, which
in turn induces neighboring cells in ventral spinal cord and brainstem to
express region-specific transcription factors that specify cell phenotype
and function. For example, in combination with other factors, floor plate
Shh induces midbrain precursors to differentiate into dopamine-secreting
neurons of the substantia nigra. Similarly, the roof plate secretes growth
factors, such as bone morphogenetic proteins (BMPs), which induce
dorsal neuron cell fate in spinal cord. In the absence of roof plate, dorsal
structures fail to form, such as cerebellum, and midline hippocampal
structures are missing. Finally, in the radial dimension, the organization
of layers is subdivision specific, produced by differential proliferation of
VZ precursors and cell migration, as described later.

The Ventricular and Subventricular
Proliferative Zones

The distinct patterns of precursor proliferation and migration
in different regions generate the radial organization of the ner-
vous system. In each longitudinal subdivision, the final popula-

tion size of a brain region depends on the interplay of regulated
neurogenesis with programmed cell death. Traditional concepts
had suggested that there was excess cell production everywhere
and that final cell number regulation was achieved primarily
after neurogenesis through selective cell death mediated by
target-derived survival (trophic) factors. We now know that the
patterning genes discussed later play major roles in directing
regional precursor proliferation that is coordinated with final
structural requirements, and that programmed cell death occurs
at multiple stages. Consequently, in diseases characterized by
brain regions smaller than normal, such as schizophrenia, there
may be a failure to generate neurons initially, as opposed to nor-
mal generation with subsequent cell loss.

Radial and Tangential Patterns of
Neurogenesis and Migration

Of interest to psychiatry, the cerebral cortex is the paradigmatic
model of inside-to-outside neurogenesis. A large number of
studies now relate specific genetic mutations to distinct cortical
malformations that alter neurogenesis, migration, and cellular
organization, thereby increasing our knowledge of both nor-
mal and pathophysiologic cortical development. Derived from
the embryonic forebrain telencephalic vesicles, the character-
istic six-cell layers represent a common cytoarchitectural and
physiological basis for neocortical function. Within each layer,



neurons exhibit related axodendritic morphologies, use com-
mon neurotransmitters, and establish similar afferent and
efferent connections. In general, pyramidal neurons in layer 3
establish synapses within and between cortical hemispheres,
whereas deeper layer 5/6 neurons project primarily to subcorti-
cal nuclei, including thalamus, brainstem, and spinal cord. The
majority of cortical neurons originate from the forebrain VZ.
At the earliest stages, the first postmitotic cells migrate outward
from the VZ to establish a superficial layer termed the preplate.
Two important cell types comprise the preplate—Cajal-Retzius
cells, which form outermost layer 1 or marginal zone, and sub-
plate neurons, which lay beneath future layer 6. These distinct
regions form when later-born cortical plate neurons migrate
within and divide the preplate in two (Fig. 1.3-3).

A recent discovery, postulated for years, has changed the
view of the origins of cortical neuron populations involved in
human brain disease. Neuron tracing experiments in culture
and in vivo demonstrate that the neocortex, a dorsal forebrain
derivative, is also populated by neurons generated in the ven-
tral forebrain (see Fig. 1.3-3). Molecular studies of patterming
genes, especially Dlx, strongly support this model (see below).
In contrast to excitatory pyramidal neurons, the overwhelming
majority of inhibitory y-aminobutyric acid (GABA)—secreting
interneurons originate from mitotic precursors of the ganglionic
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eminences that generate the neurons of the basal ganglia. Sub-
sets of interneurons also secrete neuropeptides, such as neuro-
peptide Y (NPY) and somatostatin, and express nitrous oxide
(NOS)-generating enzyme. Not associated with cortical VZ
radial glia, these GABA interneurons reach the cortical plate
by migrating tangentially, in either the superficial marginal zone
or a deep position above the VZ, the subplate region where tha-
lamic afferents are also growing. Significantly, in brains from
patients with schizophrenia, the prefrontal cortex exhibits a
reduced density of interneurons in layer 2. In addition, there is
upregulation of GABA -receptor binding, a potential functional
compensation, as well as a relative deficiency of NOS-express-
ing neurons. These observations have led to the hypothesis that
schizophrenia is due to reduced GABAergic activity. The origin
of GABA interneurons from the ganglionic eminences and their
association with specific patterning genes raises new genetic
models of disease causation and possible strategies for disease
intervention. Thus, more broadly, normal cortical development
depends on a balance of two principal patterns of neurogenesis
and migration, consisting of radial migration of excitatory neu-
rons from the dorsal forebrain VZ and tangential migration of
inhibitory neurons from the ventral forebrain.

In contrast to inside-to-outside neurogenesis observed in
cortex, phylogenetically older regions, such as hypothalamus,
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Schematic drawing of radial and tangential migration during cerebral cortex development. A. A coronal section of one half of the devel-
oping rat forebrain. The dorsal forebrain gives rise to the cerebral cortex. Medial ganglionic eminences (MGEs) and lateral ganglionic
eminences (LGEs) of the ventral forebrain generate neurons of the basal ganglia and the cortical interneurons. The arrows indicate the
tangential migration route for y-aminobutyric acid (GABA) interneurons to the cortex. The boxed area (enlarged in B and C) shows the
developing cortex at early and late stages. B. In the dorsal forebrain, the first cohort of postmitotic neurons migrate out from the ventricular
zone (VZ) and create a preplate (PP) below the pial surface. C. Subsequent postmitotic neurons will migrate along radial glia through the
intermediate zone (IZ) and take position in the middle of the preplate, creating a cortical plate (CP) between the outer marginal zone (MZ)
and inner subplate (SP). Ultimately, the CP will be composed of six layers that are born sequentially, migrating in an inside-to-outside pat-
tern. Horizontal processes in the IZ represent axon terminals of thalamic afferents. (From Nadarajah B, Parnavelas JG. Modes of neuronal
migration in the developing cerebral cortex. Nat Neurosci. 2002;3:423, with permission.)
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spinal cord, and hippocampal dentate gyrus, exhibit the reverse
order of cell generation. First-formed postmitotic neurons lie
superficially, and last-generated cells localize toward the center.
Although this outside-to-inside pattern might reflect passive cell
displacement, radial glia and specific migration signaling mol-
ecules clearly are involved. Furthermore, cells do not always lie
in direct extension from their locus of VZ generation. Rather,
some groups of cells migrate to specific locations, as observed
for neurons of the inferior olivary nuclei.

Of prime importance in psychiatry, the hippocampus demonstrates
both radial and nonradial patterns of neurogenesis and migration. The
pyramidal cell layer, Ammon’s horn Cornu Ammonis (CA) 1 to 3 neu-
rons, is generated in a typical outside-to-inside fashion in the dorso-
medial forebrain for a discrete period, from 7 to 15 weeks of gestation,
and exhibits complex migration patterns. In contrast, the other major
population, dentate gyrus granule neurons, starts appearing at 18 weeks
and exhibits prolonged postnatal neurogenesis, originating from several
migrating secondary proliferative zones. In rats, for instance, granule
neurogenesis starts at embryonic day 16 (E16) with proliferation in
the forebrain VZ. At E18, an aggregate of precursors migrates along a
subpial route into the dentate gyrus itself where they generate granule
neurons in situ. After birth, there is another migration, localizing prolif-
erative precursors to the dentate hilus, which persists until 1 month of
life. Thereafter, granule precursors move to a layer just under the den-
tate gyrus, termed the subgranular zone (SGZ), which produces neurons
throughout life in adult rats, primates, and humans. In rodents, SGZ pre-
cursors proliferate in response to cerebral ischemia, tissue injury, and
seizures, as well as growth factors. Finally, the diminished hippocampal
volume reported in schizophrenia raises the possibility that disordered
neurogenesis plays a role in pathogenesis, as either a basis for dysfunc-
tion or a consequence of brain injuries, consistent with associations of
gestational infections with disease manifestation.

Finally, a different combination of radial and nonradial migration
is observed in cerebellum, a brain region recently recognized to play
important functions in nonmotor tasks, with particular significance for
autism spectrum disorders. Except for granule cells, the other major
neurons, including Purlenje and deep nuclei, originate from the primary
VZ of the fourth ventricle, coincident with other brainstem neurons. In
rats, this occurs at E13 to E15, and in humans, at 5 to 7 weeks of gesta-
tion. The granule neurons, as well as basket and stellate interneurons,
originate in the secondary proliferative zone, the external germinal cell
layer (EGL), which covers newborn cerebellum at birth. EGL precur-
sors originate in the fourth ventricle VZ and migrate dorsally through the
brainstem to reach this superficial position. The rat EGL proliferates for
3 weeks, generating more neurons than in any other structure, whereas
in humans, EGL precursors exist for at least 7 weeks and up to 2 years.
When an EGL precursor stops proliferating, the cell body sinks below
the surface and grows bilateral processes that extend transversely in the
molecular layer, and then the soma migrates further down into the inter-
nal granule layer (IGL). Cells reach the IGL along specialized Bergmann
glia, which serve guidance functions similar to those of the radial glia.
However, in this case, cells originate from a secondary proliferative zone
that generates neurons exclusively of the granule cell lineage, indicating
a restricted neural fate. Clinically, this postnatal population in infants
makes cerebellar granule neurogenesis vulnerable to infectious insults
of early childhood and an undesirable target of several therapeutic drugs,
such as steroids, well known to inhibit cell proliferation. In addition, pro-
liferative control of this stem cell population is lost in the common child-
hood brain tumor, medulloblastoma (see Fig. 1.3-4).

Developmental Cell Death

During nervous system development, cell elimination is
apparently required to coordinate the proportions of interact-
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Neurogenesis, migration, and differentiation of granule cells during
cerebellar development. Granule cell precursors proliferate in the
external germinal layer. After exiting the cell cycle, they migrate
through the molecular layer and past the Purkinje neurons to reach
the internal granule layer where they differentiate and make syn-
apses. Neurons that do not migrate properly or that do not establish
proper synaptic connections undergo apoptosis. EGL, external ger-
minal cell layer; Mol, molecular layer; P, Purkinje cell layer; IGL,
internal granule cell layer; Wm, white matter. (From Sadock BJ,
Sadock VA, Ruiz P. Kaplan & Sadock’s Comprehensive Textbook
of Psychiatry. 9" ed. Philadelphia: Lippincott Williams & Wilkins;
2009:48.)
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ing neural cells. Developmental cell death is a reproducible,
spatially and temporally restricted death of cells that occurs
during the organism’s development. Three types of develop-
mental cell death have been described: (1) phylogenetic cell
death that removes structures in one species that served evo-
lutionarily earlier ones, such as the tail or the vomeronasal
nerves; (2) morphogenetic cell death, which sculpts the fingers
from the embryonic paddle and is required to form the optic
vesicles, as well as the caudal neural tube; and (3) histoge-
netic cell death, a widespread process that allows the removal
of select cells during development of specific brain regions.
Numerous studies have focused on histogenetic cell death, the
impact of which varies among brain regions but can affect 20
to 80 percent of neurons in some populations. A major role
for developmental cell death was proposed in the 1980s based
on the paradigm of nerve growth factor, suggesting that fol-
lowing neurogenesis, neurons compete for trophic factors. In
this model, survival of differentiating neurons depended abso-
lutely on establishing axonal connections to the correct targets
in order to obtain survival-promoting (trophic) growth factors,
such as the neurotrophins. Otherwise, they would be elimi-
nated by programmed cell death. This competitive process was
thought to ensure proper matching of new neuronal popula-
tions with the size of its target field. Although such interac-
tions are involved in controlling cell degeneration, this model
is overly simplistic: Developmental cell death also occurs in



neural precursors and immature neurons, before any synaptic
contacts are established.

ApOptOSiS. Apoptotic cell death, or apoptosis, is the major type
of developmental cell degeneration. Apoptosis or “programmed cell
death” involves specific molecules that possess enzymatic activities
such as cysteine-containing aspartate-specific proteases, also called
“caspases,” which participate in complex intracellular mechanisms. A
large number of signals (both proapoptotic and antiapoptotic) converge
to regulate common signaling pathways. Of importance for psychiatry,
both developmental as well as pathological cell death involve many of
the same signaling cascades. A failure to inhibit apoptosis is involved in
cancers and autoimmune diseases (multiple sclerosis), whereas excess
stimulation of apoptosis is observed in neurodegenerative diseases dur-
ing both development (Huntington’s disease, lysosomal diseases, and
leukodystrophy) and aging (Alzheimer’s and Parkinson’s diseases).
Massive apoptotic cell death is also observed during acquired develop-
mental brain injuries such as hypoxia-ischemia, fetal alcohol syndrome,
and exposure to ionizing radiations and neurotoxicants. Thus dysregu-
lation of apoptotic cell death during development can lead to severe
brain abnormalities, which may only manifest later as mature functional
impairments.

Programmed cell death is a necessary process during neurodevel-
opment, as genetic deletion of caspases in embryonic mice produces
enlarged and disorganized brains with marked regional specificity. Pro-
grammed cell death occurs at multiple stages of nervous system devel-
opment, interacting with neurogenesis and differentiation with precise
and complex mechanisms. As many neuropathologies also involve dys-
regulation of apoptosis, future studies hold promise for elucidation and
treatment of neurological diseases.

THE CONCEPT OF NEURAL PATTERNING

Principles of Function

The morphological conversion of the nervous system through
the embryonic stages, from neural plate through neural tube
to brain vesicles, 1s controlled by interactions between extra-
cellular factors and intrinsic genetic programs. In many cases,
extracellular signals are soluble growth factors secreted from
regional signaling centers, such as the notochord, floor, or roof
plates, or surrounding mesenchymal tissues. The precursor’s
ability to respond (competence) depends on cognate receptor
expression, which is determined by patterning genes whose
proteins regulate gene transcription. The remarkable new obser-
vation is that the subdivisions of the embryonic telencephalon
that were initially based on mature differences in morphology,
connectivity, and neurochemical profiles are also distinguished
embryonically by distinct patterns of gene expression. Classical
models had suggested that the cerebral cortex was generated
as a fairly homogeneous structure, unlike most epithelia, with
individual functional areas specified relatively late, after cor-
tical layer formation, by the ingrowth of afferent axons from
thalamus. In marked contrast, recent studies indicate that pro-
liferative VZ precursors themselves display regional molecu-
lar determinants, a “protomap,” which the postmitotic neurons
carry with them as they migrate along radial glia to the cortical
plate. Consequently, innervating thalamic afferents may serve
to modulate only intrinsic molecular determinants of the proto-
map. Indeed, in two different genetic mutants, Gbx2 and Mashl,
in which thalamocortical innervation is disrupted, expression of
cortical patterning genes proceeds unaltered. On the other hand,
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thalamic afferent growth may be directed by patterning genes
and subsequently play roles in modulating regional expression
patterns. Thus experience-dependent processes may contribute
less to cortical specialization than originally postulated.

The term patterning genes connotes families of proteins
that serve primarily to control transcription of other genes, the
products of which include other transcription factors or proteins
involved in cellular processes, such as proliferation, migration,
or differentiation. Characteristically, transcription factor proteins
contain two principal domains, one that binds DNA promoter
regions of genes and the other that interacts with other proteins,
either transcription factors or components of intracellular second
messengers. It is notable that transcription factors form multi-
meric protein complexes to control gene activation. Therefore, a
single transcription factor will play diverse roles in multiple cell
types and processes, according to what other factors are present,
the so-called cellular environment. The combinatorial nature of
gene promoter regulation leads to a diversity of functional out-
comes when a single patterning gene is altered. Furthermore,
because protein interactions depend on protein—protein affini-
ties, there may be complex changes as a single factor’s expres-
sion level is altered. This may be one important mechanism of
human variation and disease susceptibility, since polymorphisms
in gene promoters, known to be associated with human disease,
can alter levels of gene protein products. A transcription factor
may associate primarily with one partner at a low concentration
but with another at a higher titer. The multimeric nature of regu-
latory complexes allows a single factor to stimulate one process
while simultaneously inhibiting another. During development,
a patterning gene may thus promote one event, say generation
of neurons, by stimulating one gene promoter, while simulta-
neously sequestering another factor from a different promoter
whose activity is required for an alternative phenotype, such as
glial cell fate. Finally, the factors frequently exhibit cross-regu-
latory functions, where one factor negatively regulates expres-
sion of another. This activity leads to the establishment of tissue
boundaries, allowing the formation of regional subdivisions,
such as basal ganglia and cerebral cortex in the forebrain.

In addition to combinatorial interactions, patterning genes
exhibit distinct temporal sequences of expression and func-
tion, acting in hierarchical fashion. Functional hierarchies were
established experimentally by using genetic approaches, either
deleting a gene (loss of function) or over-/ectopically expressing
it (gain of function), and defining developmental consequences.
At the most general level, genetic analyses indicate that region-
ally restricted patterning genes participate in specifying the iden-
tity, and therefore function, of cells in which they are expressed.
Subdivisions of the brain, and of cerebral cortex specifically, are
identified by regionalized gene expression in the proliferative
VZ of the neural tube, leading to subsequent differentiation of
distinct types of neurons in each mature (postmitotic) region.
Thus the protomap of the embryonic VZ apparently predicts the
cortical regions it will generate and may instruct the hierarchi-
cal temporal sequence of patterning gene expression. It appears
that the different genes underlie multiple stages of brain devel-
opment including the following: (1) determining that ectoderm
will give rise to nervous system (as opposed to skin); (2) defin-
ing the dimensional character of a region, such as positional
identity in dorsoventral or rostrocaudal axes; (3) specifying cell
class, such as neuron or glia; (4) defining when proliferation
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ceases and differentiation begins, (5) determining specific cell
subtype, such as GABA interneuron, as well as projection pat-
tern; and (6) defining laminar position in the region, such as
cerebral cortex. Although investigations are ongoing, studies
indicate that these many steps depend on interactions of tran-
scription factors from multiple families. Furthermore, a single
transcription factor plays regulatory roles at multiple stages in
the developmental life of a cell, yielding complex outcomes, for
instance, in genetic loss of function studies and human disease.

Recent advances in molecular biology have led to identification of
another principle of nervous system organization, which if sustained by
further studies, may provide a molecular basis for brain system diseases,
such as Parkinson’s disease and autism. Using molecular techniques to
permanently identify cells that had expressed during development of a
specific gene, in this case the soluble growth factor, Wnt3a, investigators
were able to determine where cells originated embryonically and could
trace their path of migration along the neuraxis during development.
These genetic-fate mapping studies indicate that cells that expressed
Wnt3a migrated widely from the dorsal midline into the dorsal regions
of the brain and spinal cord, thereby contributing to diverse adult struc-
tures in the diencephalon, midbrain, and brainstem and rostral spinal
cord. Of interest, most of these structures were linked into a functional
neural network, specifically the auditory system. The observation that
a single functional system emerges from a specific group of fated cells
would allow for restricted neurological-system—based disorders, such as
deficits in dopamine or catecholamine neurons, or for the dysfunction
of inter-related brain regions that subserve social cognition and interac-
tion, a core symptom of the autism spectrum disorders. Other adult sys-
tem degenerations may also be considered. This new observation may
change the way that we consider temporal changes in patterning gene
expression of specific brain regions during development.

Finally, patterning gene expression in nervous system sub-
divisions 1s not insensitive to environmental factors. To the
contrary, expression is intimately regulated by growth factors
released from regional signaling centers. Indeed, although a
century of classical experimental embryology described mor-
phologically the induction of new tissues between neighboring
cell layers, we have only recently defined molecular identities of
soluble protein morphogens and cell response genes underlying
development. Signaling molecules from discrete centers estab-
lish tissue gradients that provide positional information (dorsal
or ventral), impart cell specification, and/or control regional
growth. Signals include the BMPs, the Wingless-Int proteins
(Wnts), Shh, fibroblast growth factors (FGFs), and epidermal
growth factors (EGFs), to name a few. These signals set up
developmental domains characterized by expression of specific
transcription factors, which in turn control further regional gene
transcription and developmental processes. The importance of
these mechanisms for cerebral cortical development is only now
emerging, altering our concepts of the roles of subsequent tha-
lamic innervation and experience-dependent processes. In light
of the temporal and combinatorial principles discussed earlier,
brain development can be viewed as a complex and evolving
interaction of extrinsic and intrinsic information.

SPECIFIC INDUCTIVE SIGNALS AND
PATTERNING GENES IN DEVELOPMENT

Induction of the central nervous system (CNS) begins at the
neural plate stage when the notochord, underlying mesenchyme,

and surrounding epidermal ectoderm produce signaling mole-
cules that affect the identity of neighboring cells. Specifically,
the ectoderm produces BMPs that prevent neural fate determi-
nation by promoting and maintaining epidermal differentiation.
In other words, neural differentiation 1s a default state that mani-
fests unless it is inhibited. In turn, neural induction proceeds
when BMP’s epidermis-inducing activity is blocked by inhibi-
tory proteins, such as noggin, follistatin, and chordin, which
are secreted by Hensen’s node (homologous to the amphibian
Spemann organizer), a signaling center at the rostral end of the
primitive streak. Once the neural tube closes, the roof plate and
floor plate become new signaling centers, organizing dorsal
and ventral neural tube, respectively. The same ligand/receptor
system is used sequentially for multiple functions during devel-
opment. BMPs are a case in point, since they prevent neural
development at the neural plate stage, whereas after neurula-
tion the factors are produced by the dorsal neural tube itself to
induce sensory neuron fates.

The Spinal Cord

The spinal cord is a prime example of the interaction of soluble
signaling factors with intrinsic patterning gene expression and
function. The synthesis, release, and diffusion of inductive sig-
nals from signaling sources produce concentration gradients
that impose distinct neural fates in the spinal cord (Fig. 1.3-5).
The notochord and floor plate secrete Shh, which induces moto-
neurons and interneurons ventrally, whereas the epidermal ecto-
derm and roof plate release several BMPs that impart neural
crest and sensory relay interneuron fates dorsally. Growth factor
inductive signals act to initiate discrete regions of transcription
factor gene expression. For instance, high concentrations of Shh
induce winged helix transcription factor Hnf33 gene in floor
plate cells and Nkx6. I and Nkx2.2 in ventral neural tube, whereas
the expression of more dorsal genes, Pax6, Dbx1/2, Irx3, and
Pax7, is repressed. In response to Shh, ventral motoneurons
express transcription factor gene Is/1, whose protein product is
essential for neuron differentiation. Subsequently, ventral inter-
neurons differentiate, expressing Enl or Liml/2 independent of
Shh signaling. In contrast, the release of BMPs by dorsal cord
and roof plate induces a distinct cascade of patterning genes
to elicit sensory interneuron differentiation. In aggregate, the
coordinated actions of Shh and BMPs induce the dorsoventral
dimension of the spinal cord. Similarly, other inductive signals
determine rostrocaudal organization of the CNS, such as reti-
noic acid, an upstream regulator of sox patterning genes, ante-
riorly, and the FGFs posteriorly. The overlapping and unique
expression of the many sox gene family members are important
for establishing the segmental pattern in the anterior—posterior
axis of the hindbrain and spinal cord, now classic models well
described in previous reviews.

Recent advances in spinal cord transcription factor expres-
sion and function support the principle that these factors play
roles at multiple stages of a cell’s development, likely due to
their participation in diverse protein regulatory complexes:
The transcription factors Pax6, Olig2, and Nkx2.2, which
define the positional identity of multipotent progenitors early
in development, also play crucial roles in controlling the tim-
ing of neurogenesis and gliogenesis in the developing ventral
spinal cord.
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FIGURE 1.3-5

Patterning genes in the spinal cord. A. Diagram illustrating the localization of gene expression in the developing “trunk.” Rhombomere
boundaries are specified by specific combinations of transcription factors. (Modified from Darnell, 2005.) B. Morphogen induction of
spinal cord cell fate. Dorsoventral gradients of sonic hedgehog (Shh) and bone morphogenetic protein (BMP) induce expression of several
position identity genes. Combinatorial effects of these factors establish progenitor domains and result in the expression of specific down-
stream molecular markers. D, dorsal neurons; V, ventral neurons. (From Sadock BJ, Sadock VA, Ruiz P. Kaplan & Sadock’s Comprehensive
Textbook of Psychiatry. 9" ed. Philadelphia: Lippincott Williams & Wilkins; 2009:51.)

The Cerebral Cortex

Recent evidence suggests that forebrain development also
depends on inductive signals and patterning genes as observed
in more caudal neural structures. In the embryo, the dorsal fore-
brain structures include the hippocampus medially, the cerebral
cortex dorsolaterally, and the entorhinal cortex ventrolaterally,
whereas in basal forebrain, the globus pallidus lies medially and
the striatum laterally. On the basis of gene expression and mor-
phological criteria, it has been hypothesized that the forebrain is
divided into a checkerboard-like grid pattern of domains gener-
ated by the intersection of longitudinal columns and transverse
segments, perpendicular to the longitudinal axis. The columns
and segments (prosomeres) exhibit restricted expression of
patterning genes, allowing for unique combinations of fac-
tors within each embryonic subdivision. Many of these genes,
including Hnf3B, Emx2, Pax6, and Dix2, are first expressed even
before neurulation in the neural plate and are then maintained,
providing the “protomap” determinants of the VZ described
earlier. As in spinal cord, initial forebrain gene expression
is influenced by a similar array of signaling center soluble
factors—Shh, BMP, and retinoic acid. As the telencephalic ves-
icles form, signaling centers localize to the edges of the cortex.
In the dorsal midline there is the anterior neural ridge, an ante-
rior cranial mesenchyme secreting FGFS, the roof plate, and, at

the junction of the roof plate with the telencephalic vesicle, the
cortical hem (Fig. 1.3-6). Other factors originate laterally from
the dorsal—ventral forebrain junction, as well as from basal fore-
brain structures themselves.

Do molecular studies identify how different cortical regions interact
with thalamic neurons to establish specific functional modalities, such
as vision and sensation? And once regional identity is established, can
it be modified by later developmental events? It has been proposed that
initially there are no functional distinctions in the cortex but that they
are induced by the ingrowth of extrinsic thalamic axons, which con-
vey positional and functional specifications, the so-called “protocortex
model.” However, in contrast, the abundant molecular evidence provided
earlier suggests that intrinsic differences are established early in the neu-
roepithelium by molecular determinants that regulate areal specifica-
tion, including the targeting of thalamic axons, termed the “protomap”
model. The foregoing mutants now provide experimental tests of these
two alternative models and indicate that neither model is completely
correct. Although there is early molecular regionalization of the cortex,
the initial targeting of thalamic axons to the cortex is independent of
these molecular differences. In the rodent, thalamic afferents first target
to their usual cortical regions prenatally in the late embryo. However,
once thalamic afferents reach the cortex, which occurs several days
after birth, interactions of thalamic axon branches with local regional
cues leads to modifications of initial outgrowth and the establishment
of connections that conform to areal molecular identities. Furthermore,
the developing cortex exhibits a remarkable and unexpected level of
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Patterning genes and signaling centers in the developing cerebral
cortex. This schematic diagram shows a lateral-superior view of the
two cerebral hemispheres of the embryonic mouse, sitting above the
midbrain and hindbrain (broken lines). The anterior-lateral extent
of Pax6 gene expression is indicated by circles. The posterior—
medial domain of Emx2 expression is indicated by stripes. The
genes exhibit continuous gradients of expression that decrease as
they extend to opposite poles. The signaling factor fibroblast growth
factor 8 (FGF8) is produced by and released from mesenchymal tis-
sue in the anterior neural ridge, which regulates Pax6 and Emx2
expression. In the midline, bone morphogenetic proteins (BMPs)
and Wingless-Int proteins (Wnts) are secreted from other signaling
centers, including the roof plate and the cortical hems. (Courtesy of
E. DiCicco-Bloom and K. Forgash.)

flexibility in mediating modality-specific functions: In the ferret, surgi-
cal elimination of visual pathway (lateral geniculate nucleus) in postna-
tal pups results in the transfer of visual signaling to the auditory cortex,
which successfully mediates vision! Thus the animal’s visual informa-
tion is effectively processed by their auditory cortex.

The Hippocampus

The hippocampus is a region of major importance in schizo-
phrenia, depression, autism, and other disorders, and defining
mechanisms regulating hippocampal formation may provide
clues to the developmental bases of these disorders. In mice,
the hippocampus is located in the medial wall of the telence-
phalic vesicle. Where it joins the roof plate, the future roof
of the third ventricle, there is a newly defined signaling cen-
ter, the cortical hem, which secretes BMPs, Wnts, and FGFs
(see Fig. 1.3-6). Genetic experiments have defined patterning
genes localized to the cortical hem and hippocampal primordia,
whose deletions result in a variety of morphogenetic defects. In
mice lacking Wnt3a, which is expressed in the cortical hem, the
hippocampus is either completely missing or greatly reduced,
whereas neighboring cerebral cortex is mainly preserved.
A similar phenotype is produced by deleting an intracellular
factor downstream to Wnt receptor activation, the Lef! gene,

suggesting that the Wnt3a—Lef! pathway is required for hip-
pocampal cell specification and/or proliferation, issues remain-
ing to be defined. When another cortical hem gene, Lhx5, is
deleted, mice lack both the hem and neighboring choroid
plexus, both sources of growth factors. However, in this case,
the cortical hem cells may in fact proliferate in excess, and
the hippocampal primordia may be present but disorganized,
exhibiting abnormalities in cell proliferation, migration, and
differentiation. A related abnormality is observed with LhAx2
mutation. Finally, a sequence of bHLH transcription factors
plays roles in hippocampal neurogenesis: Dentate gyrus dif-
ferentiation is defective in NeuroD and Mashl mutants. Sig-
nificantly, expression of all these hippocampal patterning genes
is regulated by factors secreted by anterior neural ridge, roof
plate, and the cortical hem, including FGF8, Shh, BMPs, and
Wnts. Moreover, the basal forebrain region secretes an EGF-
related protein, transforming growth factor oo (TGF-o), which
can stimulate expression of the classical limbic marker protein,
lysosomal-associated membrane protein (LAMP). These vari-
ous signals and genes now serve as candidates for disruption in
human diseases of the hippocampus.

The Basal Ganglia

In addition to motor and cognitive functions, the basal ganglia
take on new importance in neocortical function, since they appear
to be the embryonic origin of virtually all adult GABA interneu-
rons, reaching the neocortex through tangential migration. Gene
expression studies have identified several transcription factors
that appear in precursors originating in the ventral forebrain gan-
glionic eminences, allowing interneurons to be followed as they
migrate dorsally into the cortical layers. Conversely, genetic dele-
tion mutants exhibit diminished or absent interneurons, yielding
results consistent with other tracing techniques. These transcrip-
tion factors, including Pax6, Gsh2, and NkxZ2.1, establish bound-
aries between different precursor zones in the ventral forebrain
VZ, through mechanisms involving mutual repression. As a sim-
plified model, the medial ganglionic eminence (MGE) expresses
primarily Nkx2.1 and gives rise to most GABA interneurons of
the cortex and hippocampus, whereas the lateral ganglionic emi-
nence (LGE) expresses Gsh2 and generates GABA interneurons
of the SVZ and olfactory bulb. The boundary between ventral
and dorsal forebrain then depends on LGE interaction with the
dorsal neocortex, which expresses Pax6. When Nkx2. 1 is deleted,
LGE transcription factor expression spreads ventrally into the
MGE territory, and there is a 50 percent reduction in neocortical
and striatal GABA interneurons. In contrast, deletion of Gsh2
leads to ventral expansion of the dorsal cortical molecular mark-
ers and concomitant decreases in olfactory interneurons. Finally,
Pax6 mutation causes both MGE and LGE to spread laterally and
into dorsal cortical areas, yielding increased interneuron migra-
tion. The final phenotypic changes are complex, as these factors
exhibit unique and overlapping expression and interact to control
cell fate.

Neuronal Specification

As indicated for basal ganglia, throughout the nervous system
transcription factors participate in decisions at multiple levels,
including determining the generic neural cell, such as neuron



or glial cell, as well as neuron subtypes. Mashl can promote a
neuronal fate over a glial fate as well as induce the GABA inter-
neuron phenotype. However, another bHLH factor, Oligl/2, can
promote oligodendrocyte development, whereas it promotes
motor neuron differentiation elsewhere, indicating that the vari-
ety of factors expressed in a specific cell leads to combinato-
rial effects and thus diverse outcomes for cell differentiation.
The bHLH inhibitory factor, Id, is expressed at the transition
from somatosensory to motor cortex, implying roles of family
members in areal characteristics. In the hippocampus, granule
neuron fate is dependent on NeuroD and Mathl, with deficient
cell numbers when either one is deleted. The role of specific fac-
tors in cortical cell layer determination remains an area of active
investigation but likely includes Tbr1, Otx1, and Pax6.

A NEW MECHANISM FOR REGULATING
GENE EXPRESSION: miRNAs

Over the last decade a new mechanism for regulating messen-
ger ribonucleic acid (mRNA) has been explored in simple to
complex organisms that involves microRNAs (miRNAs). We
now know that miRNAs contribute not only to normal devel-
opment and brain function but also to brain disorders, such as
Parkinson’s and Alzheimer’s disease, tauopathies, and brain
cancer. miRNAs can affect the regulation of RNA transcription,
alternative splicing, molecular modifications, or RNA transla-

1.3 Neural Development and Neurogenesis 27

tion. miRNAs are 21- to 23-nucleotide-long single-strand
RNA molecules. Unlike mRNAs that encode the instructions
for ribosome complex translation into proteins, miRNAs are
noncoding RNAs that are not translated but are instead pro-
cessed to form loop structures. miRNAs exhibit a sequence
that is partially complementary to one or several other cellular
mRNAs. By binding to target mRNA transcripts, the miRNAs
serve to interfere with their function, thereby downregulating
expression of these gene products. This gene silencing involves
a complex mechanism: The larger miRNA primary transcript
is first processed by the Microprocessor, an enzymatic com-
plex consisting of the nuclease Drosha and the double-stranded
RNA binding protein Pasha. The mature miRNA binds to its
complementary RNA and then interacts with the endonucle-
ase Dicer that i1s part of the RNA-induced silencing complex
(RISC), resulting in the cleavage of the target mRNA and gene
silencing (Fig. 1.3-7).

Currently, 475 miRNAs have been identified in humans, and their
total number 1s estimated to be between 600 and 3,44 1. Potentially, up to
30 percent of all genes might be regulated by miRNAs, a whole new layer
of molecular complexity. A connection between miRNAs and several
brain diseases has already been made. For example, miR-133b, which is
specifically expressed in midbrain dopaminergic neurons, is deficient in
midbrain tissue from patients with Parkinson’s disease. Furthermore, the
miRNAs encoding miR-9, miR-124a, miR-125b, miR-128, miR-132,
and miR-219 are abundantly represented in fetal hippocampus, are
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FIGURE 1.3-7

Processing and function of micro RNA (miRNA). After transcription, the primary miRNA forms a hairpin conformation. This structure
allows the enzyme Drosha to cleave the transcript, producing a pre-miRNA that then exits the nucleus through nuclear pores. In the cyto-
plasm, Dicer cleaves the pre-miRNA stem loop, resulting in the formation of two complementary short RNA molecules. Only one of these
molecules is integrated in the RNA-induced silencing complex (RISC) and serves as a guide strand that allows recognition and specificity
for target RNA due to its sequence complementarity. After integration into the RISC complex, the miRNA matches with the complementary
mRNA strand and induces mRNA duplex degradation by the argonaute protein, the catalytic enzyme of the RISC complex. (From Sadock B},
Sadock VA, Ruiz P. Kaplan & Sadock’s Comprehensive Textbook of Psychiatry. 9" ed. Philadelphia: Lippincott Williams & Wilkins;

2009:55.)
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Table 1.3-1

Regulation of Neurodevelopment by Extracellular Factors

Extracellular

Factors Proliferation Migration Differentiation Survival

bFGF T Cortex — — T Nigrostriatum T Nigrostriatum
Cerebellum Cortex Cerebellum
Hippocampus Cortex

IGF-1 T Cortex — = T  Spinal T  Cortex
Cerebellum neurons Cerebellum

Cerebellum

EGF T Cortex — T  Cortex — —
Adult SVZ

TGF-B 1A Cortex — — d  Cortex
Cerebellum Cerebellum

Shh T Cortex T Cerebellum - — - —
Cerebellum

PACAP A3 Cortex < Cerebellum T  Cerebellum T  Cerebellum
Cerebellum

GABA J Cortex T Cortex - — - —

Glutamate l Cortex T  Cortex l  Pyramidal neurons T Immature neurons

Cerebellum T Granule neurons l  Mature neurons
TNF-o ) Neurons — — l  Neurons
BDNF S — T Cerebellum T Cortex T  Cortex
Adult SVZ Cerebellum

Whnt T Embryonic stem cells — — T Axon guidance —
Hippocampus Spinal cord

NT3 ) Cortical stem cells T Cortex T Cortex T  Cortex

LIF/CNTF/ T Cortex S T Astrocytes —

gp130 Embryonic Stem cells

(From Sadock B), Sadock VA, Ruiz P. Kaplan & Sadock’s Comprehensive Textbook of Psychiatry. 9™ ed. Philadelphia: Lippincott Williams & Wilkins;

2009:55.)

differentially regulated in the aged brain, and are altered in Alzheimer’s
disease hippocampus. Similar RNA species termed short-interfering
RNAs (siRNAs) have been discovered in plants where they prevent the
transcription of viral RNA. The mechanisms involved in these effects
are closely related to those of miRNA. Thus siRNAs are now being used
in both basic and clinical research to downregulate specific cellular gene
products, thereby advancing the study of pathways involved in neurode-
velopment and providing new selective tools to regulate disease-causing
genes or therapeutic molecular targets.

REGULATION OF NEURODEVELOPMENT
BY EXTRACELLULAR FACTORS

The interaction of extracellular factors with intrinsic genetic
determinants controlling region-specific neurogenesis includes
signals that regulate cell proliferation, migration, differentiation,
and survival (Table 1.3-1). Patterning genes control the expres-
sion of growth factor receptors and the molecular machinery
of the cell division cycle. Extracellular factors are known to
stimulate or inhibit proliferation of VZ precursors and originate
from the cells themselves, termed autocrine, neighboring cells/
tissues, or paracrine, or from the general circulation, as in endo-
crine, all sources known to affect proliferation in prenatal and
postnatal developing brain. Although defined initially in cell
culture, a number of mitogenic growth factors are now well-
characterized in vivo, including those stimulating proliferation,

such as basic FGF (bFGF), EGF, IGF-1, Shh, and signals inhibit-

ing cell division, such as pituitary adenylate-cyclase-activating
polypeptide (PACAP), GABA and glutamate, and members of
the TGF-B superfamily. However, in addition to stimulating
re-entry of cells into the cell cycle, termed a mitogenic effect,
extracellular signals also enhance proliferation by promoting
survival of the mitotic population, a trophic action. Stimulation
of both pathways is necessary to produce maximal cell num-
bers. These mitogenic and trophic mechanisms during develop-
ment parallel those identified in carcinogenesis, reflecting roles
of c-myc and bcl-2, respectively. Several of the neurotrophins,
especially BDNF and neurotrophin-3 (NT3), promote survival
of mitotic precursors as well as the newly generated progeny.

The developmental significance of extracellular mitogens is dem-
onstrated by the expression of the factors and their receptors in regions
of neurogenesis, and by the profound and permanent consequences of
altering their activities during development. For example, by adminis-
tering growth factors to developing embryos or pups, one can induce
changes in proliferation in prenatal cortical VZ, postnatal cerebellar
EGL, and hippocampal dentate gyrus that produce lifelong modifica-
tions in brain region population size and cell composition. Such changes
may be relevant to structural differences observed in neuropsychiatric
disorders, such as depression, schizophrenia, and autism. Specifically,
in the cerebral cortex VZ of the embryonic rat, proliferation is con-
trolled by promitogenic bFGF and antimitogenic PACAP, which are
expressed as autocrine/paracrine signals. Positive and negative effects
were shown in living embryos in utero by performing intracerebro-
ventricular (ICV) injections of the factors or antagonists. ICV injec-
tion of bFGF produced a larger adult cortex composed of 87 percent



more neurons, which employed glutamate, thus increasing the ratio of
excitatory pyramidal neurons to GABA inhibitory neurons, which were
unchanged. Conversely, embryonic PACAP injection inhibited prolif-
eration of cortical precursors by 26 percent, reducing the number of
labeled layer 5/6 neurons in the cortical plate 5 days later. A similar
reduction was accomplished by genetically deleting promitogenic bFGF
or leukocyte inhibitory factor (LIF)/ciliary neurotrophic factor (CNTF)/
gp130 signaling, diminishing cortical size. Furthermore, effects of
mitogenic signals depended critically on the stage-specific program of
regional development, since bFGF injection at later ages when gliogen-
esis predominates affected glial numbers selectively. Thus developmen-
tal dysregulation of mitogenic pathways due to genetic or environmental
factors (hypoxia, maternal/fetal infection, or drug or toxicant expo-
sure) will likely produce subtle changes in the size and composition
of the developing cortex. Other signals likely to play proliferative roles
include Wnt’s, TGF-o, IGF-I, and BMPs. Although interactions between
intrinsic cortical programs and extrinsic factors remain to be defined,
a remarkable new study of mouse embryonic stem cells suggests that
embryonic mammalian forebrain specification may be a developmen-
tally ancestral intrinsic program that emerges in the absence of extrin-
sic signals. In specific culture conditions that block endogenous Shh
signaling, mouse embryonic stem cells can sequentially generate the
various types of neurons that display most salient features of genuine
cortical pyramidal neurons. When grafted into the cerebral cortex, these
cells differentiate into neurons that project to select cortical (visual and
limbic regions) and subcortical targets, corresponding to a wide range
of pyramidal layer neurons. Insight into precision control of neuronal
differentiation will open new avenues to perform neuronal grafts in
humans for cellular replacement in various acquired and neurodegen-
erative diseases.

Similar to cerebral cortex, later generated populations of
granule neurons, such as in cerebellum and hippocampal dentate
gyrus, are also sensitive to growth factor manipulation, which is
especially relevant to therapies administered intravenously to
premature and newborn infants in the neonatal nursery. Like in
humans, cerebellar granule neurons are produced postnatally
in rats, but for only 3 weeks, whereas in both species dentate
gyrus neurons are produced throughout life. Remarkably, a
single peripheral injection of bFGF into newborn rat pups rap-
idly crossed into the cerebrospinal fluid (CSF) and stimulated
proliferation in the cerebellar EGL by 30 percent as well as hip-
pocampal dentate gyrus by twofold by 8 hours, consistent with
an endocrine mechanism of action. The consequence of mito-
genic stimulation in cerebellum was a 33 percent increase in the
number of internal granule layer neurons and a 22 percent larger
cerebellum. In hippocampus, mitotic stimulation elicited by a
single bFGF injection increased the absolute number of dentate
gyrus granule neurons by 33 percent at 3 weeks, defined stereo-
logically, producing a 25 percent larger hippocampus containing
more neurons and astrocytes, a change that persisted lifelong.
Conversely, genetic deletion of bFGF resulted in smaller cer-
ebellum and hippocampus at birth and throughout life, indicat-
ing that levels of the growth factor were critical for normal brain
region formation. Other proliferative signals regulating cerebel-
lar granule neurogenesis include Shh and PACAP, the disrup-
tion of which contributes to human medulloblastoma, whereas
in hippocampus the Wnt family may be involved.

Clinical Implications

There are several clinical implications of these surprising
growth factor effects observed in newborns. First, we may need

1.3 Neural Development and Neurogenesis 29

to investigate possible neurogenetic effects of therapeutic agents
we administer in the newborn nursery for long-term conse-
quences. Second, because bFGF is as effective in stimulating
adult neurogenesis (see subsequent text) as in newborns because
of specific transport across the mature blood—brain barrier
(BBB), there is the possibility that other protein growth factors
are also preferentially transported into the brain and alter ongo-
ing neurogenesis. Indeed, in rats, IGF-I also stimulates mature
hippocampal dentate gyrus neurogenesis. Third, other therapeu-
tics cross the BBB efficiently due to their lipid solubility, such
as steroids, which inhibit neurogenesis across the age spectrum.
Steroids are frequently used perinatally to promote lung matura-
tion and treat infections and trauma, but effects on human brain
formation have not been examined. Fourth, it is well known that
neurological development may be delayed in children who expe-
rience serious systemic illness that is associated with numerous
inflammatory cytokines, and one may wonder to what degree
this reflects interference with neurogenesis and concomitant
processes, potentially producing long-term differences in cogni-
tive and motor functional development. Finally, maternal infec-
tion during pregnancy is a known risk factor for schizophrenia,
and cytokines that cross the placental barrier may directly affect
fetal brain cell proliferation and differentiation as well as cell
migration, target selection, and synapse maturation, as shown in
animal models, eventually leading to multiple<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>