The Neuroscience
of Clinical Psychiatry

The Pathophysiology of Behavior
and Mental lliness






The Neuroscience
of Clinical Psychiatry

The Pathophysiology of Behavior
and Mental lliness

Second Edition

Edmund S. Higgins, MD

Clinical Associate Professor of Psychiatry and Family Medicine
Medical University of South Carolina

Charleston, South Carolina

Mark S. George, MD

Distinguished Professor of Psychiatry, Radiology, and Neurosciences
Director, MUSC Center for Advanced Imaging Research

Medical University of South Carolina

Charleston, South Carolina

lllustrations by Edmund S. Higgins, MD

!:':! Wolters Kluwer | Lippincott Williams & Wilkins

Health

Philadelphia - Baltimore « New York « London
Buenos Aires » Hong Kong + Sydney + Tokyo



Acquisitions Editor: Julie Goolsby

Product Manager: Tom Gibbons

Vendor Manager: Alicia Jackson

Senior Manufacturing Manager: Benjamin Rivera
Marketing Manager: Alexander Burns

Design Coordinator: Teresa Mallon

Production Service: Integra Software Services, Pvt. Ltd.

Second Edition © 2013 by LIPPINCOTT WILLIAMS & WILKINS, a WOLTERS KLUWER business
Two Commerce Square

2001 Market Street

Philadelphia, PA 19103 USA

LWW.com

© 2007 by Lippincott Williams & Wilkins, a Wolters Kluwer business.

All rights reserved. This book is protected by copyright. No part of this book may be reproduced in any form by
any means, including photocopying, 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.

Printed in China

Library of Congress Cataloging-in-Publication Data

Higgins, Edmund S.

Neuroscience of clinical psychiatry: the pathophysiology of behavior and mental illness/Edmund S. Higgins, MD,
clinical associate professor of family medicine and psychiatry, Medical University of South Carolina, Charleston,
South Carolina, Mark S. George, MD, distinguished professor of psychiatry, radiology, and neurosciences, director,
MUSC Center for Advanced Imaging Research, Medical University of South Carolina, Charleston, South Carolina;
illustrations by Edmund S. Higgins, MD.—Second edition.

pages cm

Includes bibliographical references and index.

ISBN 978-1-4511-0154-6 (hardback)

1. Mental illness—Pathophysiology. 2. Psychiatry. I. George, Mark S. (Mark Stork), 1958- II. Title.

RC483.H54 2013

616.89—dc23

2012043162

Care has been taken to confirm the accuracy of the information presented and to describe generally accepted
practices. However, the authors, editors, and publisher are not responsible for errors or omissions or for any
consequences from application of the information in this book and make no warranty, expressed or implied, with
respect to the currency, completeness, or accuracy of the contents of the publication. Application of the information
in a particular situation remains the professional responsibility of the practitioner.

The authors, editors, and publisher have exerted every effort to ensure that drug selection and dosage set forth in this
text are in accordance with current recommendations and practice at the time of publication. However, in view of
ongoing research, changes in government regulations, and the constant flow of information relating to drug therapy
and drug reactions, the reader is urged to check the package insert for each drug for any change in indications and
dosage and for added warnings and precautions. This is particularly important when the recommended agent is a
new or infrequently employed drug.

Some drugs and medical devices presented in the publication have Food and Drug Administration (FDA) clearance
for limited use in restricted research settings. It is the responsibility of the health care provider to ascertain the FDA
status of each drug or device planned for use in their clinical practice.

To purchase additional copies of this book, call our customer service department at (800) 638-3030 or fax orders to
(301) 223-2320. International customers should call (301) 223-2300.

Visit Lippincott Williams & Wilkins on the Internet: at LWW.com. Lippincott Williams & Wilkins customer service
representatives are available from 8:30 am to 6 pm, EST.

10987654321



To my eldest son Fess, for his assistance with
the artwork on Tuesday mornings at local
coffee shops while waiting for school to open.

—ESH
To Eloise, my dance partner for 27 years now,

who has acetylated large portions of my DNA
through wonderful shared life experiences.

—MSG



Preface

Neuroscience is the basic science of psychiatry. Neuroscience describes the brain mechanisms that

¢ gather information from the external and internal world,
* analyze the information, and
e execute the best response.

Psychiatric disorders are the result of problems with these mechanisms.

The increased accessibility to the workings of the brain in the last 25 years has resulted in an
explosion of information about neuroscience. Different lines of research such as brain imaging and
animal studies along with more traditional postmortem analysis, medication effects, and genetic
studies have transformed the way we conceptualize normal and abnormal behavior.

Bits and pieces of the neuroscience literature have filtered up to the practicing clinician, but a
comprehensive understanding of the field is almost inaccessible to all but the most dedicated self-
educators. The jargon is foreign and difficult to navigate. The standard textbooks are thick with
contributions from multiple authors and almost impossible to read cover to cover. The relevance to
the practice of psychiatry can sometimes be hard to appreciate.

We hope this book will provide a way for residents and practicing clinicians to gain a thor-
ough appreciation for the mechanisms within the brain that are stimulating (or failing to stimulate)
their patients. We also hope that the reader will have more accurate answers for the patient who
asks, “What’s causing my problem?” Likewise, we hope the reader will be better prepared for the
increasingly difficult neuroscience questions that appear on board certification tests.

If we’ve learned anything from our studies of the brain, it is that LEARNING IS WORK! The
brain increases its metabolism when conducting academic assignments. The process of focusing
one’s attention, understanding the concepts, and storing the new information requires energy. There
is no passive learning.

Consequently, when learning is interesting and relevant it requires less energy. We have made
every effort to make this material appealing and easy to consume. Pictures, drawings, and graphs
have been liberally incorporated to allow the reader to learn the concepts quickly and efficiently.
Every effort has been made to keep the material short and concise, but not too simple. Finally, we
think information that is relevant to the reader is easier to retain, so we have tried to keep bringing
the focus back to the practice of psychiatry.

We intend our book to be for three populations. First, it is for those in training: psychiatrists,
psychologists, counselors, and allied physicians. Second, it is for psychiatric residents seeking to
review the topics in preparation for their board examinations. And last, it is for the practicing clini-
cian who was trained before the revolution in neuroscience and who would like to become more
up-to-date and familiar with the field.

We hope that the reader will have a thorough—soup to nuts—understanding of the important
topics in neuroscience and will henceforth be able to read and comprehend the future research in
this field.

Edmund S. Higgins, MD
Mark S. George, MD
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SECTION I

The Neuroscience
Model




CHAPTER 1

Historical Perspective and
Neuroscience Methods

ne of the most remarkable paradigm shifts

that has occurred during our lives has been
the recognition that most of our behavior is inher-
ited: eccentric, compassionate, outgoing, irritable,
and so on. Traits such as these travel in families
from generation to generation. The same is true
with many forms of mental illness. With schizo-
phrenia, if one family member has the illness, the
likelihood that a relative will also develop the dis-
ease increases as the percentage of shared DNA
increases (Figure 1.1).

The domestication of animals provides another
example of the genetic control of behavior. Charles
Darwin, without any knowledge of genes, believed
the temperament of domestic animals was inher-
ited. Dmitry Belyaev, a Russian geneticist, vali-
dated this with his famous farm-fox experiment in
Siberia.

Belyaev domesticated wild foxes simply by
selecting and breeding the tamest animals. He
started with 130 wild foxes and administered a
little test of tameness. Animals were approached
by humans. Those that were most tolerant were
mated to each other and the process was repeated
with the offspring. Within 20 years, the foxes were
domesticated. Within 40 years, they were literally
house pets. Furthermore, the domesticated foxes
produced less corticosteroids (the stress hormones)
and higher levels of serotonin than did control
foxes.

But what role does the environment play in
the development of our personalities? Bouchard
and others have eloquently addressed this ques-
tion by looking at personality characteristics in
monozygotic (identical) and dizygotic (fraternal)
twins—reared together and reared apart. Using
personality tests to assess five major personality
traits, they found more correlations for mono-
zygotic twins compared with dizygotic twins

2

regardless of whether they were raised together or
apart (Table 1.1). In other words, the monozygotic
twins reared apart shared more personality charac-
teristics than did the dizygotic twins reared in the
same household. Bouchard’s conclusion was that
these personality traits are strongly influenced by
inheritance and only modesty affected by environ-
ment. (The lay press unfortunately summarized
this research as “Parents Don’t Matter.”)

The mean correlations are surprisingly similar
to the lifetime risk of developing schizophrenia for
identical (monozygotic) and fraternal (dizygotic)
twins as shown in Figure 1.1.

Figure 1.2 shows a remarkable example of
identical twins separated when 5 days old and
raised in different households—one in Brooklyn
and the other in New Jersey. They did not meet
again until they were 31 years old. Both are fire-
men, bachelors, with mustaches, and metal frame
glasses. Not only do they have the same man-
nerisms, but they laugh at the same jokes and
enjoy the same hobbies. Yet, they were exposed
to entirely different environmental influences
throughout their lives. Our individuality—who
we are, how we socialize, what we like, even our
religious beliefs—is influenced more by the brain
we are born with than by the experiences we have
along the way.

An alternative perspective on the twin studies,
however, makes us cautious about ignoring the role
of environment on behavior. For example, even
though there is about a 50% concurrence between
monozygotic twins for schizophrenia (Figure 1.1)
or extraversion (Table 1.1), the other 50% do not
have the same condition—yet they share the
same DNA. This is also true for bipolar disorder,
alcoholism, and panic disorder. About half the
monozygotic twins have the same illnesses while
the other half do not.
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FIGURE 1.1 As the shared genetic profile with someone
having schizophrenia increases, the risk of developing
schizophrenia also increases. (Adapted from Gottesman II.
Schizophrenia Genesis. New York, NY: WH Freeman; 1991.)

Clearly, our brains are more programmed by our
genes than we previously believed, but that does
not explain everything. Experiences during our
lives can affect the outcome, particularly trauma,
and especially when the trauma occurs early in
life. The challenge for us in trying to understand
the brain and complex behaviors is to conceptual-
ize and begin to unravel the brain mechanisms that
are predetermined by genetics but can change in
response to the environment.

BRIEF HISTORY

OF NEUROSCIENCE

The brain has not always been of interest to
humankind. Most ancient cultures did not consider
the brain to be an important organ. Both the Bible
and Talmud fail to mention diseases related to the
central nervous system (CNS). Egyptians carefully
embalmed the liver and the heart but had no use for
the brain; they actually scooped it out and threw
it away. (If there really is an Egyptian afterlife—

The Correlations for Five Personality Traits in Monozygotic Twins Reared
Apart and Together, and Dizygotic Twins Reared Apart and Together

Personality Trait

Monozygotic, Apart Monozygotic, Together

Dizygotic, Apart  Dizygotic, Together

Extraversion 0.41 0.54 0 0.19
Neuroticism 0.49 0.48 0.44 0.19
Conscientiousness 0.54 0.54 0.07 0.29
Agreeableness 0.24 0.39 0.09 0.1
Openness 0.57 0.43 0.09 0.11

Mean 0.45 0.48 0.17 0.18
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FIGURE 1.2

Gerald Levy (left) and Mark
Newman are identical twins who were separated at
birth, yet have made many of the same choices in
life. (From The Image Works, Woodstock, New York.)

those poor pharaohs are spending eternity without
a brain.) So how did humans go from ignoring the
brain to seeing it as the most complex organ in the
universe?

Thomas Wlis—after whom the Circle of Willis
at the base of the brain was named—was the first
neurologist. In the 17th century, he moved us into
what one author has called the Neurocentric Age.
Before Willis—and actually for a considerable time
after him—physicians based their understandings
of illness on the writings of the great physicians
from antiquity. Willis took the unusual approach of
describing a patient’s behavior, then examining the
brain after death and making correlations.

He was the first to coin terms such as |obe, hemi-
sphere, and corpus striatum—terms that we still
use. Comparing the human CNS anatomy with that
of animals and conducting postmortem dissection
of interesting cases, he made surprisingly accurate
conclusions about higher brain functions versus
lower brain functions. For example, he deduced
that human functions such as memory were likely
to reside in the “outmost banks” (gray matter) of
the cerebral hemispheres because these areas were
smaller in animals and damaged in individuals
with severe head injuries who had lost memory. He
believed that the brainstem likely controlled basic
functions such as breathing and heart rate. How-
ever, he also thought that the white matter was the
seat of imagination. He was not entirely on target,
but he started the process of matching structures
with behaviors.

At the start of the 18th century, it was still not
clear how nerves transmitted information. Luigi
Galvani, an Italian physician (memorialized by
the term galvanic skin response), demonstrated
through extensive experimentation that a frog

The Neuroscience Model

muscle would twitch when stimulated with elec-
tricity. This established that the substance flowing
through the nerves was not air, fluid, or spirits, but
electricity. Galvani proposed that the brain secretes
electricity, which is then distributed to the muscles
by the nerves. He also believed that the electricity
did not leak into the surrounding tissue because the
nerves were covered with a fatty insulation, which
we now know is myelin. Not all his beliefs were
accurate, but he made the big leap to recognizing
that muscle movement in mammals is stimulated
by intrinsic electrical activity.

Before the 1860s the brain was seen as a single
multipurpose organ, much the way we currently
view the liver or pancreas. The French physician
Paul Broca with his famous case in 1861 confirmed
for the first time that certain functions were local-
ized to specific regions of the brain (Figure 1.3).
The patient exhibited a loss of articulate speech.
All he could express was one syllable: “tan.” His
utterances could convey great emotional tone, but
the syllable never changed. However, he retained
oral dexterity, and he could hear and comprehend.
After his death, an autopsy revealed a lesion of
his left frontal lobe—what is now called Broca’s
aphasia. The fact that almost all similar cases were
on the left hemisphere and that similar right hemi-
spheric lesions did not affect speech also led Broca
to identify left/right dominance for some functions.

David Ferrier of Scotland and Eduard Hitzig of
Germany independently identified the specialized
cortical areas controlling motor function. Using
the techniques of stimulation and ablation in

Central sulcus

FIGURE 1.3 The preserved brain of the patient
who helped Broca convince physicians that some
functions—in this case the ability to speak—were
localized in the cerebrum. (Adapted from Bear MF,
Connors BW, Paradiso MA, eds. Neuroscience:
Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott
Williams & Wilkins; 2007.)
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experimental animals, they localized and mapped
out what we now call the motor cortex. This new
understanding of the brain provided the first exam-
ples of useful neurosurgical treatment given on the
basis of the patient’s motor symptoms. There is
a case reported from 1879 of a teenage girl with
seizures of the right face and arm who had a left
meningioma accurately diagnosed and removed.
With the development of antiseptic techniques and
effective anesthesia, surgeons could successfully
localize and remove some tumors using Ferrier’s
map of the motor cortex.

It is noteworthy that both men speculated about
higher brain functions and the lobes in front of the
motor cortex—the prefrontal cortex. Ferrier noted
problems with attention in monkeys with damaged
frontal lobes. Experimenting with dogs, Hitzig
came to believe that the frontal cortex played an
important role in abstract thought.

The discovery of individual neurons was a major
step in the development of neuroscience. In order
to be able to see nerve cells, it was necessary to be
able to fix the brain (which can have the consistency
of gelatin) and to cut thin slices; in addition, micro-
scopes of sufficient power were needed. An Italian
physician, Camillo Golgi, discovered a selective
silver stain that allowed researchers to visualize the
individual nerve cells in what was otherwise a uni-
form blob of color. For the first time, researchers
could see sharp black images of the nerve cells and
identify specific parts such as the cell body and the
dendritic branches (Figure 1.4). Termed the Golgi
stain, this technique is still used today.

FIGURE 1.4

Pyramidal nerve cells after
incubation with Golgi’s silver stain. Only about 1%
of the neurons absorb the stain, which allows for

the identification of individual cells in what would
otherwise be a very crowded slice. (Adapted

from Bear MF, Connors BW, Paradiso MA, eds.
Neuroscience: Exploring the Brain. 3rd ed. Baltimore,
MD: Lippincott Williams & Wilkins; 2007.)
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Santiago Ramon y Cajal, a Spanish physician,
used Golgi’s stain, a Zeiss light microscope, and
25 years of patient observation to become perhaps
the first modern neuroscientist. He proposed that
individual nerve cells are the singular unit of the
brain—a new concept at that time, which has since
been called the neuron doctrine. By tracing neu-
rons from sensory organs such as the eye back to
the cortex and from the motor cortex to the mus-
cles, he concluded that the dendrites are receptive,
the cell body is executive, and the axon transmits
the information over a long distance.

Ramén y Cajal went on to show that nerve
impulses flow only in one direction—what he
called his law of dynamic polarization. Figure 1.5
is one of his drawings, with little arrows show-
ing the direction of the impulses between two
communicating neurons. Additionally, Ramén y
Cajal observed and meticulously drew the embry-
onic development of neurons. He was the first to
document the growth of an axon that ultimately
branches with dendrites and collateral axons. In
1894, Ramon y Cajal stated in a lecture to the
Royal Society of London, “the ability of neu-
rons to grow in an adult and their power to create

FIGURE 1.5 Drawing of neurons by Ramén y
Cajal showing the unidirectional nature of impulses
in the communication between neurons A and B.
(From Ramon y Cajal S. Recollections on My Life.
Transactions of the American Philosophical Society.
Vol. 8, Part 2. Philadelphia, PA: The American
Philosophical Society; 1937.)
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new connections can explain learning.” This is
often cited as the origin of the synaptic theory of
memory. Both Golgi and Ramoén y Cajal received
the Nobel Prize for Physiology and Medicine
in 1906.

Charles Sherrington, an English neurophysi-
ologist, did extensive studies of animal nerves.
Focusing mostly on the spinal and peripheral
nerves, he advanced the understanding of sensory
dermatomes and reflexes. He is best known for
giving us the term synapse—although he never
actually saw one. Sherrington theorized that a
physical junction existed between nerves to pass
along an impulse. The synapse would not be seen
until the development of the electron microscope
in the 1950s.

Another English  neurophysiologist (who
shared the 1932 Nobel Prize with Sherrington),
Edgar Adrian, is best known for recognizing the
“all-or-nothing” properties of the action potentials.
With regard to behavior and the brain, his major
discoveries dealt with habituation and the sensory
cortex. Adrian found that a stimulus to a nerve cell
is followed by a burst of action potentials cours-
ing down the axon. However, the quantity of action
potentials decreases over time even if the stimulus
remains unchanged. This may explain at the level
of the neuron the basis for a well-known treatment
for anxiety: exposure therapy.

In the beginning of the 20th century, it was not
known how neurons communicate with each other
or how a neuron can make a muscle contract. Some
believed the communication was electrical—as
though a spark jumped from one neuron to another.
Others believed that a chemical process transmit-
ted the signal. No one had evidence establish-
ing one system or another. Henry Dale and Otto
Loewi, an Englishman and a German, shared the
Nobel Prize in 1936 for their work in establishing
the chemical transmission of nerve impulses. Dale
was working with the autonomic nervous system
and found that an epinephrine-like compound
had activating effects on the sympathetic nervous
system, and that acetylcholine could activate the
parasympathetic nervous system as well as skel-
etal muscles. Unfortunately, Dale was unable to
show that epinephrine (or really norepinephrine)
and acetylcholine were excreted by the neurons to
elicit these effects.

It was Otto Loewi who in 1921 performed the
elegant little experiment that proved the neuro-
chemical transmission of nerve impulses. Legend
has it that Loewi dreamed the experiment and,
upon awaking early in the morning, rushed down
to the laboratory and performed it. The experi-
ment is depicted in Figure 1.6. Loewi’s clever

The Neuroscience Model

Stimulator

Heart rate 1

Stimulate nerve

FIGURE 1.6 Otto Loewi’s famous experiment
establishing that a chemical from the vagus nerve
of one heart can induce bradycardia in a second
unstimulated heart.

Heart rate 2

experiment showed that stimulating the vagus
nerve slowed down the beating of the frog heart
bathed in Ringer’s solution. He then transferred
some of that solution to another isolated frog heart
and, without electrical stimulation, its rhythm also
slowed down—as though its vagus nerve had been
stimulated. He concluded that a chemical was
excreted from the synapses of the first heart when
the vagal nerve was stimulated. This chemical then
flowed into the container holding the second heart
and induced bradycardia.

In 1939, Hodgkin and Huxley published the
first intracellular recording of an action potential
(Figure 1.7). Before this time, no one had directly
measured the electrical charge in an axon as an

440 m
—o \
B |
i
- i
= 1
i
“--70
FIGURE 1.7 First published intracellular

recording of an action potential. (From Hodgkin AL,
Huxley AF. Action potentials recorded from inside a
nerve fibre. Nature. 1939;144:710-711.)
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Corpus callosum
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FIGURE 1.8 The corpus callosum contains

millions of axons crossing between the two
hemispheres. Sperry established that surgical
resection of this structure interrupts the passage of
information from one hemisphere to another.

action potential passed. Hodgkin and Huxley were
able to accomplish this by inserting microelec-
trodes into the giant axons of squids.

By the 1940s, neurosurgeons were transect-
ing the corpus callosum for a few patients with
intractable seizures (Figure 1.8). The procedure
prevented the spread of electrical activity across
the corpus callosum into the opposite hemisphere
and often provided significant relief for the patient.
Remarkably, the patient’s personality and intel-
lectual functioning appeared unaffected by the
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drastic procedure. Robert Sperry, with careful
experimentation, established that the left and right
hemispheres no longer share information after this
procedure. Furthermore, he was able to prove that
the hemispheres have different functions. The left
hemisphere is more involved with linear reasoning,
language, and routine. The right hemisphere con-
trols language intonation, spatial orientation, and
processing novel situations.

Sperry won the 1981 Noble Prize in Medicine
for his work with “split-brain” research. He shared
the prize with David Hubel and Torsten Wesel (see
Chapter 6 for more on Hubel and Wiesel).

The CNS contains small quantities of proteins
that some people call “brain fertilizer.” It is an
apt description, as these molecules facilitate the
growth of nerve cells. Rita Levi-Montalcini and
her colleagues accidentally discovered the first
of this class of proteins, now called nerve growth
factors (NGFs) or trophic factors. They observed
sensory nerve cells exploding with growth when
cultured next to a mouse sarcoma. Recognizing
the significance of their discovery, they painstak-
ingly isolated the protein that they called as nerve
growth factor. Figure 1.9 shows the profound
impact NGF has on the growth of sensory neu-
rons. Since this landmark discovery, many other
growth factors have been isolated. Some of these
growth factors, or the absence of these growth
factors, appear to play important roles in how the
brain develops and changes with experience. They
are thus key targets in trying to understand many
psychiatric diseases.

Without a doubt, proving that the adult brain can
change in response to experience (plasticity) has

FIGURE 1.9

The sensory nerves in (A) show robust growth when exposed to nerve growth factor. (From
Levi-Montalcini R. The nerve growth factor. Ann NY Acad Sci. 1964;118:149-170.)
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been the most exciting discovery in neuroscience.
While many individuals have been involved in this
research, no single individual has done more than
Eric Kandedl. Kandel was able to prove what Cajal
could only speculate about—that learning changes
the cells of the brain, and even the chemical compo-
sition of those cells. Kandel worked with the simple
sea snail Aplysia because it can remember and has
only about 20,000 neurons in its entire CNS (com-
pared with 100 billion in humans). Kandel taught
the snail a few simple tasks—habituation (gradually
ignoring an innocuous stimuli) and sensitization
(remembering an aversive stimuli) (Figure 1.10A).
For Aplysia, the gill with its siphon is a sensitive
and important organ—one that it quickly withdraws

The Neuroscience Model

with any sign of danger. Habituation is induced by
sequentially touching the siphon with a soft brush.
With repetition, the snail learns to ignore the gentle
stimuli. Sensitization, on the other hand, is elicited
with an electrical shock to the tail. This is some-
thing not to forget. Indeed, after many sessions the
gill is still retracted with great vigor. After teach-
ing Aplysia these skills, Kandel and his colleagues
dissected and analyzed the changes in the sensory
neurons. With habituation, the neurons regressed
while with sensitization the number and size of the
synaptic terminals grew (Figure 1.10B). This study
and others like it are serving as the basic science
building blocks for better understanding normal
behavior and mental illness.

Sensitization

) D) D)

— J\/\/\

Changes in the sensory neurons in Aplysia

A Habituation
Stimulus )))) ))))
Behavior
Electrical response
in the neuron J\
B
5 3,000
5
2 2,500
g
P 2,000
[
2
g 1,500
c
>
2 1,000
o
3 500
E
z 0

Control

Sensory
neuron

Motor
' neuron

FIGURE 1.10

Habituation

Sensitization

A. Animals learn to ignore a benign stimulus but continue to react to noxious stimuli.

B. Cellular changes occurred in Aplysia with habituation and sensitization. (Adapted from Kandel ER. In Search
of Memory. The Emergence of a New Science of Mind. New York, NY: W. W. Norton & Co.; 2006.)
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MODERN RESEARCH

Imaging
Researchers such as Willis and Broca were forced
to wait for a patient to die before they could
examine the brain. These scientists were study-
ing patients with damaged brains using what
some have called the lesion method. Although this
remains an important tool for the modern neurosci-
entist (now there are large “brain banks” preserv-
ing brains of patients with similar illnesses), the
noninvasive analysis of the CNS has transformed
the way we study behavior and mental disorders.

Early attempts to image the brain were unhelp-
ful, painful, and even dangerous. An ordinary x-ray
provides little information because the brain is soft
tissue and not radiopaque. Searching for the dis-
placement of calcified structures could provide indi-
rect evidence of a mass. Pneumoencephalography,
in which cerebrospinal fluid is removed and replaced
with air to enhance visualization of the CNS, is an
example of the painful and dangerous extremes that
were foisted on patients in earlier times.

The development of noninvasive imaging
techniques (Table 1.2) has led to another small
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revolution in neuroscience. Although the func-
tional studies (positron emission tomography,
single photon emission computerized tomogra-
phy [SPECT], and functional magnetic resonance
imaging) remain largely limited to research, the
noninvasive structural analyses (computed tomog-
raphy and magnetic resonance imaging [MRI])
have transformed the practice of neurology. Diffu-
sion tensor imaging, a technique using MRI scans
to measure the movement of water in tissue, cre-
ates images of white matter tracts.

A word of caution regarding brain imaging
studies and psychiatric disorders. Throughout this
book, we mention numerous studies examining
brain volume or brain function for various psy-
chiatric disorders. However, loannidis recently
reviewed brain volume studies and found that the
reported number of positive studies far exceeded
what would be expected based on the power esti-
mates of the studies. He believes the studies that
do not find a significant difference between control
subjects and patients are seldom published. The
loannidis review reminds us that, in spite of the
wonderful images of the brain shown in these stud-
ies, these studies may be misleading.

A Brief History of Imaging Methods Used to Analyze the Central Nervous

System
Date Initials Name Method Specifics
1918 X-ray Pneumoencephalography ~ Replacing CSF with air Painful and dangerous
1927 X-ray Cerebral angiography Injecting contrast into Visualizes the cerebral
circulation vasculature
1970s CT Computed tomography lonizing radiation Changed the way we practice
medicine
PET Positron emission Decay of Measures the activity of the
tomography positron-emitting brain by analyzing blood flow
radionuclides
SPECT  Single photon emission Single photon emission ~ More widely available than
computed tomography PET; lower resolution
1980s MRl Magnetic resonance Magnetic changes No radiation; noninvasive; high
imaging induced in molecules resolution
fMRI Functional magnetic Measures changes in Has allowed extensive
resonance imaging blood oxygen used by explorations of brain
brain regions localization of function
1990s DTI Diffusion tensor imaging Assesses the direction Allows visualization of white

of movement of water
in tissue

matter tracts

CSF, cerebrospinal fluid.
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POINT OF INTEREST

The figure shows a method of using imaging
studies frequently found in the literature. That
is, one functional study is subtracted from
another and the result is superimposed on a
structural image. In this case, the subject is
performing a finger opposition task with his
right fingers while in a SPECT scanner (A).
The white arrow shows the activation of the

(A) Finger opposition (B) Control
k

tasl

Functional imaging subtraction study superimposed

Nonhuman Animal Studies

Nonhuman animal studies provide another tech-
nique for understanding the marvels of the brain.
The nonhuman animal brain is accessible in ways
that are beyond the ethics of human research.
Although they might have paws and whiskers,
our human brains have much in common with
those of nonhumans. The protein-coding regions
of the mouse and human genomes are 85% iden-
tical. Nature is conservative and many of the
molecular and cellular mechanisms that under-
lie the behavior are preserved from one species
to the next. However, animals do not possess a
similarly developed human cerebral cortex, nor
can we ever be sure they actually have the psychi-
atric symptoms being studied. Besides the well-
known microelectrode stimulation or ablation
studies, there are several modern techniques that
can be used on nonhuman brains that are worth
reviewing.

Markers of Gene Activation

Two words of advice we would like to give to
any student interested in neuroscience: gene
expression. The DNA that gets turned on (or
turned off) is called “gene expression” and this
then controls the growth and activity of the
brain. Understanding which genes are respon-
sible is the key to understanding the brain and
behavior. Researchers can now measure mRNA

The Neuroscience Model

left motor cortex. B. A SPECT scan in the
controlled state (not moving) is also pro-
duced. C. The control image is subtracted
from the task image. D. The results are
superimposed on an MRI of the same loca-
tion, and drawings of the human homunculus
along the motor cortex are added for further
understanding.

(C) Task minus control

(D) Superimposed on MRI

on a structural image.

or proteins that result from gene expression.
Cyclic adenosine monophosphate responsive
element binding (CREB) protein and proteins in
the Fos family are two transcription factors that
are frequently used as markers of gene expres-
sion. Identifying CREB or FOS in a postmortem
brain slice helps pinpoint the areas in the brain
that were active in the animal during the experi-
mental manipulation.

Knockout Mice

Animals (typically mice) can be engineered so
that certain genes are turned off. Animals with
silenced genes are called knockout mice. They
are raised (if possible) and observed for changes
in behavior compared with control mice—often
called “wild” mice. Knockout mice have been
used to understand obesity, substance abuse, and
anxiety. While these studies represent a valuable
research tool, one has to be cautious about gener-
alizing from the results. The downstream effects
of silencing the gene during development can
never be fully appreciated.

Transgenic Mice

Transgenic mice are genetically engineered crea-
tures. DNA from one organism is introduced into
the DNA of a mouse egg, which is then fertilized.
The adult mouse incorporates the foreign DNA
into its genome. For example, DNA from jellyfish
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The microarray chip contains multiple copies of many different genes so that a

broad spectrum of gene activity can be analyzed quickly in a scanner. (Adapted from Friend SH,
Stoughton RB. The magic of microarrays. Sci Am. 2002;286:44-53.)

encoding for fluorescent proteins has been inserted
into the mouse genome. Brain slices from these
mice “light up” when viewed under fluorescent
microscopes. Likewise, the ability to insert dis-
ease-causing DNA into mice and then observe the
damage it causes to the brain has revolutionized
neurology.

Viral-Mediated Gene Transfer

Viruses can be used as a vehicle to insert a section
of DNA into the brain of living animals at spe-
cific locations. When the DNA is incorporated into
the host DNA, new genes are expressed with pos-
sible alterations in behavior. For example, a virus
was used to implant the DNA for the vasopressin
receptor in the ventral pallidum of promiscuous
voles. Responding voles were transformed into
monogamous, family-oriented, church-going, and
card-carrying conservatives (see Chapter 14 for
details).

DNA Microarrays—Also Called

Gene Chips

DNA microarrays enable researchers to compare
the mRNA (and therefore gene activity) found in
a tissue sample with the DNA of known identity.
The microarray is a chip no bigger than a postage
stamp with thousands of different DNA molecules,
multiplied, segregated, and attached in separate
tiny locations (Figure 1.11).

The mRNA from the tissue being studied is
transcribed to DNA, labeled with fluorescent
markers, and dropped onto the microarray chip.
The single-stranded DNA from the tissue sample

will bind with similar single-stranded DNA on the
microarray. The chip is then read in a scanner that
calculates the amount of binding between the tis-
sue DNA and the chip DNA in each discrete spot,
giving an estimate of that specific gene activity in
the tissue. As an example, this procedure was done
with small samples from the prefrontal cortex of
schizophrenic and control postmortem brain. The
schizophrenic brains showed reduced expression
of myelination-related genes, suggesting a disrup-
tion in the myelin as part of the pathogenesis of
schizophrenia (see Chapter 23).

The Controlled Trial

It is discouraging to realize that the brain is so
resistant to change. It is more discouraging to read
about eccentric clinicians, parents, teachers, and
other meddlers expounding the effectiveness of
their unproven interventions to reduce symptoms
or improve behavior. Sugar and hyperactivity are
“known” to have a cause and effect relationship
that has unfortunately failed to materialize in con-
trolled trials.

We tend to conceptualize the pathogenesis of
psychiatric disorders as the absence of what we are
replacing with our treatment (neurotransmitters,
a superego, the corrective emotional experience,
etc.). It is important to prove that these interven-
tions are actually working. Perhaps, the greatest
research tool in health care has been the controlled
clinical trial. With this technique we can determine
with some confidence how effective interventions
might be, which then gives us some insight into the
working of the brain.
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SECTION |

QUESTIONS

Part 1: Match the names in the right column with the events in the left column
A.
B.

1

~

10.
11.
12.

2
3
4.
5
6

Started the Neurocentric Age

. The brain has intrinsic electric activity

. Localization of function
The motor cortex

. Silver stain

. Individual nerve cells are the singular unit of
the CNS
Coined the term synapse

“All-or-nothing”

Neurochemical transmission of nerve
impulses

First action potential
Chemical guidance of regenerating nerves

Nerve growth factors

Part 2: Match the columns

13.
14.
15.
16.
17.

Implanted micropipette
Activation of DNA
Missing receptors
Single-stranded DNA

Implanting specific traits

The Neuroscience Model

Edgar Adrian

Paul Broca

C. Santiago Ramon y Cajal
D.
E
F

David Ferrier

. Luigi Galvani

. Camillo Golgi

G. Hodgkin and Huxley

-

U 0 =z Z

Q.

. Otto Loewi

Rita Levi-Montalcini

Charles Sherrington

. Robert Sperry
. Thomas Willis

.DNA microarray
. Gene expression

. Knockout mice

Microdialysis

Viral-mediated gene transfer

See Answers section at the end of the book.



CEREBRAL CORTEX

There are many large textbooks with extensive
writings and illustrations providing all the known
specifics about the anatomy of the nervous system.
If you are looking for that sort of detail, then you
are reading the wrong book. We—on the other
hand—have tried to limit our discussion of neuro-
anatomy to those structures frequently identified
in the scientific articles that are relevant to the cli-
nician treating mental illness. First, we feel com-
pelled to review a bit about the developing brain.
You can best understand how the brain anatomy is
organized by remembering how it formed itself in
the first place.

Development

The fertilized egg quickly divides and differen-
tiates into an embryo with three cell lines: the
endoderm, mesoderm, and ectoderm. A portion of
the ectoderm folds and forms the neural tube that
becomes the rudimentary nervous system. The
most anterior cells of the nervous system spend the
ensuing weeks proliferating, migrating, and devel-
oping into the different regions of the brain.

The process of differentiating is almost unbe-
lievable. How one undeveloped cell decides it
should be a neuron while a similar one becomes
an astrocyte is simply amazing. The evidence
suggests that chemical signals between cells turn
the DNA on and off, which then controls the des-
tiny, but orchestrating all this is almost beyond
comprehension.

The migration of cells to their appropriate loca-
tion in the brain is another remarkable aspect of the
developing brain. Neuroblasts (undeveloped neu-
ral cells) multiply in an area called the ventricular
zone. Then they shinny up radial cells (specialized
glial cells) that form a kind of scaffolding to build

CHAPTER 2

Neuroanatomy

the cerebral cortex (Figure 2.1). As the neuroblasts
reach the surface of the brain, they differentiate
into the various mature neurons and astrocytes that
make up the gray matter.

Other neuroblasts migrate tangentially from
the bottom of the ventricles. These neuroblasts
typically develop into the inhibitory interneu-
rons. They start in a different location and must
come up and around before they intermingle with
the other neuroblasts climbing the radial cells.
It boggles the mind that all these cells find their
correct location and make the right connections
while we can barely find what we are looking for
in Walmart.

A residual portion of the ventricular zone
remains in the adult brain and allows limited
neurogenesis to continue beyond the fetal stage
(Figure 8.3)—more on this topic in Chapter 8.

The migrating and differentiating neuroblasts
slowly form into the six layers of the cerebral

IS | MENTAL
RETARDATION

The migration of neurons to their specific
location is a critical and venerable period of
brain development. Fetal alcohol syndrome
may in part be a result of aberrant migration
due to the toxic effects of ethanol. Radiation
is another insult that deters the traveling neu-
ron. Studies of pregnant Japanese women
who were in proximity to the epicenter when
the atomic bombs were dropped found that
80% of the children who developed severe
mental retardation were exposed to radiation
between 8 and 16 weeks after conception—
the time of peak migration.

13
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FIGURE 2.1
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Developing
gray matter

Ventricular
zone

A. Cross section of the brain of a 50-day-old fetus. B. Neuroblasts climb up the radial glial

cells to the developing gray matter. C. Inhibitory neurons develop from neuroblasts that migrate tangentially

from lower regions of the brain.

cortex. Figure 2.2 shows how the process proceeds.
The inner layers are formed first: layer 1V, then
layer V, and so on. This means that cells destined
for the outer layers must climb past the other neu-
rons before locating their place in the brain.

The cerebral cortex is made up of white mat-
ter and gray matter (Figure 2.3). The gray matter
is where the nerve cells and synapses reside. This
is where the action occurs psychologically—where
we think and feel—where depression, schizophre-
nia, and dementia likely develop. The white mat-
ter is primarily myelinated axons transporting
impulses between the gray matter and lower brain
structures. The white matter makes up the circuits
that connect the regions of the brain—connecting
cabling.

When we say a “neuron,” we are usually thinking
of the large pyramidal neurons with their triangular-
shaped cell bodies. They make up approximately
75% of the cortical neurons. They have a single
apical dendrite pointed toward the pial surface and
a number of basilar dendrite branches projecting
horizontally. The axons project (and send impulses)

to other cortical regions or the deeper structures of
the subcortex.

The pyramidal neurons receive signals from the
other brain regions as well as from the local inter-
neurons. The afferent signals from other regions
are typically excitatory signals that encourage the
neuron to generate its own impulse. The interneu-
rons are typically y-aminobutyric acid (GABA)
neurons, which inhibit the pyramidal neuron and
reduce the likelihood it will fire.

Brodmann’s Areas

In the early part of the 20th century, many neuro-
anatomists were struggling to divide the neocor-
tex into structurally distinct regions. Korbinian
Brodmann, a German neurologist, was working
in a psychiatric clinic where he was influenced
by Alois Alzheimer to pursue a career in neuro-
science basic research. After extensive analysis of
the human and monkey neocortex, he published in
1909 his classic work Comparative Localization
Sudiesin the Brain Cortex, Its Fundamental s Rep-
resented on the Basis of Its Cellular Architecture.
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The six layers of the cerebral cortex develop in reverse order as the neuroblasts migrate up

from the ventricular zone. (Adapted from Bear MF, Connors BW, Paradiso MA, eds. Neuroscience: Exploring
the Brain. 3rd ed. Baltimore, MD: Lippincott Williams & Wilkins; 2007.)

He had divided the neocortex into 52 regions based
on the size, number, and density of the cells as well
as the local connections and long tract projects
to and from the subcortical regions (Figure 2.4).
Brodmann’s scheme is still widely used and often
mentioned in the scientific literature.

Prefrontal Cortex

Everybody loves the prefrontal cortex (PFC). It is
one of the anatomic structures that distinguishes
humans from other mammals. Technically, it is the
cortex in front of the motor cortex. Brodmann cal-
culated that the PFC as a percentage of the total
cortex is 3.5% in the cat, 7% in the dog, 8.5%
in the lemur, 11.5% in the macaque, 17% in the
chimpanzee, and 29% in humans (Figure 16.10).
Dysfunction in the PFC is implicated as a

possible source of pathology in many psychiatric
disorders—depression, schizophrenia, anxiety, and
attention-deficit/hyperactivity disorder (ADHD),
as well as disorders of anger and violence.

There are four regions of the PFC that are
frequently mentioned in the scientific literature
(Figure 2.5): dorsolateral PFC, anterior cingulate
gyrus, ventromedial PFC, and orbital PFC. Unfor-
tunately, there is no consensus on the wording of
these regions. Different terms are often combined
to describe an area of interest, for example, ven-
trolateral and medial orbital. The ever-expanding
jargon of the scientific writers is one of the great
challenges of understanding neuroscience.

Neurologists, assessing and following up
patients with injuries (e.g., Phineas Gage—see
Figure 11.4), have identified three different
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FIGURE 2.3 The six layers of the neocortex, from the pial surface above layer 1 to the white matter
below layer 6. (Snell RS. Clinical Neuroanatomy: A lllustrated Review with Questions and Explanations. 3rd ed.
Philadelphia, PA: Lippincott Williams & Wilkins; 2001.)

syndromes associated with frontal lobe damage. tern, it is not that simple. Most patients have clini-
The location, core characteristics, and common cal features of more than one of the syndromes
symptoms are briefly outlined in Table 2.1. The because few lesions are confined to one region.
three syndromes roughly correlate with the three Furthermore, recent imaging studies do not always
regions of the PFC. Although it is appealing to find correlations between the anatomy and the
associate a location with specific behavioral pat- traditional syndromes.

The Three Traditional Frontal Lobe Syndromes and the Associated Regions
and Symptoms

Location Syndrome Symptoms

Orbital (orbitofrontal) Disinhibited Poor impulse control
Explosive outburst
Inappropriate behavior
Dorsolateral (dorsal convexity) Disorganized Cognitive dysfunction
Diminished judgment, planning, and insight
Concrete and inflexible
Decreased spontaneous behavior
Medial (ventromedial) Apathetic Paucity of spontaneous behavior
Sparse verbal output
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FIGURE 2.4

Hippocampus

The hippocampus and the amygdala are the
essential structures of what is commonly called
the limbic lobe—although there is no specific
lobe. The hippocampus is a folded structure
incorporated within the temporal lobe—dorsal
to other important cortical structures of the rhi-
nal sulcus (or primitive smell brain). The hippo-
campus is made up of two thin sets of neurons
that look like facing “C”s—the dentate gyrus
and the Ammon’s horn. Ammon’s horn has four
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visual

The human cerebral cortex as delineated by Brodmann in his 1909 publication. The different
regions are defined by the composition of the gray matter. Four examples are shown.

regions of which only CA3 and CAL1 are shown
in Figure 2.6.

The hippocampus plays an essential role in
the development of memories (see Chapter 18)
and is one of the few locations in the brain where
neurogenesis persists in adults (see Chapter 8).
Additionally, the volume of the hippocampus is
decreased in various psychiatric disorders (e.g.,
PTSD, Alzheimer’s disease, and major depres-
sion), suggesting that this region may play arole in
the pathogenesis of these disorders.
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prefrontal cortex frequently mentioned in studies of
normal behavior and mental iliness. (Adapted from
Lewis DA. Structure of the human prefrontal cortex.
Am J Psychiatry. 2004;161(8):1366.)
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Amygdala

The amygdala lies within the temporal lobe just
anterior to the hippocampus (Figure 2.7). Using
the anatomy and connections, the amygdala can
be divided into three regions: the medial group,
the central group, and the basolateral group. The
basolateral group, which is particularly large in
humans, receives input from all the major sen-
sory systems. The central nucleus sends output to
the hypothalamus and brain stem regions. There-
fore, the amygdala links sensory input from cor-
tical regions with hypothalamic and brain stem
effectors. The amygdala is active when people
are anxious and/or angry, which will be dis-
cussed further in subsequent chapters. Likewise,
when the organ is removed these emotions are
impaired.

Hypothalamus

If there is a tiny person that sits inside our
head, watching the “control panel” from our
body and making decisions about internal set-
tings, they are sitting at the hypothalamus. This
small cluster of nuclei makes up less than 1% of
the brain mass yet has powerful effects on the
body’s homeostasis. The hypothalamus controls

m PREFRONTAL LOBOTOMY

The infamous prefrontal lobotomy was devel-
oped in Portugal in 1935 by the neurologist
Egas Moniz. He coined the term psychosurgery
and later even won the Nobel Prize for Medicine
for his work. Oops! The procedure was intended
to sever the afferent and efferent fibers of the
prefrontal lobe and produce a calming effect in
patients with severe psychiatric disease.
Walter Freeman popularized and simplified
the procedure in the United States. He devel-
oped a minimally invasive technique, shown
in the figure, called the transorbital lobotomy.
An instrument resembling an ice pick was
inserted under the eyelid through the orbital
roof and blindly swept left and right. It is hard
to believe what Freeman reported in 1950—
that out of 711 lobotomies 45% yielded good
results, 33% produced fair results, and 19%
left the patient unimproved or worse.
Although initially received with enthusiasm,
in part due to the unavailability of other effec-
tive treatments, the development of unaccept-
able personality changes (unresponsiveness,
decreased attention span, disinhibition, etc.)
led to a decline in the procedure. Ultimately,
the development of effective pharmacologic

treatments brought an end to the biggest mis-
take in the history of psychiatry.

Transorbital frontal lobotomy. (Adapted from Bear
MF, Connors BW, Paradiso MA, eds. Neuroscience:
Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott
Williams & Wilkins; 2007.)
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MA, eds. Neuroscience: Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott Williams & Wilkins; 2007
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such basic functions as eating, drinking, sleep-
ing, and temperature regulation, to name a few.
A small lesion in the hypothalamus has devas-
tating effects on the body’s basic functions. The

Il (0] 8 LIMBIC LOBE

The limbic lobe concept is a term that occa-
sionally appears in psychiatric literature, but
not the one that we will use. It was originally
introduced in 1878 by Broca, who noted that
the cingulate gyrus, hippocampus, and their
connecting bridges formed a circle on the
medial side of the hemispheres. He called
the structure le grand lobe limbique. Paul
MacLean in the mid-1950s popularized the
concept by linking the structure to emotional
functions. Historically, this was a big step in
associating emotions with neuroanatomy and
has had a large impact on biologic psychiatry.

suprachiasmatic nucleus is an example of a small
cluster of cells within the hypothalamus that has
a profound impact on sleep/wake cycles (see
Figure 15.8).

Exactly what constitutes the limbic system
has never been well defined nor is it clear
that the structures involved (amygdala, hip-
pocampus, and cingulate gyrus) have unique
connections that process emotions. The prob-
lem originates from the attempt to impose
emotional functions on to a number of closely
related structures, rather than trying to find
which structures are responsible for particular
emotions. We prefer to identify the neuroanat-
omy involved with a specific emotion instead
of using the more ambiguous limbic system
concept.
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The hypothalamus sits in a commanding posi-
tion within the central nervous system (CNS),
between the cortex and brain stem (Figure 2.8). It
receives input from four sources: the higher cor-
tex, the brain stem, internal chemoreceptors, and
hormonal feedback. The cortex relays filtered cog-
nitive and emotional information about the exter-
nal environment. The sensory neurons in the body
send signals about the internal milieu up through
the brain stem. The hypothalamus has its own
chemoreceptors that measure glucose, osmolarity,
temperature, and so on in the blood. Finally, the
hypothalamus receives feedback from the steroid
hormones and neuropeptides.

The hypothalamus lies on either side of the third
ventricle and is divided into three zones. The lat-
eral zone controls arousal and motivated behavior.
The medial zone is more involved with homeosta-
sis and reproduction. The periventricular zone is of
most interest to us. It includes the suprachiasmatic
nucleus, cells that control the autonomic nervous

The Neuroscience Model

Basolateral
group

The location and groups (often called nuclei) of the amygdala.

system (ANS), and the neurosecretory neurons that
extend into the pituitary (see Chapter 6).

AUTONOMIC NERVOUS
SYSTEM
The ANS can be thought of as the brain’s conduit
to the vital organs of the body (Figure 2.9). There
are two branches. First is the sympathetic division,
which originates in the posterolateral region of the
periventricular zone of the hypothalamus. The other
branch is the parasympathetic division, which origi-
nates in the anterior cells of the same zone in the
hypothalamus. The sympathetic and parasympa-
thetic divisions appear to operate in parallel but with
opposite effects and use different neurotransmitters.
The sympathetic division, in a simplified
sense, controls the fight—flight response and plays
a prominent role in the physical symptoms of
anxiety, for example, racing heart. These neurons
send out their axons from the thoracic and lumbar
regions to preganglionic neurons, which primarily
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The hypothalamus lies on either side of the third ventricle in close proximity to the pituitary

gland. The hypothalamus can be subdivided into multiple nuclei, many of which are not shown. (Adapted from
Kandel ER, Schwartz JH, Jessell TM, eds. Principles of Neural Science. 4th ed. New York, NY: McGraw-Hill;

2000.)

reside in the sympathetic chain on either side of
the spinal cord. The postganglionic sympathetic
neurons innervate the smooth muscles of the vital
organs as well as the walls of blood vessels. The
preganglionic neurons are cholinergic, whereas
the postganglionic neurons use norepinephrine.
The postganglionic norepinephrine receptors
likely explain why B-blockers can be used to quell
the physical symptoms of anxiety.

The parasympathetic neurons mediate func-
tions that the body performs in times of calm, for
example, digest food. These neurons emerge from
the brain stem and sacral region of the spinal cord.
The axons travel longer distances and innervate

ganglia typically located at the end organ. Unlike
the sympathetic neurons, the parasympathetic neu-
rons are exclusively cholinergic.

For the psychiatrist, the ANS occasionally
complicates the treatment of mental disorders—
particularly when using the tricyclic antidepres-
sants. Side effects such as dry mouth, tachycardia,
and constipation can be seen as an imbalance
between the sympathetic and parasympathetic divi-
sions. These symptoms are not so much the result
of sympathetic stimulation as they are the result
of parasympathetic blockade. The likely culprit is
blockade of the muscarinic receptor in the cholin-
ergic neurons of the parasympathetic division.
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FIGURE 2.9 The two divisions of the autonomic nervous system and the end organs they innervate.
(Adapted from Bear MF, Connors BW, Paradiso MA, eds. Neuroscience: Exploring the Brain. 3rd ed. Baltimore,
MD: Lippincott Williams & Wilkins; 2007.)



STIMULATION

The ANS is actually a two-way street. That is,
signals originating from the internal organs
proceed up to the brain. Remarkably 80%
of the signals traveling through the vagus
nerve are afferent—from the organs toward
the CNS. This is why vagus nerve stimula-
tion can reduce seizure activity and improve
mood.

CEREBELLUM

The cerebellum sits on top of the brain stem, at the
back of the skull, below the cerebral cortex. Once
considered the “lesser brain” and only involved
with the coordination of movement, more recent
functional imaging studies have shown that the
cerebellum “lights up” in a wide variety of behav-
iors. Not only it is active in sensation, cognition,
memory, and impulse control but it has also been
implicated to be playing a role in the pathophysiol-
ogy of autism, ADHD, and schizophrenia.

Fossil records document that the cerebellum
has grown throughout human evolution and actu-
ally contains more neurons than any other part of
the brain. Yet, its function is not clearly under-
stood. Of particular interest, if the cerebellum is
totally removed, especially in young persons, with
time the person can regain almost normal function.

It appears that the cerebellum is a supportive
structure for the cerebral cortex. Some have specu-
lated that it grew throughout evolution to provide
extra computational support for an overburdened
cortex. This reasoning proposes that the cerebel-
lum is not responsible for any one particular task,
but rather functions as an auxiliary structure for
the entire cerebral cortex—not just movement.

m BREACHING THE BBB

Approximately 98% of small molecules and
nearly all large molecules do not cross the
BBB. Overcoming this obstacle is of utmost
importance if new therapeutic agents are to reach
their target. Several options are being explored—
some are more reasonable than others.

1. Implants—medications impregnated in
biodegradable wafers are placed in the brain.
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In the future, we anticipate increased reports of the
important role of the cerebellum in mental illness.

BLOOD-BRAIN BARRIER

The brain needs to be bathed in a pristine extra-
cellular environment. If the brain is exposed to the
fluctuations in hormones, amino acids, or ions that
occur in the rest of the body, unexpected neuronal
activity could result. The brain uses the blood—
brain barrier (BBB) to live in a more muted envi-
ronment buffered from the hysterical fluctuations
of the body.

Historically, it was thought that the barrier was
produced by the astrocytes that hold the capillar-
ies with their foot processes. Later, it became clear
that it is the tight junctions between the endothe-
lial cells of the capillaries that prevent many sub-
stances from leaking into the CNS (Figure 2.10).
There are a few areas of the brain that have gaps in
the BBB. The pituitary gland and some parts of the
hypothalamus are two examples of these BBB gap
regions. This is appropriate because these areas
need to receive unfiltered feedback regarding the
status of the endocrine system by way of the cir-
culating blood.

The BBB is not an impenetrable wall, as the
brain needs constant supplies to perform its func-
tions. Lipid-soluble substances can readily diffuse
through the lipophilic cell walls. Conversely, water-
soluble substances are deflected by the endothelial
cell wall. Yet, the brain needs some water-soluble
substances, such as glucose, and indeed there are
active transport mechanisms within the endothelial
cell wall to bring these essential substances into
the brain.

The endothelial cells also actively transport
offensive substances out of the brain’s extracellular
environment. The P-glycoprotein is such a trans-
porter. Found in the gut as well as the brain, this

2. Administering high-frequency ultrasound to
disrupt the BBB and increase penetration of
the drug into the brain. 3. Intranasal delivery.
4. Trojan horse—attach the medication to a
molecule that binds with a transcytosis recep-
tor. The medication then sneaks into the brain
by endocytosis. 5. If all else fails, direct injec-
tion into the brain—always a favorite.
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Passive diffusion: Active transport Transcytosis
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e.g., Oy, ethanol e.g., insulin, transferrin

FIGURE 2.10 A. The tight junctions formed by the brain endothelial cells along with the astrocytes make
up the blood-brain barrier. B. Transport mechanisms facilitate or impede the movement of substances
between the brain and blood stream. ((A) Adapted from Goldstein GW, Betz AL. The blood-brain barrier.

Sci Am. 1986;255(3):74-83.)

protein actively removes a wide variety of drugs and Some psychiatrists speculate that a very active
deposits them in the capillary lumen. For example, P-glycoprotein transporter contributes to treatment
the newer antihistamines are excluded from the resistance by diminishing the cerebral concentra-
CNS by this protein so they can work their magic tion of medications. For example, olanzapine and
on allergens in the body but not sedate the brain. risperidone are substrates for P-glycoprotein.



QUESTIONS

1.

Brodmann’s areas are differentiated by the
a. Cortical morphology.

b. Cellular architecture.

¢. Afferent connections.

d. Predominant neurotransmitter.

. The orbitofrontal aspect of the PFC describes

the area

a. Above the corpus callosum.

b. Posterior to the amygdala.

c. At the base of the PFC.

d. Anterior to the cingulate gyrus.

Lesions of the medial (also ventromedial) PFC
are associated with

a. Paucity of spontaneous behavior—apathetic.
b. Disorganized cognitive function.

¢. Concrete thinking.

d. Poor impulse control.

. All of the following are true about the

hippocampus except that it

a. Is smaller in some psychiatric disorders.
b. Is involved with memory.

c. Is disrupted by frontal lobotomy.

d. Contains undifferentiated stem cells.
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. The “command center” of the brain is the

a. Hippocampus.
b. Amygdala.

c. ANS.

d. Hypothalamus.

. All of the following are true about the

sympathetic nervous system except that it

a. Stimulates digestion.

b. Is associated with anxiety.

c. Stimulates secretions from the adrenal
medulla.

d. Relaxes the airways.

. The cerebellum

a. Solely functions to support movement.
b. Has been implicated with autism.

c. Is similar to the motor cortex.

d. Is relatively small in humans.

. The BBB can be crossed by all of the following

except

a. Lipid-soluble molecules.

b. Active transport across the cell wall.
c. Breaches in the tight junctions.

d. Most medications.

See Answers section at the end of the book.



CHAPTER 3

Circuits and Cells

THE NEURONAL CELL

The human brain is the most complex organ
known to exist in the universe. Its weight is just
3% of the body, but it consumes 17% of the
body’s energy. The workhorse of the brain is the
neuron. It is estimated that we have 100 billion
neurons with 100 trillion connections. When we
think of a neuron, we are typically thinking of a
pyramidal neuron in the cerebral cortex. These
neurons have a diamond-shaped cell body and
usually reside in layers 111 or V of the gray matter
(Figure 3.1).

Let us start with a brief review of cell biology.
The cell body of the neuron is full of the usual
assortment of organelles, although not in the same
proportions as seen in non-neural cells. Structures
such as the endoplasmic reticulum (ER) and mito-
chondria are found more frequently in neurons
than in other brain cells, presumably because of
the increased need for protein synthesis and energy
production. The instructions for the functioning of
the cell are contained in the DNA, which resides
in the nucleus. The instructions are read when the
DNA is transcribed into messenger ribonucleic
acid (mRNA), which is trandlated into proteins in
the cytoplasm (Figure 3.2). As mentioned in Chap-
ter 1, this process is often called gene expression—
two of our favorite words.

The ribosome is the organelle in which mRNA
is translated into proteins (Figure 3.3). The ribo-
somes are usually attached to the rough ER, but
can also be floating freely in the cytoplasm. The
proteins, once they are refined, are used by the
cell for structural (e.g., receptors), functional (e.g.,
enzymes), or communication (e.g., neuropeptides)
purposes, to name a few.

The Golgi apparatus, which looks like ER
without the ribosomes, is where much of the
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“posttranslation” refinement, sorting, and storage
of proteins occurs. This structure enables proteins
to be appropriately transported to distant sites
within the cell.

The mitochondria are the remarkably abun-
dant energy generators of the neuron. The brain
requires considerable energy, even at rest, just to
maintain an electrical gradient poised to respond
at a moment’s notice. The mitochondria convert
adenosine diphosphate into adenosine triphosphate
(ATP) and it is ATP that the cell uses to perform
its functions.

The dendrites are the part of the neuron that
sprout off the cell body and look like tree branches.
They are often called the ears of the neuron,
because they receive input from other neurons and
relay the signal to the cell body. Most dendrites
have “little knobs” along their stalks that are called
dendritic spines. Each spine is the postsynaptic
receptor for an incoming signal from another neu-
ron (Figure 3.4).

The morphology (structure and density) of
the dendritic spines has been a source of consid-
erable interest since Ramdn y Cajal first identi-
fied them over 100 years ago. Spines can change
in shape, volume, and number with remarkable
speed and frequency. This plasticity is one of
the great discoveries of modern neuroscience.
We mention spines throughout this book as their
morphology changes in a number of conditions,
including substance abuse, mental retarda-
tion, schizophrenia, and learning (see Point of
Interest).

The axon is perhaps the most unique structure
of the neuron. Starting at the axon hillock and
running anywhere from a few micrometers to the
entire length of the spinal cord, the axon can trans-
mit a signal quickly without degradation to other
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FIGURE 3.1 @ A. Cross section of the right prefrontal cortex (PFC). B. The six layers of neurons in
the gray matter of the PFC. C. A stereotypical pyramidal neuron found in layer Ill of the cerebral cortex.
ER, endoplasmic reticulum. (Adapted from Bear MF, Connors BW, Paradiso MA, eds. Neuroscience:
Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott Williams & Wilkins; 2007.)

neurons or end organs. For this reason, the axon
is often conceptualized as the telephone wire of
the brain. Because the axon is devoid of ribosomes
and incapable of protein synthesis, a process called
axoplasmic transport enables the neuron to send
material down the microtubules to the distal ends
of the cell.

The terminal end of the axon forms the synapse
(Figure 3.5). This is where one neuron talks to

another—if the dendrites are the ears, the synapse
is the mouth. Here the electrical signal stream-
ing down the axon is converted into a chemical
signal, so the impulse can pass from one cell to
another. The neurotransmitters that form the basis
of the chemical signal are stored in vesicles. When
released, they diffuse across the synaptic cleft to
receptors on the postsynaptic dendrite (more on
this later in the chapter).



28 SECTION | The Neuroscience Model

POINT OF INTEREST

Enhanced branching and spine formation
have been found consistently in rats raised in
enriched environments when compared with
rats raised in standard wire cages. The neu-
rons in the figure below are from rats raised
in different environments. Note the increased

Cgﬁ‘éfé‘ 2 / branching (also called arborization) of the
Y N Cytoplasm neuron from the rat raised in the enriched
- ¢ environment. Abundant dendritic branching
Messegner%N l W|.th multlple .connectlons seems to t?e a
transcript microscopic sign of a healthy active brain.
FIGURE 3.2 Messenger ribonucleic acid (MRNA) )
carries the genetic instructions from the nucleus to Enriched Standard
the cytoplasm where translation into proteins occurs. environment laboratory
(Adapted from Bear MF, Connors BW, Paradiso g i 1 cage

MA, eds. Neuroscience: Exploring the Brain. 3rd ed.
Baltimore, MD: Lippincott Williams & Wilkins; 2007.)

N\
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ELECTRICAL SIGNALING

All living cells maintain a negative internal elec-
tronic charge relative to the fluid outside of the
cell—roughly =60 mV in a neuron. Nerve cells use
the depolarization (rapid change in the electrical
charge) to communicate with other nerves or end
organs. There are two basic steps in this process.

The neuron first receives signals through the den- From Kolb B, Forgie M, Gibb R, et al. Age
drites, which are called POStSyn_ap“_C potentials. experience and the changing brain. Neurosci
Second, the cell sums the incoming impulses and Biobehav Rev. 1998;22(2):143-159.
Protein
being

! assembled
Ribosome ﬁside
rough ER

Outside rough ER v

FIGURE 3.3 Messenger ribonucleic acid (MRNA) binds to a ribosome, initiating protein synthesis.
Proteins synthesized on the rough endoplasmic reticulum (ER) as shown are eventually inserted into the
membrane. Proteins synthesized on free ribosomes (not shown) are utilized in the cytosol. (Adapted from
Bear MF, Connors BW, Paradiso MA, eds. Neuroscience: Exploring the Brain. 3rd ed. Baltimore, MD:
Lippincott Williams & Wilkins; 2007.)
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Dendritic branch
Spines are
synapses formed
with other neurons

Neuron

FIGURE 3.4 @ Spines are the “little knobs” on the dendrites. They are on the receiving side of the
electrochemical signal from other neurons—also called the postsynaptic membrane.

Presynaptic
terminal

Postsynaptic
call

Vesicles

Postsynaptic cell

FIGURE 3.5 @ A synapse as seen with an electron microscope (A) and in a schematic
drawing (B). Note the high concentration of vesicles filled with neurotransmitter and
mitochondria to power the rapid processing. (Adapted from Bear MF, Connors BW,
Paradiso MA, eds. Neuroscience: Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott
Williams & Wilkins; 2007.)
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if they are high enough then it sends an impulse
down the axon, which is called an action potential.

Postsynaptic Potentials
A single pyramidal cell will receive input from
1 to 100,000 neurons through the postsynaptic
synapses (spines) on the dendrites and cell body.
When the neurotransmitters bind with the receptor
at the postsynaptic synapse, ions flow into the neu-
ron and change the electrical potential making it
more positive or more negative—or what is called
depolarization and hyperpolarization.

This proceeds in two ways:

Depolarize (excitatory) with an influx of positive
ions such as Na*.

Hyperpolarize (inhibitory) with an influx of
negative ions such as CI-.

These are appropriately called excitatory
postsynaptic potentials (EPSPs) and inhibitory
postsynaptic potentials (IPSPs) (Figures 3.6 and
3.7). The EPSP and IPSP are, respectively, the

Excitatory
postsynaptic
potential
(EPSP)

Neurotransmitter

The Neuroscience Model

accelerator and brake for the brain. An EPSP is
more likely to generate an action potential; an IPSP
inhibits the generation of an action potential. The
goal for a healthy brain is to maintain the correct
balance—if there is too much excitation, one can
have a seizure; if there is too much inhibition, the
brain is sluggish, even comatose. Actually, most of
us want our brains to be activated during the day
and inhibited at night—something our hunter—gath-
erer brains are not always wired to accommodate.

The Action Potential

The decision to fire an action potential is made
at the axon hillock. Moment to moment, the sum
of all the incoming EPSPs and IPSPs at the axon
hillock determines whether the neuron sends an
impulse down the axon. If the potential has depo-
larized to the threshold, then an action potential
is generated. Figure 3.8 shows how the neuron
requires enough depolarization (excitation) but
not too much hyperpolarization (inhibition) to
generate an action potential.

Impulse _A,_

T~

\/ Record Vm

molecules

Synaptic 4 | © Depolarization
cleft Threshold
Cytosol

Vo 0 2 4 6 8

Transmitter-gated
B ion channels C Time from presynaptic action
potential (ms)

FIGURE 3.6 Neurotransmission from an excitatory neuron (A) promotes the entry of positively charged

sodium ions into the dendrite (B). The resulting depolarization generates an EPSP (C). (Adapted from Bear MF,
Connors BW, Paradiso MA, eds. Neuroscience: Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott Williams

& Wilkins; 2007.)
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FIGURE 3.7 Neurotransmission from an inhibitory neuron (A) promotes the entry of negatively charged

chloride ions into the dendrite (B). The resulting hyperpolarization generates an IPSP (C). (Adapted from Bear
MF, Connors BW, Paradiso MA, eds. Neuroscience: Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott

Williams & Wilkins; 2007.)

Once the threshold (-40 mV) has been reached
at the axon hillock, the neuron “pulls the trigger”
and shoots an action potential down the axon.
Because of the unique design of the voltage-gated
sodium channels, the action potential maintains its
integrity as it proceeds along the axon—there is
no diminution in the signal. This occurs because
the voltage-gated sodium channels facilitate a
rapid influx of positive ions. Like other ion chan-
nels, the voltage-gated sodium channel is a protein
embedded in the lipid member of the cell. The
“gated” nature of the channel allows a large and
rapid influx of the ions once the threshold has been

We often treat patients who have too much
cerebral activity. Anxiety, attention-deficit/
hyperactivity disorder (ADHD), insomnia, and
mania are four conditions in which the brain
is going too fast. Such patients have too
much excitation and not enough inhibition. It

crossed. The voltage-gated channel is like a trap
waiting to be sprung. When the switch is tripped,
the ions pour into the axon.

Electrochemical Signaling

As Otto Loewi demonstrated in 1921, the com-
munication within the nervous system is both
electrical and chemical. Figure 3.9 shows a rep-
resentation of the arrival of the action potential
at the synaptic terminal, the release of the neu-
rotransmitters, and the generation of an excitatory
or inhibitor postsynaptic potential in the dendrite
of the neighboring neuron. This example is of a

is encouraging that more research is being
directed toward treatments that increase
inhibitory potentials (e.g., y-aminobutyric
acid). The challenge is to selectively inhibit the
annoying trait without slowing down the whole
brain: calmer but not stupid.
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A signal from one excitatory neuron (A) increases the EPSP but is not sufficient to reach the

threshold. Two excitatory impulses reaching the neuron at the same time (B) generate an EPSP that reaches
the threshold at the axon hillock and an action potential is fired. However, with an inhibitory input from a third
neuron (C), the membrane potential again fails to reach the threshold.

dopamine neuron that is an excitatory neuron, but
the same principles apply to all the neurons and
neurotransmitters.

The arrival of the action potential at the termi-
nal depolarizes the membrane, which opens the
voltage-gated calcium channels. The voltage-gated
calcium channels are similar to the voltage-gated
sodium channels except that they are permeable to
Ca?*. Consequently, there is a large and rapid influx

of Ca*, which is required for exocytosis and the
release of the neurotransmitter.

NON-NEURONAL CELLS

The glial cells that make up the rest of the cells
in the central nervous system (CNS) actually out-
number the neurons by 9:1. Traditionally seen
as supportive cells with no roll in communica-
tion, recent research has shown that glial cells
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1. The action potential arrives at the presynaptic
terminal.

2. Depolarization causes voltage-gated calcium
channels to open and results in a large
influx of Ca2+.

3. Exocytosis: Ca2* causes the vesicles to
fuse with the membrane and release
the neurotransmitter.

4. Excitatory postsynaptic potentials (EPSP)
spread out over the dendrite.

Enzymes convert
tyrosine to dopamine
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Chemical

A. Precursor molecules and enzymes
are transported down the axon from
the cell body along the microtubules.

B. Enzymes in the synaptic terminal
convert the precursor molecules into
active neurotransmitter.

C. The neurotransmitter is stored in the
vesicles until released by the influx
of Ca2+.

D. The released neurotransmitter binds
with the receptors on the post
synaptic terminal and generates an
EPSP.

E. Reuptake of the neurotransmitter

limits the duration of the signal and
allows the cell to recycle the neuro-
transmitter.

FIGURE 3.9

This is an example of the electrochemical signaling from a dopamine neuron. If this were an

inhibitory neuron, y-aminobutyric acid or glycine, for example, the postsynaptic potential would be an inhibitory
postsynaptic potential (IPSP) and not an excitatory postsynaptic potential (EPSP).

modulate the synaptic activity. There are three
kinds of glial cells: astrocyte, oligodendrocyte,
and microglia. The microglia are similar to mac-
rophages found in the peripheral tissue. They
respond to injury with a dramatic increase in their
numbers and remove cellular debris from the
damaged area. (For more information on microg-
lia, refer Chapter 9.)

The oligodendrocyte is considered the CNS
equivalent of the Schwann cell in the periph-
eral nervous system (Figure 3.10; see also
Figure 20.12). Schwann cells are the cells that
wrap myelin around the axons of the neurons and
by acting as an electrical insulator they greatly
increase the speed of the transmission of the

action potential. This process of myelinization
is not complete at birth and proceeds rapidly in
the first years of life, which has a dramatic effect
on behavior. In children, this process results in
improved motor skills as they mature. Complete
myelinization of the prefrontal cortex (PFC) is
delayed until the second and even third decade of
life. Hence why we worry about our teens—the
bodies of adults without the brakes of matured
frontal lobes.

Alternatively, demyelinating disorders such as
multiple sclerosis and Guillain-Barré have devas-
tating effects on patients. Clearly, a neuron with-
out its myelin is not as effective. Regarding mental
illness, recent research suggests that some failure
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Node of
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FIGURE 3.10 Oligodendroglial cells wrap a
myelin sheath around the axon, providing electrical
insulation. This can improve the speed of the
transmission of an action potential up to 15 times.
(Adapted from Bear MF, Connors BW, Paradiso

MA, eds. Neuroscience: Exploring the Brain.

3rd ed. Baltimore, MD: Lippincott Williams & Wilkins;
2007.)

in myelinization may play a role in schizophrenia
(see Chapter 23).

The astrocyte is the star-shaped cell that fills
the spaces between the neurons (Figure 3.11).
We have already seen that the astrocyte plays a
role in maintaining the blood-brain barrier, but
other functions include regulating the chemistry
of the extracellular fluid, providing structural
support, and bringing nutrients to the neurons.
Even more interesting is the role the astrocyte
plays in modulating the electrical activity at the
synapse. Research has shown that astrocytes
encircle the synapse and have receptors that
respond to the neurotransmitters released by the
neuron. The astrocyte may in turn release its
own neurotransmitter, which enhances the trans-
mission of the signal. This may facilitate learn-
ing and memory. Additionally, there is evidence
that the presence of astrocytes or their proteins
increases the number of synapses a neuron will
form. Clearly, the glial cells are more involved
in the communication within the brain than
previously thought.

The Neuroscience Model

Blood
vessel

FIGURE 3.11

The astrocyte not only supports
the neurons and blood vessels but also has some
role in modulating the transmission of information.

CIRCUITS

The capacity to communicate quickly over long
distances (relative to the size of a cell) is the most
unique feature of the nerve cell. Sending a signal,
receiving feedback, and adjusting further responses
is the essence of communication—cellular or
social. The white matter tracts—bundles of axons
just underneath the gray matter—connect the nerve
cells with other regions of the cortex, subcortical
nuclei, and end organs such as muscles and glands
(Figure 3.12).

Il (0] 8 EPILEPSY

Increasing evidence is pointing to the
astrocyte as playing an instigating role in
epilepsy—a problem historically assigned
to dysfunctional neurons. Analysis of speci-
mens after surgical resection for epilepsy
often shows prominent gliosis. Glutamate
released from astrocytes can trigger experi-
mental models of seizures. Finally, sev-
eral effective antiepileptic drugs (valproate,
gabapentin, and phenytoin) potently reduce
astrocytic Ca?* signaling—an event believed
to precede seizure activity. If aberrant astro-
cytes are the nidus for seizures, then new
treatments might be developed that can calm
the astrocytes without dulling the neurons.
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Short tracts
connecting
regional gyrus

Long tracts
connecting anterior and
posterior regions

FIGURE 3.12

Long projections
between cortex and
subcortical nuclei

or

through the corpus
callosum connecting
the two hemispheres

Beneath the gray matter are white matter tracts that allow communication between

widely separated regions of the brain or between the brain and end organs. (Adapted from Rosenzweig
MR, Breedlove SM, Watson NV. Biological Psychology. 4th ed. Sunderland, MA: Sinauer; 2005.)

A new imaging technique, called diffusion ten-
sor imaging (DTI), has been developed to assess the
quality of the white matter tracks. Using a magnetic
resonance imaging scanner, the technique involves
following the movement of water (diffusion) in the
brain. In most tissues, the water molecules move in
every direction. In the white matter tracts, the water
molecules tend to move along the length of the
axons. Thus, with some Herculean number crunch-
ing on the computer, images showing remarkable
detail of the white matter tracks can be produced
(Figure 3.13). Although still a research tool, DTI is
being used to identify white matter abnormalities in
patients with psychiatric disorders (see Chapter 23).

The networks formed to coordinate a task are
called circuits. We can imagine that catching a
Frisbee requires such a circuit. The visual cortex
registers the trajectory of the Frisbee, the frontal
cortex acknowledges the emotional importance of
making the catch, and the motor cortex signals the
legs and arms to get in a position to grasp the spin-
ning disc. The interplay between these and other
regions of the brain enables the individual to move
into the appropriate location and make the grab.
We can imagine that the efficiency and accuracy of
such a circuit for different people falls along a spec-
trum from poor to superior—whether due to genes

or practice. It is the coordination of the circuit—not
one particular region—that masters that catch.
Increasing evidence suggests that understand-
ing circuits may help us understand the variants
in behavior. The elusive nature of the biological

FIGURE 3.13

Visualization of white matter
tracks in the brain using diffusion tensor imaging
(DTI) technology. (Adapted from Brun A, Park HJ,
Knutsson H, et al. Coloring of DT-MRI Fiber Traces
Using Laplacian Eigenmaps. Available at http://Imi.
bwh.harvard.edu/papers/papers/brunEUROCAST03.
html. 2003.)
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causes of mental disorders has been the bane of
psychiatry. While Broca could pinpoint the dam-
aged region to explain his aphasic patients, con-
spicuous lesions corresponding to psychiatric
conditions have not been easy to locate. Perhaps
this is because it is not one specific region that is at
fault, but rather the dysfunction of the circuit.
Figure 3.14 shows a schematic representation of
a hypothetical circuit between the PFC, temporal
cortex, and subcortical regions. Imaging studies
suggest that dysfunction of emotional circuits may
explain some psychiatric disorders—particularly
depression, anxiety, and substance abuse. One com-
mon example involves the PFC. Insufficient activ-
ity from the PFC allows the expression of impulses
from lower regions of the brain—a problem we will
address in regard to anger, ADHD, and anxiety.

QUESTIONS

1. The pyramidal cells in the gray matter reside
predominantly in which layers?

a. land II.

b. Il and IV.
c. llland V.
d. IV and VI.

2. Protein synthesis requires all of the following
except
a. Rough ER.
b. Gene expression.
c. Transcription and translation.
d. mRNA.

3. Enhanced arborization of the dendrites is found
with
a. Mental retardation.
b. Stimulating environments.
¢. Usual laboratory environments.
d. Schizophrenia.

4. An IPSP
a. Results from the influx of sodium ions.
b. Depolarizes the cell.
c¢. Can induce seizures.
d. Hyperpolarizes the cell.

The Neuroscience Model
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FIGURE 3.14 Dysfunctional circuits may explain
the behavioral and cognitive symptoms in psychiatric
disorders.

5. The neuron generates an action potential based
on the postsynaptic potential at the
a. Axon hillock.
b. Synapse.
¢. Nucleus.
d. Node of Ranvier.

6. Exocytosis of the neurotransmitters at the
synapse requires opening of the
a. Voltage-gated sodium channels.
b. Voltage-gated calcium channels.
c. Excitatory postsynaptic channels.
d. Inhibitory postsynaptic channels.

7. The cell responsible for myelin in the CNS is
a. Astrocyte.
b. Microglia.
¢. Schwann cell.
d. Oligodendrocyte.

8. Modulates electrochemical activity at the
synapse:
a. Astrocyte.
b. Microglia.
¢. Schwann cell.
d. Oligodendrocyte.

See Answers section at the end of the book.



POINT OF INTEREST

It is not uncommon in our practices for
patients to announce at the initial evalua-
tion, “Doc, | have a chemical imbalance”
as though it is some sort of Diagnostic and
Statistical Manual of Mental Disorders (DSM)
diagnosis. Whether a “chemical imbalance”
is the source of mental illness remains to be
determined, but most assuredly the manipu-
lation of these chemicals is the bread and
butter of psychiatry. They are the chemical
part of the “electrochemical” communication
and the focus of this chapter.

A “neurotransmitter” is technically defined by
meeting the following three criteria:

1. The substance must be stored in the presynap-
tic neuron.

2. It must be released with depolarization of the
presynaptic neuron induced by the influx of
Ca*.

3. The substance must bind with a specific
receptor on the postsynaptic neuron.

Neurotransmitters differ from hormones by
their close physical proximity of the release to
the receptor—although this turns out to be less
straightforward than one might imagine, as we will
see in Chapter 6.

The classic neurotransmitters—the ones we
frequently discuss—are small molecules designed
for the ease of use. For neurotransmitters, the body
needs a substrate that can be produced quickly,
with ease, and be recycled—much like the daily
newspaper. Figure 4.1 shows some representative
neurotransmitters compared with a neuropeptide

CHAPTER 4

Neurotransmitters

substance P. The common neurotransmitters such
as y-aminobutyric acid (GABA) and norepineph-
rine (NE) are small and these are constructed
with elements that are easy for the body to find.
This facilitates the rapid creation and release of
the signals that are the essential feature of neural
communication.

An extensive review of all known neurotrans-
mitters is beyond the scope of this book. We will
focus on the relevant molecules in the following
three basic categories:

1. The classic neurotransmitters.
2. Neuropeptides.
3. Unconventional neurotransmitters.

CLASSIC
NEUROTRANSMITTERS

Amino Acids

Glutamate

This is the major workhorse of the brain, with glu-
tamate neurons making up more than half of the
excitatory neurons. Without glutamate the brain
does not get started or keep running. Glutamate

POINT OF INTEREST

The body—in all its wisdom—has devel-
oped only a small number of neurotransmit-
ters. Rather than having a billion separate
molecules that each transmits a specific
message, the body has a limited number of
neurotransmitters that mean different things
in different places. Much like the alphabet
where 26 letters can create innumerable
words, the body uses only a few hundred
neurotransmitters to coordinate the most
complex organ in the universe.
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C Substance P

FIGURE 4.1 A sample of neurotransmitters
showing the relative size of the amino acids (A), two
of the amines (B), and a neuropeptide (C). (Adapted
from Bear MF, Connors BW, Paradiso MA, eds.
Neuroscience: Exploring the Brain. 3rd ed. Baltimore,
MD: Lippincott Williams & Wilkins; 2007.)

and another excitatory transmitter aspartate are
nonessential amino acids that do not cross the
blood-brain barrier—an important barrier as oth-
erwise our diet could alter our neural activity. Con-
sequently, glutamate must be synthesized in the
brain from glucose and other precursors. Glial cells
assist in the reuptake, degradation, and resupply of
glutamate for neurons.

POINT OF INTEREST

Of the classic neurotransmitters, the mono-
amines are the ones we typically talk about.
Hanging around psychiatrists, one might
imagine that the brain is predominately made
up of dopamine (DA), serotonin, and NE.
Amazingly, these agents are present in minor
amounts in the brain. The largest number of
neurons and the ones that do the heavy lifting
in the brain come from the amino acid group,
of which glutamate and GABA are the most
prominent. The pie chart gives a very rough
estimate of the relative proportion of several
important neurotransmitters. The neuropep-
tides (discussed later) would only be a line on
this chart.

Glutamate neurons are believed to be involved
in the formation and storage of memories.
Changes in the receptors—termed synaptic
plasticity—are well documented and seem
to be involved in the physical manifestation
of learning. Too much glutamate, as occurs
with a stroke, is toxic to the nerve cells. Not
only is the cell deprived of oxygen but also
the glutamate that is released from the dying
cell results in further damage. Efforts are
underway to find an agent that will block the
toxic effects of glutamate during ischemic
events to limit the secondary damage. More
recently, glutamate has been implicated as
a possible culprit in the pathophysiology
of schizophrenia. Postmortem studies and
therapeutic trials suggest that glutamatergic
dysregulation may be present in patients
with schizophrenia.

v-Aminobutyric Acid and Glycine

GABA is the major inhibitory transmitter in the
brain and is used by approximately 25% of the cor-
tical neurons. Glycine is the other, but less com-
mon, inhibitory amino acid. GABA puts the brakes
on the brain: not enough GABA and one can
have seizures. The GABA neurons are primarily
the interneurons in the gray matter. They provide
local constraint over too much cortical circuitry.
Figure 3.7 shows an example of a GABA neuron

Serotonin  Norepinephrine

Dopamine Nitric oxide

Acetylcholine



A: Without inhibitory input
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FIGURE 4.2 Effects of inhibitory input.

A. Without GABA inhibition (or any other inhibition)
the neuron fires regularly. B. With input from a GABA
interneuron (arrows), some action potentials are
inhibited. GABA, y-aminobutyric acid.

hyperpolarizing the receiving neuron so that it is
less likely to fire an action potential.

Similarly, Figure 4.2 shows how the input
from a GABA interneuron quiets an overactive
neuron. One can see how increasing GABAer-
gic activity can be an effective treatment for
epilepsy. More recently, increasing GABAergic
activity has been used to treat insomnia, pain,
and anxiety and to assist in the management of
mania—all situations where too much central
nervous system (CNS) activity is a component
of the disorder.

Monoamines

The monoamines modulate the activity of the
excitatory and inhibitory neurons. Although
small in total number compared with glutamate
or GABA, the monoamine neurons project widely
throughout the brain. They have the capacity to
“fine-tune” and coordinate the response of the
major neurons.

There are two principal classes of monoamines:
catecholamines (DA, NE, and epinephrine) and
indoleamines (serotonin and melatonin). After
being released, monoamines are degraded or repro-
cessed by the neuron. (Clinicians often refer to this
as the reuptake pump, but neuroscientists call this
the transporter, e.g., the DA transporter.) The class
of enzymes in the terminal that degrades the neu-
rotransmitters is the monoamine oxidases (MAOSs).
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MAO inhibitors cause an increase in catechol-
amines (e.g., DA, NE, and serotonin), by limiting
the degradation process, with well-known benefits
for depression and anxiety.

Unfortunately, some food products and medi-
cations enhance the release of NE. When the
MAQOs are inhibited, an excessive amount of NE
is released. This can result in dangerous elevations
in blood pressure, which has resulted in stroke and
even death in some cases.

Catecholamines

The catecholamines begin as the essential amino
acid tyrosine (Figure 4.3), which must be intro-
duced in the diet. .-DOPA (Figure 4.3A) is
the molecule made famous in the Oliver Sacks

COOH

HO—@— CH,CHNH,

Tyrosine

Tyrosine
hydroxylase
(TH)

L-Dihydroxy-
A phenylalanine
(L-dopa)

AR ICOOH
HO-@- CH,CNH,

Dopa
decarboxylase

HQ
B Dopamine
(DA) HO CH,CH,NH,

Dopamine
R-hydroxylase
(DBH)
HO
Norepinephrine
C (NE) HO CIEHCHZNHZ
OH

Phentolamine
N-methyltransferase

(PNMT)
HO
D Epinephrine
HO HCH_,NHCH
I 2 3
OH
FIGURE 4.3 The synthesis of catecholamines

from tyrosine. Dopamine (B) cannot cross the blood-
brain barrier although some L.-DOPA can sneak
through. By giving patients DOPA decarboxylase
inhibitors, such as carbidopa, along with L-DOPA,
the half-life of L-DOPA is extended and more
crosses into the brain. Furthermore, carbidopa does
not cross the blood-brain barrier, so L-DOPA can

be converted into dopamine in the brain and the
Parkinson’s patient moves with greater ease.
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story Awakenings and remains the gold standard
treatment for Parkinson’s disease. The structures of
DA, NE, and epinephrine are remarkably similar,
yet have different functions in the brain.

Dopamine
The DA neurons constitute only about half a mil-
lion of the cells in the brain—a tiny percentage out
of the 100 billion total cells (Figure 4.4). Three
nuclei contain the cell bodies that project the three
primary branches of the DA network. The sub-
stantia nigra located in the ventral midbrain has
primary projections to the caudate and putamen
(collectively called the striatum). This pathway is
called the nigrostriatal system or mesostriatal sys-
tem. As part of the basal ganglia, this pathway is
integral to voluntary movement. Parkinson’s dis-
ease is the result of a loss of DA neurons in the
substantia nigra. The extrapyramidal side effects
due to antipsychotic medications can induce par-
kinsonian symptoms by blockade of these neurons.
The cells of the ventral tegmental area, also
in the ventral midbrain, project to the nucleus
accumbens, prefrontal cortex, amygdala, and
hippocampus. These innervations, called the
mesolimbocortical DA system, are particularly
dense in primates. Some writers subdivide these
branches into the mesolimbic (nucleus accumbens,
amygdala, and hippocampus) and mesocortical

Dopaminergic
neurons

Nucleus
accumbens

Arcuate
nucleus

Pituitary

FIGURE 4.4

The Neuroscience Model

The branches to the nucleus accumbens
are involved with reward and substance
abuse. The branches to the prefrontal cor-
tex are involved with attention and cogni-
tion and seem to be impaired in patients
with attention-deficit/hyperactivity disorder
(ADHD). Some speculate that problems with
the mesolimbic system cause the positive
symptoms of schizophrenia, whereas nega-
tive symptoms are caused by impairment in
the mesocortical system.

(prefrontal cortex) systems, which seems artificial
as they originate from the same cell bodies.

The short tracts in the arcuate nucleus of the
hypothalamus—called the tuberoinfundibular DA
system—elease the DA into the portal veins of
the pituitary gland. The synthesis and release of
prolactin in the anterior pituitary is inhibited by
dopamine. Any interruption between the DA and
the prolactin-producing cells will lead to hyperpro-
lactinemia. Hence, antipsychotic medications that
block the DA receptor can cause an increase in pro-
lactin, although it appears to be less with the newer
antipsychotic agents for unclear reasons.

To hippocampus

Substantia
nigra

Ventral tegmental
area

The three major pathways of the dopaminergic

system. The substantia nigra forms the nigrostriatal pathways to
the caudate and putamen. The ventral tegmental area projects
to the nucleus accumbens and cortex. The arcuate nucleus of
the hypothalamus projects to the tuberoinfundibular area of the
hypothalamus.
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Noradrenergic
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FIGURE 4.5 The noradrenergic system. With projections to almost
every area of the brain and spinal cord, the NE system plays an important
role in alertness and anxiety. NE, norepinephrine.
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Norepinephrine is called noradrenaline in the
UK and hence neurons that produce noradrenaline
are called noradrenergic neurons. These neurons
contain an additional enzyme in their terminal
buds that converts DA to NE. Approximately 50%
of the NE neurons have their cell bodies located
in the locus coeruleus—small nuclei, one on each
side of the brain stem. In total, there are only about
24,000 neurons in both nuclei. The remainder of
the NE neurons as found in loose clusters in the
medullary reticular formation (Figure 4.5).

The noradrenergic neurons project to virtually
every area of the brain and spinal cord. Although
small in number, they are essential for survival of
the organism. For example, knockout mice that
are deficient in NE cannot survive. The NE neu-
rons play an important role in alertness. The firing
of the locus coeruleus increases along a spectrum
from drowsy to alert, with the lowest found when
we sleep and the highest when we are hypervigilant.
Clearly, the noradrenergic neurons are important in
handling danger. In a threatening situation, the locus
coeruleus is active as are the sympathetic neurons
of the autonomic nervous system (ANS), where the
peripheral noradrenergic neurons are found.

NE is cleared from the synaptic cleft by a reup-
take transporter that is also capable of taking up
DA—most likely due to the structural similarity
of these two transmitters (Figure 4.4). This may
explain why atomoxetine, an NE reuptake inhibi-
tor, results in an increase in DA (as well as NE) in
the prefrontal cortex even though it does not inhibit
the DA reuptake pump.

Inappropriate noradrenergic activity, both
centrally and peripherally, plays an impor-
tant role in anxiety and depression. Not only
is a rapid heart rate a symptom of anxiety
but also a high resting heart rate after a
motor vehicle accident is a predictor of later
post-traumatic stress disorder. Reducing
the activity of these neurons is one goal of
pharmacological treatment.

Recently, the Food and Drug Administra-
tion (FDA) approved vagus nerve stimulation
(VNS) as a treatment for medication-resistant
depression. Incoming signals to the brain
from the vagus nerve provide the locus coe-
ruleus with information about the state of the
internal organs. In a hypervigilant condition
such as chronic anxiety, the information
from vagus nerve increases the activity of
the locus coeruleus and the NE neurons.
VNS may work by regulating the locus coe-
ruleus and the NE system.

Epinephrine

The epinephrine (or adrenaline) neurons are few
and play a minor role in the CNS. Most of the epi-
nephrine in the body is produced in the adrenal
medulla and excreted with sympathetic stimula-
tion. Epinephrine plays a much greater role outside
of the brain as a hormone, compared with its role
as a CNS neurotransmitter.
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Indoleamines

Serotonin (5-Hydroxytryptamine)

No other neurotransmitter is more closely asso-
ciated with modern neuropsychopharmacology
than serotonin. Also called 5-hydroxytryptamine
(5-HT), serotonin is found in many parts of the
body outside of the CNS, such as platelets and
mast cells. Only about 1% to 2% of the body’s
serotonin is located in the brain.

Serotonin is synthesized from tryptophan,
another essential amino acid that cannot be syn-
thesized in the body (Figure 4.6). Unlike the cat-
echolamines, levels of serotonin in the brain can be
significantly lowered with insufficient dietary tryp-
tophan (grains, meats, and dairy products are good
sources of tryptophan). In the pineal gland, there
are two additional enzymes that convert serotonin
to melatonin, the other indoleamine.

The location of the cell bodies and distribution
of the serotonin neurons are similar to that of the
catecholamines (Figure 4.7). The cell bodies are
relatively few in number (approximately 200,000)
and reside in the raphe nuclei in the brain stem. As
with NE, the serotonin neurons project to virtually
all areas of the brain.

Histamine

Histamine is not just for itching anymore.
Although histamine is released from mast cells as
part of an allergic reaction in the peripheral tissue,
in the brain it is involved in arousal and attention.
Most of the cell bodies start in the tuberomammil-
lary nucleus of the posterior hypothalamus, with

Tryptophan

Tryptophan
hydroxylase

5-Hydroxytryptophan
(5-HTP)

5-HTP
decarboxylase

5-Hydroxytryptamine
(serotonin, 5-HT)

FIGURE 4.6

The Neuroscience Model

As we all know, the serotonin neurons play
an important role in depression and anxiety
and are also implicated in the sleep-wake
cycle. Serotonin, as with the catecholamines,
is removed from the synaptic cleft by the
reuptake of the transmitter with the serotonin
transporter. It is the blockade of this process
that is believed to result in the therapeutic
effect of the commonly prescribed antide-
pressants. Although increasing the availability
of serotonin in the synaptic cleft has proven
therapeutic value for the treatment of depres-
sion, it remains unclear if insufficient sero-
tonin is part of the etiology of the disorder.

As prescribers, we are often struggling with
unintended sedation due to blocking of the
histamine neurons (antihistamines), for exam-
ple, tricyclic antidepressants (TCAs), clozap-
ine, and olanzapine. More recently, there
has been increased interest in activating the
histamine neurons as a treatment for fatigue.
Modafinil, the only agent in the class, indi-
rectly activates the histamine neurons and
has been used successfully as a treatment for
narcolepsy, excessive sleepiness, and ADHD.

COCH

©j— CH,CHNH,

N

COOH

Ho—©j— CH,CHNH,

N

Ho—©j— CH,CH,NH,

N

Serotonin synthesis.
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To hippocampus

The serotonergic system. The cluster of raphe nuclei along

the brainstem has projections to most of the brain and spinal cord. These
neurons play an important role in the mood, anxiety, and sleep-wake cycle.

sparse but widespread projections to all regions of
the brain and spinal cord. When animals are alert,
the histamine neurons are active. Histamine neu-
rons are quiet when animals are sleeping.

Acetylcholine

In the 1920s, acetylcholine (ACh) was the first
molecule to be identified as a neurotransmitter
(Figure 1.6). ACh is the only small molecule trans-
mitter that is not an amino acid or directly derived
from one. ACh is actually not a monoamine but is
often grouped with these neurotransmitters due to
similar size and distribution.

ACh plays a prominent role in the peripheral
ANS and is the neurotransmitter at the neuromus-
cular junction. Its relative ease of accessibility out-
side the cranium is one reason it was discovered
first. The neurons in the CNS arise from cell bod-
ies in the brain stem and forebrain with prominent
projects to the cortex and hippocampus. These lat-
ter projections to the hippocampus are involved
with learning and memory and are disrupted in
Alzheimer’s disease.

NEUROPEPTIDES

In the late 1960s and early 1970s, it was established
that many peptides initially discovered in the body,
for example, gut and heart, are also produced and
are active in the brain. This is another example of the
parsimonious evolution of neurotransmitters: The
same transmitter has different functions in various
organs or brain regions depending on its location.

ACh is also synthesized in interneurons in
the CNS. In the striatum, the ACh neurons
balance the dopaminergic input from the
substantia nigra to coordinate extrapyrami-
dal motor control. Disruption of this balance
with DA-blocking antipsychotic agents can
result in extrapyramidal side effects. The
anticholinergic agents are administered to
restore the ACh/DA balance and allow nor-
mal movement.

POINT OF INTEREST

Henry Dale, who shared the 1936 Nobel
Prize with Otto Loewi, started the convention
of identifying neurons by the neurotransmit-
ter they release, for example, “adrenergic”
and “cholinergic.” This was based on Dale’s
belief that a neuron can synthesize just one
neurotransmitter. We now know that neurons
can release different transmitters with oppos-
ing functions, for example, the excitatory
ACh and inhibitory glycine have been found
in the same neuron. Furthermore, small mol-
ecule neurotransmitters such as those dis-
cussed in the preceding text often inhabit the
same neuron with neuropeptides—referred
to as colocalization.
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Neuropeptides such as adrenocorticotropic
hormone, luteinizing hormone, somatostatin, and
vasopressin (to name a few) have important endo-
crine functions in the body, such as the regulation
of reproduction, growth, water intake, salt metabo-
lism, and temperature control. In the last 30 years,
it has been established that these same peptides are
synthesized in the nerve cells and have effects on
behaviors such as learning, attachment, mood, and
anxiety. This has generated tremendous interest in
further analysis of the effects of these neuroactive
peptides on behavior. Table 4.1 gives examples of
neuropeptides from the five classes.

The neuropeptides are small chains of amino
acids (Figure 4.1) and are considerably larger than
the classic neurotransmitters. Furthermore, the
formation, release, and inactivation of the neu-
ropeptides differ from that of the monoamines.
Figure 4.8 shows the life of a neuropeptide in rela-
tion to a classic neurotransmitter. Peptides must
be transcribed from mRNA on the ribosomes of
the endoplasmic reticulum. Initially, the peptide
is a large propeptide precursor, which is cleaved
into an active neuropeptide as it is moved from

The Five Classes of Neuropeptides
and Some Examples

Peptide Class Example

Substance P
Cholecystokinin
Galanin

Adrenocorticotropic
hormone
Luteinizing hormone

Oxytocin
Vasopressin

Corticotropin-releasing
factor

Gonadotropin-releasing
hormone

Thyrotropin-releasing
hormone

Somatostatin
B-Endorphin
Enkephalins
Angiotensin
Bradykinin

Gut-brain peptides

Pituitary peptides

Hypothalamic releasing
peptides

Opioid peptides

Other peptides

The Neuroscience Model

POINT OF INTEREST

In some cases, the neuropeptides travel
relatively long distances from their release
to a receptor. This begs the question: Are
they transmitters or hormones? Further com-
plicating our understanding of the role of
neuropeptides, it has been shown that they
do not always evoke an action potential.
They can play a gentle role—often called
modulation—in facilitating or enhancing the
effects elicited by the classic neurotrans-
mitters, and they are often stored in the
same neuron as 5-HT, NE, or DA. It appears
that neuropeptides act as transmitters, hor-
mones, or modulators depending on the tis-
sue, synapse, and frequency of stimulation.

the Golgi apparatus into large dense core vesicles
that are stored at the terminal bud of the neuron.
Unlike the monoamines, neuropeptides are not
recycled by the neuron, but rather are broken down
by degradative enzymes (peptidases) on the recep-
tor membrane.

UNCONVENTIONAL
NEUROTRANSMITTERS

It would be foolish to think that we have discov-
ered all the neurotransmitters—or even all the
transmitter classes. For example, two unconven-
tional neurotransmitters (nitric oxide [NO] and
the endocannabinoids) are being studied that are
expanding our understanding of how the brain
communicates and what constitutes being a
neurotransmitter.

Gases

Most commonly associated with erectile
dysfunction, NO is a gas that is formed in glu-
tamate neurons when arginine is converted into
citrulline and NO. NO has the ability to diffuse
(without obstruction) out of the originating cell,
through the extracellular medium and into any
neighboring cell that it meets. NO converts gua-
nosine triphosphate (GTP) into cyclic guanosine
monophosphate (cGMP), which acts as a sec-
ond messenger. Cells containing the NO syn-
thase (the enzyme that creates NO) constitute
only approximately 1% of neuronal cells in the
brain, but reach out so extensively that nearly
every cell in the brain may encounter NO. It is
hard to imagine this gas as a neurotransmitter in
the traditional sense if for no other reason than
that it cannot be stored in vesicles awaiting the
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appropriate signal to be released. But NO does
send a message to the neighboring cells that sig-
nals an increase in activity—almost like turning
the porch lights on shows our neighbors that we
are home.

((~,
J

Degradation

Comparison of classic neurotransmitters and neuropeptides.

Endocannabinoids

The journey from recognizing an effect of a
substance on behavior to identifying the endog-
enous substrate and receptor is a common and
fascinating story. Reserpine and the monoamines,
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Since the serendipitous discovery in the 1950s
that patients treated for tuberculosis with an
agent that inhibited MAO showed improve-
ment in mood, there has been an explosion in
the manipulation of monoamines as treatment
for depression and anxiety: TCAs, selec-
tive serotonin reuptake inhibitors, and so on.
Although this has resulted in incalculable relief
for millions of patients, the newer medications
are in many ways just refinements of the origi-
nal concept. They all increase the monoamines
in the synaptic cleft. The neuropeptides offer
the possibility of a unique mechanism for the
treatment of psychiatric disorders.

as well as morphine and the enkephalins, are two
well-known examples of this process. Marijuana
and the endocannabinoids are the latest in this his-
tory of searching for the mechanisms to explain an
effect. The main active compound of marijuana is
AS-tetrahydrocannabinol, which binds to the can-
nabinoid receptor type 1 (CB,) and causes the
well-known euphoria, calm, distorted cognition,
and “munchies.” Following the discovery of the
receptor, there was an active search for the natu-
rally occurring neurotransmitter that activates the
receptor. Subsequently, the endogenous cannabi-
noids, called endocannabinoids, were identified.

The CB; is widely expressed throughout the
brain on presynaptic terminals. The endocannabi-
noids are retrograde messengers residing in the
postsynaptic neuron. When released, they diffuse
back across the synaptic space. When coupled with
a CB; receptor, the endocannabinoids inhibit the
release of the presynaptic neurotransmitter. This
simple description explains the calming effect of
marijuana—it reduces neural activity.

There is considerable interest in the therapeu-
tic effects of pharmacological manipulation of
various components of the endocannabinoid sig-
naling pathways. The issue of medical marijuana
highlights the potential benefits of activating the
CB; receptor for pain, nausea, and glaucoma. But
this is also not without potential CNS problems,

The Neuroscience Model

Several pharmaceutical companies are
investigating neuropeptide systems as novel
therapeutic targets for depression, anxiety,
and pain. Unfortunately, none have come to
the market and some have been withdrawn
from investigation. The problem may be that
the desired effects are only mild and are not
robust enough to justify seeking full FDA
approval. This may reflect the modulating role
that neuropeptides have in the CNS. Addition-
ally, the blood has circulating peptidases that
degrade neuropeptides delivered orally or
even intravenously.

DISORDERS

The question remains: What effect does NO
have on behavior and mental disorders?
Little is known about this, but NO may be
involved with aggression and sexual behav-
ior, as well as migraine headaches. Knockout
mice, bred without NO synthase, are extraor-
dinarily aggressive and sexual, although their
behavior is mediated by testosterone and
absent in females. These findings suggest
that NO may restrain aggressive and sexual
behavior. It is worth noting that the medica-
tions for erectile dysfunction have not been
associated with any adverse effects on men-
tal function. This may be due to the inability
of these medications in their current form to
cross the blood-brain barrier.

for example, psychosis and depression. Likewise,
blocking the CB, receptor offers an alternative
array of potential benefits. For a short time, CB;
receptor blockers (antagonists) were available in
Europe to treat obesity and smoking cessation but
were eventually removed due to psychiatric com-
plications. Medications that enhance or reduce the
endocannabinoids will likely continue to be devel-
oped as this neurotransmitter has such potential.



QUESTIONS

1.

Which is an indoleamine?
a. DA.

b. NE.

¢. Melatonin.

d. Aspartate.

. Which pathway is believed to result in the

negative symptoms of schizophrenia?
a. Nigrostriatal.

b. Mesocortical.

¢. Mesolimbic.

d. Tuberoinfundibular.

Which pathway mediates prolactin?
a. Nigrostriatal.

b. Mesocortical.

¢. Mesolimbic.

d. Tuberoinfundibular.

. The cell bodies of the NE neurons are located

in the locus coeruleus and the

a. Medullary reticular formation.
b. Raphe nuclei.

¢. Arcuate nucleus.

d. Tuberomammillary nucleus.
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. Most of the cell bodies for histamine neurons

reside in the

a. Medullary reticular formation.
b. Raphe nuclei.

c. Arcuate nucleus.

d. Tuberomammillary nucleus.

. Which statement is not true regarding NO?

a. Itis quickly degraded.

b. It converts GTP into cGMP.

c. It is stored in dense core vesicles.
d. It is formed from arginine.

. All of the following are neuropeptides except

a. Cannabinoid peptides.

b. Pituitary peptides.

¢. Opioid peptides.

d. Hypothalamic releasing peptides.

. The most common neurotransmitter in the

brain is

a. Serotonin.
b. DA.

c. GABA.

d. Glutamate.

See Answers section at the end of the book.



CHAPTER B

Receptors and Signaling

the Nucleus

INTRODUCTION

In this chapter, we continue a discussion about
events at the cellular level and explore what hap-
pens at receptors after neurotransmitters make
contact.

Electrochemical communication continues at
the receptor on the postsynaptic membrane. With-
out a receptor, the neurotransmitter is like a tree
falling in the woods with no one to hear it. The
binding of the neurotransmitter with the receptor
initiates a series of events that change the postsyn-
aptic cell in some way. Receptors are protein units
embedded in the lipid layer of the cell membrane.
There are two basic types of receptors activated by
neurotransmitters (more on this below), and the
response generated depends on what type of recep-
tor is engaged.

Agonists and Antagonists

Most neuropsychiatric medications work their
magic by enhancing or limiting the effects of
the neurotransmitter at the receptor. Figure 5.1
shows a schematic representation of a receptor,
a neurotransmitter, and the opposing effects of
contrasting medications. Pharmacologists and
neuroscientists use the terms ligand, agonist, and
antagonists, but in this book we also use the more
self-explanatory terms such as transmitter, drug/
medication, stimulate, and block.

FAST RECEPTORS: CHEMICAL

There are two basic types of receptors for neu-
rotransmitters. The one we usually think of is
shown in Figure 5.1—an ion channel (also called
transmitter-gated ion channel). A neurotransmitter
or medication stimulates the opening of the pore
inside the receptor and ions rapidly flow into the
cell. Receptors that allow the entry of positive
ions such as Na* or Ca? result in an excitatory
postsynaptic potential (EPSP). Acetylcholine
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(ACh) and glutamate result in such activation and
are considered excitatory.

Receptors permeable to negative ions, such as
ClI, will result in inhibitory postsynaptic poten-
tials. y-Aminobutyric acid (GABA) and glycine,
both considered inhibitory, cause this kind of
activation. The essential point regarding these
transmitter-gated ion channels is that they are fast.
These receptors are magnificent little machines
that rapidly allow the entry of large currents with
great precision. The ions pour into the cell and the
signal from the proceeding neuron, whether excit-
atory or inhibitory, is quickly propagated along
the membrane of the target cell. As we reviewed
in Chapter 3, an action potential is only gener-
ated if enough EPSPs bring the resting potential
of the postsynaptic cell above the threshold at the
axon hillock.

Amino Acid Receptors

The amino acid receptors mediate most of the fast
transmitter-gated channels in the brain. The two
prominent ones are glutamate and GABA, which
are reviewed in the subsequent text.

POINT OF INTEREST

The receptors, unlike the transmitter, come
in a variety of styles—a relationship that is
much like feet and shoes. You only have
two feet, but many shoes. Serotonin is
one example: there are 14 different recep-
tor subtypes for this one neurotransmitter.
Some receptors are categorized as different
classes, whereas others are just different
subtypes within a class. It is not entirely clear
why some differences constitute a new class
and others just warrant a new subtype. Most
likely a committee decided.
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Exogenous ligands

Agonist )
Antagonist

I\/Iedlcatlon

1T

FIGURE 5.1

An unbound receptor in closed state (A). A natural ligand (neurotransmitter)

stimulates the receptor, which then opens to allow entry of ions (B). Medication simulates the action
of the natural ligand and the receptor opens (C). An antagonist blocks the action of the ligand so the

receptor cannot be opened (D).

Glutamate
There are three prominent glutamate recep-
tors: N-methyl-d-aspartate (NMDA), o-amino-3-
hydroxy-5-methyl-4-isoxazole propionate (AMPA),
and kainate, each with several subtypes. They are
named after the artificial agonist that selectively
activates them. For example, NMDA activates the
NMDA receptor, but not the AMPA or kainate
receptors. NMDA and AMPA constitute the bulk
of fast excitatory synaptic transmission in the brain.
The role of kainate is not clearly understood.

Both NMDA and AMPA receptors, which
often coexist on the same postsynaptic receptor,
allow the rapid entry of Na* into the cell (and the

Glutamate © Caz

Mg?* Mg?*

NMDA
receptor

AMPA
receptor

NMDA
receptor

simultaneous exit of K*) that generates the depolar-
ization of the postsynaptic cell. NMDA receptors
are unique in that they also allow the entry of Ca?*
that can act as a second messenger inside the cell.
This can have a profound impact on the cell result-
ing in lasting changes, as will be shown at the end
of this chapter when we discuss long-term memory.

The NMDA receptor is further unique in that
it requires both the glutamate transmitter and a
change in the voltage to open before it will allow
the entry of Na* and Ca?*. This property is due to
the presence of Mg?* ions, which clog the NMDA
receptor at resting voltage. Figure 5.2 shows how
the AMPA receptor works in conjunction with

o

Glutamate

AMPA
receptor 1gceptor

Glutamate
receptors
0
-20
mV' 40
-60
-80
FIGURE 5.2

A. A postsynaptic glutamate terminal with both receptors closed. B. The presence of

glutamate transmitters opens the AMPA receptor but not the NMDA receptor. C. When the voltage in the

postsynaptic neuron gets above —35 mV, the magnesium ion blocking the receptor falls off and Na* as well as
Ca?* ions pour into the cell. AMPA, o-amino-3-hydroxy-5-methyl-4-isoxazole propionate; NMDA, N-methyl-p-
aspartate.
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the NMDA receptor to depolarize the cell and
bring Ca?* into the cell. This property has a sig-
nificant impact on the capacity of the neurons to
change.

The glutamate receptor is increasingly being
explored as a novel target for psychiatric con-
ditions. Preliminary studies have shown that
a single 1V injection of ketamine (an NMDA
antagonist) can rapidly and temporarily reduce
depression. With schizophrenia, glutamate has
long been suspected as a possible culprit, and Eli
Lilly is conducting clinical trials with a medica-
tion that reduces glutamate release. Figure 15.3
shows the benefits of a partial NMDA ago-
nist that, in conjunction with exposure therapy,
reduces fear.

y-Aminobutyric Acid

GABA and glycine are the primary inhibitory
neurons in the brain; inhibition is a process that
must be tightly regulated. Too much inhibition
causes the brain to slow down—even lose con-
sciousness. Not enough inhibition and the elec-
trical activity can get out of control—evoke a
seizure. GABA is the most common inhibitory
receptor.

The GABA receptor is made up of five protein
subunits, which vary for different subclasses of
the receptor. The GABA, receptor (Figure 5.3) is
the focus of much pharmacological interest. There
are several other sites on the GABA, receptor
where chemicals can modulate its function. For
example, barbiturates and benzodiazepines have
their own distinct sites on the GABA receptor.
These medications by themselves do not open the
GABA channel, but they can enhance the strength
or frequency of the opening. Benzodiazepines plus

Barbiturate

=

Benzodiazepine

Y

4
GABA, receptor

FIGURE 5.3 The GABA receptor showing other
drugs that can modify and enhance the inhibitory
effect of these receptors. GABA, y-aminobutyric acid.

The Neuroscience Model

GABA results in more CI- entering the cell and a
greater inhibitory effect.

Ethanol is another popular drug that enhances
the function of the GABA receptor. Long-term
use of ethanol decreases the expression of the
GABA receptor, which may explain the tolerance
that develops with alcoholism. Whether the recep-
tor alterations contribute to the propensity for
seizures when the alcohol is withdrawn remains
unclear.

The steroid hormones can also modulate GABA
receptors (sometimes called neurosteroids when
they have effects on neurons) (see Figure 6.1).
This may explain the psychiatric symptoms that
develop at times when the sex hormones are
reduced, for example, premenstrual syndrome,
menopause, and chemical castration for men.
Additionally researchers have found that some
steroid hormone levels drop in patients who panic
during an attack. Others have shown that medica-
tions such as olanzapine and fluoxetine—known
to decrease anxiety—increase steroid hormone
levels.

SLOW RECEPTORS: METABOLIC
Starting in the 1950s, researchers teased out the
details of a second type of receptor—one that
activates a cascade of biochemical events in the
cytosol of the receptor cell that ultimately modi-
fies the function of target proteins or the DNA.
This type of receptor, called a G-protein—coupled
receptor, is perhaps even more relevant to the
effect of psychiatric medications than the trans-
mitter-gated ion channel. G-protein is the short
form for guanosine triphosphate-binding protein.
Although there are many types of G-protein—
coupled receptors, the basic style involves three
steps:

1. A neurotransmitter binds to the receptor.

2. The receptor activates the G-protein, which
moves along the intracellular membrane.

3. The G-protein activates the “effector” protein.

The activated “effector” protein can have a vari-
ety of functions including just opening traditional
ion channels (not shown). However, the more inter-
esting effector proteins are enzymes that trigger a
process called a secondary messenger cascade
(Figure 5.4). The neurotransmitter activates the
G-protein, which slides along the membrane and
stimulates the effector protein. The activated effec-
tor protein then converts adenosine triphosphate
into cyclic adenosine monophosphate (CAMP):
the secondary messenger, which will diffuse away
into the cytosol where it can change the neuronal
operations. With the exception of serotonin type
3 receptor (5-hydroxytryptamine3 [5-HT3]), all
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m ANTIEPILEPTIC DRUGS

The background about inhibitory and excit-
atory receptors helps one understand the
major mechanisms of action of the antiepileptic
drugs (AEDs). The goal of treatment with these
medications is to modify the aberrant burst-
ing properties, synchronization, and spread of
abnormal firing without affecting ordinary elec-
trical activity. These effects, although intended
to control seizure disorders, have wide-ranging
applications to other neuropsychiatric disor-
ders such as bipolar affective disorder, anxiety,
pain, and alcohol dependence, to name a few.

The major effects of the well-known AEDs
fall into three categories and are shown in the
table below. The first involves the voltage-
gated sodium channel discussed in Chapter 3.
Remember that these are the pores that
allow rapid entry of sodium into the cell to
propagate the action potential along the axon.
Modulation of these channels is believed to
account for some of the effectiveness of sev-
eral AEDs. The second category involves the
voltage-gated calcium channels, which are
located on the terminals of the neuron and
instigate the release of neurotransmitters into
the synaptic cleft. Blockade of these channels
decreases the neurotransmitter release and
ultimately decreases excitability.

The final mechanism of action involves the
GABA receptor and increasing inhibition, for

the monoamine receptors belong to the G-protein—
coupled family—which means that most psychi-
atric medications deliver their punch through sec-
ondary messengers.

POINT OF INTEREST

Autoreceptors reside on the cell body or ter-
minal of the presynaptic neuron. They sense
the presence of the neurotransmitter and
provide negative feedback to the neuron.
That is, if too much of the neurotransmitter
is present, these receptors activate a second
messenger and turn off further release of the
neurotransmitter—and in some cases reduce
synthesis of the neurotransmitter. The figure
shows an example of this type of receptor
using the 5-HT,4 (anxiety-related) and 5-HTp
(migraine-related) receptors. Similar autore-
ceptors are known for other transmitters such
as dopamine and norepinephrine. Blocking
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example, barbiturates and benzodiazepines
as mentioned above. Additionally, valproate
and gabapentin increase GABA synthesis
and turnover, with the net effect of increased
activity of these inhibitory neurons. It is easy
to understand the rationale for trying medi-
cations with different mechanisms of action
when one medication fails to control the
disorder.

The Mechanisms of Action for Some
of the Well-Known Antiepileptic
Drugs

Sodium  Calcium
Channels Channels GABA
> > System
Phenytoin X — —
Carbamazepine X — —
Lamotrigine X X —
Valproate X X T turnover
Gabapentin — X T turnover
Phenobarbital — X X
Benzodiazepines — — X

GABA, y-aminobutyric acid.

Serotonin Receptors

The original discovery of the serotonin receptor led
to two subtypes: 5-HT1 and 5-HT2. Further dis-
coveries, especially the application of molecular

these specific receptors may provide unique
ways to alleviate specific symptoms.
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Neurotransmitter

Receptor

The Neuroscience Model

Effector
protein

G-protein

Effector
protein

ATP CAMP

Protein
kinase A

FIGURE 5.4 The initiation of the second messenger cascade starts with a
neurotransmitter binding with the G-protein receptor and ends with the conversion of ATP
into cAMP. ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; GTP,
guanosine triphosphate; GDP, guanosine diphosphate.

cloning techniques, has resulted in multiple subdi-
visions of these two receptors and the addition of
several more for a total of 14. Although the pros-
pect of activating or blocking the various receptors
for further refinement of psychopharmacologic
treatment is an enticing possibility, the clinical
results with a few exceptions have been limited.
The 5-HT; receptors make up the largest sub-
type with 5-HT;s, 5-HTys, 5-HTyp, 5-HTye, and
5-HT. 5-HTa has received the most interest
and seems to play a prominent role in depres-
sion and anxiety. It is an autoreceptor on the cell
body. Stimulation of this receptor reduces cell
firing and curtails the release of serotonin. How
this would improve mood is unclear, but blocking

this receptor has decreased the effectiveness of
tricyclic antidepressants in rat models of depres-
sion. The anxiolytic buspirone (Buspar) is a partial
5-HT,a agonist, which suggests that 5-HT,, has
some role in anxiety. The development and distri-
bution of buspirone is an example of how a specific
serotonin receptor is targeted for the development
of a medication.

The 5-HTyp receptor is also an autoreceptor
but is located on the nerve terminal at the synapse.
Here it appears to function to sense the serotonin
in the synaptic cleft and turn off release of more
serotonin when stimulated. The 5-HTy, receptor
is stimulated by the antimigraine drug sumatriptan
(Imitrex), although the importance of this effect in
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the overall efficacy of the medication is unclear.
Some researchers are exploring the effectiveness
of a 5-HTp receptor antagonist for the treatment of
depression. The goal is to block the negative feed-
back mediated through the 5-HT ;5 receptor so that
more serotonin is released into the synapse.

Some other important serotonin receptors
for the psychiatrist are 5-HT,, and 5-HT,.. The
5-HT,a receptor has been identified as playing
an important role in the “atypicalness” of the
second-generation antipsychotic agents (clozap-
ine, risperidone, and olanzapine). These newer
agents have a greater capacity to block 5-HT,a
than the traditional agents such as haloperi-
dol, and it is speculated that this results in the
observed decrease in extrapyramidal symptom
(EPS) and mediation of the negative symptoms
of schizophrenia.

Dopamine Receptors

The dopamine receptors are involved in a wide
range of functions including locomotion, cogni-
tion, psychosis, and even neuroendocrine secre-
tion. It became clear after 1979 that there was
more than one dopamine receptor: D, and D,. More
recently with molecular cloning they have identi-
fied three more receptors: D,, D,, and D,. The D,
and D, receptors are “D,-like” and the D, recep-
tor is “D,-like.” However, the D, and D, receptors
remain the most important.

“D,-like” = D, and D,
“D,-like” =D,, D,and D,

The D, and D, receptors have been distin-
guished by their differing affinity for binding with
traditional antipsychotic agents such as haloperi-
dol: The D, receptor has high affinity, whereas
the D, receptor has low affinity. Increased D,
receptor antagonism correlates with the thera-
peutic efficacy and EPS side effect with the tra-
ditional antipsychotics. There is great interest in
the “D,-like” receptors (D, and D,) as possible
alternative sites for therapeutic potentiation with
antipsychotic agents, but as yet these receptors
have failed to translate into clinically significant
benefits.

The psychostimulants (cocaine, amphetamine,
and methylphenidate) work in part by blocking the
reuptake of dopamine and leaving more dopamine
in the synapse to stimulate the dopamine receptors.
The effects are increased energy, improved cogni-
tion, and even psychosis. The effects on reward
and cognition seem to be more prominently medi-
ated by the D, receptor. Augmenting D, and D,
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receptors (agonists) is the mainstay of treatment
for Parkinson’s disease.

Adrenergic Receptors

The adrenergic receptors are divided into three
main subtypes o, o,, and B. Each one of these
has three subtypes: o, Ol1p, Cl1d, Ol2a, @Nd SO ON. We
focus on the three main subtypes. The o receptor
is believed to play a role in smooth muscle con-
traction and has been implicated in effecting blood
pressure, nasal congestion, and prostate function.
Although widely expressed in the central nervous
system (CNS), the central role of the ol receptor
remains to be determined; locomotor activation
and arousal have been suggested by some studies.
Stimulation of the a1 receptor may synergistically
increase the activity of the serotonin neurons in
the raphe nucleus, although stimulation of the o,
receptor may have just the opposite effect.

The o, receptor subtypes in the CNS inhibit
the firing of the norepinephrine neurons through
autoreceptors. This mechanism of action is
believed to mediate the sedative and hypotensive
effects of the o, receptor agonist clonidine. Addi-
tionally, stimulation of the o, receptors decreases
sympathetic activity that may explain the thera-
peutic utility of clonidine for suppressing the
heightened sympathetic state for patients in opi-
ate withdrawal.

The B receptor subtypes are more famous for
their part in slowing cardiac rhythm and lowering
blood pressure. The functions of the 3 receptors in
the CNS, although widely distributed, are not well
understood. It is not uncommon to use a 3 blocker,
for example, propranolol, for treating perfor-
mance anxiety or antipsychotic-induced akathisia.
Whether these benefits come from a central or
peripheral blockage of the [ receptor, or both, is
not known.

Histamine Receptors
There are now four histamine receptors although
H, is predominately in the periphery and only
recently discovered. The H; receptor is the target
for the classic antihistamines, which highlights its
role in sedation and conversely arousal. Of great
interest to psychiatrists is the role of H; in weight
gain. Recent analysis has shown that the potential
to gain weight with antipsychotic agents corre-
lates with the antagonism for the H; receptor, for
example, clozapine and olanzapine have the most
affinity for weight gain, whereas aripiprazole and
ziprasidone have the least.

The H, receptor is more traditionally associated
with the gut. Blockade of the H, receptor has been
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a widely used treatment for peptic ulcer disease.
The H; receptor functions as an inhibitory receptor
on the histamine neurons as well as other nonhis-
tamine nerve terminals. The role of this receptor is
not clearly understood, but it may be involved in
appetite, arousal, and cognition.

Cholinergic Receptors

It was with the cholinergic receptor that scien-
tists first realized that one neurotransmitter (ACh)
could have different receptors. The initial subtypes
were identified and named after the drug that dis-
tinguished its effect. For example, nicotine will
stimulate cholinergic receptors in skeletal muscle,
but not in the heart. Conversely, muscarine will
stimulate the heart, but has no effect on skeletal
muscle. Therefore, the two receptors can be identi-
fied by the actions of different drugs and the recep-
tors were named after those drugs: nicotinic and
muscarinic. Unfortunately, it has been hard to find
a drug with unique action on each receptor sub-
type, so we are stuck with designations such as 1A
and 2B.

Many more subtypes of the nicotinic and musca-
rinic receptors have been identified since the early
days of receptor delineation, but the significance of
these various subtypes for the psychiatrist remains
obscure. Clearly, ACh is important in cognition
and memory as noted by the benefits of inhibiting
acetylcholinesterase as a treatment for Alzheimer’s
disease. Likewise, the blockage of the muscarinic
receptor by tricyclic antidepressants and antipsy-
chotic medications results in troublesome dry
mouth, constipation, and urinary hesitancy (which
we generically call the anticholinergic side effects).
However, the importance of one receptor subtype
over another has not been shown.

Myasthenia gravis is an autoimmune disease
in which the body produces antibodies to the
nicotinic ACh receptor. Patients complain
of weakness and fatigue in the voluntary
muscles resulting from the interruption of the
chemical signal at the neuromuscular junc-
tion. Muscarinic receptors in the heart and
CNS are unaffected.

ACh, unlike the monoamines, is cleared
from the synaptic cleft by an enzyme, ace-
tylcholinesterase. One treatment for myas-
thenia gravis is with the acetylcholinesterase
inhibitors such as edrophonium (Tensilon)
that prolong the life of the released ACh.

The Neuroscience Model

SIGNALING THE NUCLEUS

After the neurotransmitter has stimulated the
G-protein to slide across the membrane and acti-
vate an enzyme (which is the case with most of
the catecholamines), a cascade of events with
second messengers transpires to modify neuro-
nal function. Neurons use many different second
messengers as signals within the cytosol—two
of which we have discussed: Ca? and cAMP.
The secondary messengers regulate neuronal
function by activating enzymes that will add a
phosphate group (phosphorylation) to other pro-
teins in the cell. The protein kinases, of which
there are wide varieties, are the enzymes that
add a phosphate group to other proteins. Protein
kinase A and calcium/calmodulin protein kinase
are two examples of this type of enzyme. Once
proteins are phosphorylated, they are “turned
on” and can execute a broad range of cellular
functions such as regulating enzyme activity or
ion channels.

Additionally, the protein kinases can induce
our two favorite words—gene expression. The
protein kinases can “turn on” the DNA and start
the synthesis of messenger ribonucleic acid.
This process takes longer but can have large and
relatively stable effects on the cell, for example,
upregulation of receptors or the production of
growth factor proteins. Figure 5.5 shows an exam-
ple of how two different types of receptors—a
G-protein—coupled receptor and a transmitter-
gated ion channel—can activate a second mes-
senger that will stimulate the production of new
proteins.

LONG-TERM POTENTIATION:

A SUMMARY EXAMPLE

Understanding long-term potentiation (LTP) is a
way to apply what has been discussed in the past
few chapters to a topic of great relevance to neuro-
science: learning and memory. LTP is a laboratory
example of learning that was discovered acciden-
tally. As we have seen, applying a single stimulus
to a neuron generates an excitatory impulse (EPSP)
in the cell. Applying high-frequency stimuli—
hundreds of impulses within a second—generates
a higher EPSP in the cell. What was found acci-
dentally was that once a neuron has been exposed
to high-frequency stimulation, something changes,
and now a single stimulus will generate a high
EPSP. This sort of change has been shown to last
for several months if not longer. Figure 5.6 shows
these three steps.
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Signaling the nucleus. The neurotransmitters stimulate a cascade of

events that ultimately leads to activation of the DNA (gene expression) and the synthesis of
proteins that can modify the function of the cell. ATP, adenosine triphosphate; cAMP, cyclic
adenosine monophosphate; CaMK, calcium/calmodulin protein kinase; CREB, cyclic adenosine
monophosphate response element binding; mRNA, messenger ribonucleic acid.

LTP sounds like one of those topics that neuro-
scientists discuss ad nauseam, but which has little
relevance to practicing clinicians. Oh contraire!
LTP is a demonstration—although artificial—that
neurons can incorporate lasting changes, which
is an essential step to developing memories and
skills. And what is life without memories? Unfor-
tunately, some people are haunted by memories.
LTP is an example, at the cellular level, of what

may happen for people who experience over-
whelming trauma and develop posttraumatic
stress disorder.

Furthermore, the changes brought about with
LTP can be analyzed at the molecular level.
Researchers have shown that both glutamate recep-
tors (NMDA and AMPA) must be operational for
the process to work. Likewise others have shown
that calcium (a second messenger) and the kinases
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Long-term potentiation. In (A) the neuron receives a single stimulus that generates a small

impulse in the cell body. In (B) a high-frequency stimulus generates a big response in the cell body. This
process changes something in the cell, and following this high-frequency testing, the original single stimulus

(C) generates a big response in the cell body.

are required for LTP. Of even greater interest is the
demonstration that protein synthesis (gene expres-
sion!) is an essential part of the development of
LTP. All the processes shown in Figure 5.5 are
involved in LTP.

What happens inside the cell with the induction
of LTP? Clearly there is some strengthening of the
connection between the two cells that are commu-
nicating when LTP occurs. Figure 5.7 depicts the
events that transpire when the presynaptic cell is
hyperstimulated, the postsynaptic cell signals its
nucleus, and the connection between the two cells
is enhanced by the insertion of more glutamate
receptors. Additional evidence has shown that
a retrograde signal such as nitric oxide diffuses

back across the synaptic cleft and induces the
presynaptic neuron to release more transmitters.
The combined result is increased sensitivity and
responsiveness at the synapse: more transmitters
and more receptors resulting in a stronger signal.
Amazingly, the structural changes to the syn-
apse can actually be seen under the right experi-
mental circumstances. Engert and Bonhoeffer
filled neurons from the hippocampus with fluo-
rescent dye and then induced LTP. They captured
the development of new spines on the postsynaptic
dendrite as shown in Figure 5.8. This research is
consistent with other data that suggest that the
development of spines is possibly the structural
manifestation of learning and memory.
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FIGURE 5.7 LTP inducing a change at the synapse. A. Hyperstimulation of the presynaptic neuron. B. The
NMDA and AMPA receptors open, allowing the entry of the second messenger, calcium, which signals the
nucleus to synthesize more receptors. C. The new AMPA receptors are inserted into the membrane, which

has the effect of increasing the cell’s responsiveness to future stimulation. LTP, long-term potentiation; NMDA,
N-methyl-p-aspartate; AMPA, o-amino-3-hydroxy-5-methyl-4-isoxazole propionate.

TRANSCRANIAL LTP demonstrates that. electrice}l, molecular,

MAGNETIC and str_uctyral char}ges are involved in the process

STIMULATION of storing information. Itis a small I_eap to conclude

} ) that highly charged events in our lives—the emo-

LTP has not been established in humans for tional equivalent of high-frequency stimulation—

obvious ethical reasons. Repetitive transcra- leave enduring changes to neuronal connections in
nial magnetic stimulation offers a possible a manner similar to LTP.

noninvasive method of stimulating conscious
human subjects that can mimic the effects of
LTP. The prospect of inducing long-lasting
changes to the human cortex through non-
invasive stimulation offers the prospect of a
new kind of treatment applicable to a wide
range of mental disorders.

Preliminary studies have demonstrated
changes in motor skills consistent with f
changes seen with LTP when subjects
receive continuous stimulation at the motor
cortex. The changes lasted up to 60 minutes A Spines before LTP B Spines 1 hour after LTP
beyond the period of stimulation. Although
the utility of a change lasting only 60 min-
utes is of little clinical value, the prospect

FIGURE 5.8 With the induction of LTP in
neurons from the hippocampus, new spines
developed on the dendrite within an hour as shown

of altering the function of the cortex without by the arrows. LTP, long-term potentiation. (Adapted
breaching the blood-brain barrier is an excit- from Engert F, Bonhoeffer T. Dendritic spine changes
ing possibility. associated with hippocampal long-term synaptic

plasticity. Nature. 1999;399(6731):66-70.)
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QUESTIONS
1. Which equation is correct?
a. Antagonist = stimulate.
b. Agonist = block.
c. Agonist = transmitter.
d. Antagonist = endogenous ligand.
2. Which is not a glutamate receptor?
a. NMDA.
b. cAMP.
c. AMPA.
d. Kainate.
3. The strength of the GABA inhibitory signal is
enhanced by all of the following except
a. Ethanol.
b. Phenobarbital.
c¢. Carbamazepine.
d. Neurosteroids.
4. The AEDs exert their major effects through all

of the following except

a. Decreasing glutamate activity.

b. Modulation of the voltage-gated sodium
channels.

c. Blockade of the voltage-gated calcium
channels.

d. Increasing GABA activity.

. Which of the following is true?

a. Mg? is a common second messenger.

b. Most monoamine receptors are fast receptors.

c. Fast receptors typically lead to gene
expression.

d. Autoreceptors give negative feedback to the
neuron.

. Gene expression stimulated by a neurotrans-

mitter involves all of the following except
a. Phosphorylation.

b. Long-term potentiation.

c. Protein Kinases.

d. G-protein—coupled receptor.

. All of the following about LTP are true except

a. Enhanced EPSP.

b. Increased receptors.

¢. Gene expression.

d. Enhanced ligand binding.

. Which describes LTP best?

a. It was discovered by accident.

b. Neuroscientists love to pontificate on this
topic.

c. It is an example of learning.

d. All of the above.

See Answers section at the end of the book.
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oody Guthrie, the Depression-era folk singer
(“This Land Is Your Land”), developed
Huntington’s disease late in his thirties. The dis-
ease is an autosomal dominant neurodegenerative
disorder, which often is not expressed until middle
age. Woody’s son, Arlo Guthrie, who popularized
the Vietnam era song about Alice’s Restaurant, has
not developed the disorder as he did not inherit the
deviant gene from his father. Huntington’s disease
is an example of simple Mendelian genetics—one
dominant gene leads to the disorder. With other
simple Mendelian disorders, such as cystic fibrosis
and sickle cell disease, the affected individual must
inherit two recessive genes—one from each parent.
(Single gene changes with large effects.)
Unfortunately, the genetic patterns of the com-
mon psychiatric disorders are not this simple. As a
matter of fact, they remain incomprehensibly com-
plex. We have yet to find a gene or a set of genes that
can explain any major psychiatric disorder. Analysis
of the human genome has revealed that the genetic
mechanisms are more complex than we had imag-
ined. Furthermore, events from the environment
(toxins, abuse, isolation, etc.) can alter gene expres-
sion by changing the molecules around the DNA.
The genetics of mental illness remains a mystery.

HERITABILITY OF MENTAL

ILLNESS

There is no question that psychiatric disorders are
genetically linked. The twin and adoption studies
(Figure 1.1 and Table 1.1) show that behavioral
traits and mental illness run in families. The DNA
that puts individuals at risk for mental disorders
is passed from parent to child. Geneticists use the
term heritability, which they define as the propor-
tion of observed variance in a group of individuals
that can be explained by genetic variance. What
does that mean? Well, heritability (h?) of a trait

is the total proportion of the total variance that is
genetic (h? = V_/V,). Clear as mud. A better way to
understand heritability is shown in Table 6.1.
Kenneth Kendler created the scale in Table 6.1
to correlate heritability percentages with common
traits. Language and religion have zero genetic
influence. Asian babies raised by American fami-
lies speak English without an accent and vice versa.
At the other extreme of the scale is height. In the
absence of malnutrition or a pituitary tumor, height
is almost completely determined by the genes
inherited from the parents. Monozygotic twins
rarely differ in height by more than half an inch.
The heritability of psychiatric disorders is
placed next to this scale for comparison. We
cannot think of any psychiatric condition that
does not have some genetic influence. Even trau-
matic brain injury, which should be the result
of a random accident, is probably linked to
impulsive and risk-taking genes. The common

The comedian Steve Martin said, “Those
French...they have a different word for
EVERYTHING!!!” At times, it seems like genet-
icists are speaking French, only without the
passion. For example, gene is the term to
describe a unit of heredity—a portion of
DNA that codes for proteins or RNA. An
allele is one of two or more forms of the DNA
sequence for a gene. Such a gene is polymor-
phic. It gets worse. For example, the protein
catechol-O-methyltransferase has a common
polymorphism (Val158Met) at the chromo-
some 22q11.2. Ugh! We try to minimize the
jargon and stick to simple terms. Sacré bleu!

59
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Benchmarks for a Scale of Heritability for General Traits and Psychiatric

Disorders

Human Traits/Diseases Heritability (%) Heritability of Psychiatric Conditions

Language, religion 0

Myocardial infarct, breast cancer 20-40 Anxiety, depression, and eating disorders
Cholesterol, blood pressure 40-60 Alcohol and drug dependence

Weight, intelligence 60-80

Height 80-100 Schizophrenia, bipolar disorder, autism, and ADHD

ADHD, attention-deficit/hyperactivity disorder.

psychiatric disorders have moderate heritability,
while the serious mental disorders have strong
genetic components. The take-home message is
clear—mental disorders are influenced by genes,
although some more than others. But which genes
are causing the problems? First, a word about the
human genome.

HUMAN GENOME PROJECT

Genome is the term used to refer to the sum total
of genetic information in a particular organism.
The human genome is the entire DNA code con-
tained in the chromosomes in each nucleated cell.
The Human Genome Project was a large interna-
tional scientific study focused on sequencing the
nucleic acids (called base pairs) for the entire
human genome. It was the Manhattan Project for
biologists. They started in 1990 and completed the
project in 2003. Important findings included the
following:

— the human genome is made up of 3 billion
base pairs,

— less than 2% of the DNA codes for proteins,
and

— there are only approximately 23,000 protein-
coding genes.

Although it is hard to find an example in which
the Human Genome Project has advanced our
medical treatment, it certainly has transformed our
conceptualization of the storage of genetic infor-
mation. The most shocking aspect is that we have
so few protein-coding genes—ijust about 23,000.
This is a bit unsettling especially when one con-
siders that Caenorhabditis elegans (a flat worm
~1 mm in length) has about 20,000 protein-coding
genes. The governor of South Carolina seems so

much more intelligent than a flat worm, yet they
have about the same number of protein-coding
genes. How can this be? Clearly, there is more to
complexity than the total number of protein-coding
genes.

Protein-Coding Genes

For decades, the central dogma of biology pur-
ported that DNA makes RNA, which in turn makes
proteins. Here is the key point: it was presumed
that proteins orchestrate all the important functions
in a cell—regulatory, metabolic, structural, etc. So,
how can the governor of South Carolina and a flat
worm have roughly the same number of protein-
coding genes? The answer seems to be hidden in
the other 98% of the genome that is not coding
for proteins. This portion of the genome, which
has been called “junk DNA,” was presumed to be
useless, inert DNA that was only there to connect
the important sections together. In fact, the “junk
DNA” is more active and more important than
most people had imagined.

It’s an RNA World

A new respect for the “junk DNA” developed after
the mouse genome was sequenced and compared
with the human genome. Mice and people share
many of the same protein-coding genes—this was
expected. However, much to everyone’s amaze-
ment, the two species also share vast regions of
“junk DNA.” This was remarkable because the
mouse and human lineage diverged over 75 million
years ago. If large sections of “junk” DNA were
preserved over that time, then they must be impor-
tant for the function of the cell. Equally revealing,
it appears that the complexity of an organism is
related to non-—protein-coding DNA. Figure 6.1
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FIGURE 6.1 The percent of the genome

that does not code for proteins increases as the
complexity of the organism increases. This may
explain why the governor of South Carolina is
more complex than a C. elegans. (Adapted from
Taft RJ, Pheasant M, Mattick JS. The relationship
between non-protein-coding DNA and eukaryotic
complexity. BioEssays. 2007;29:288-299.)
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shows how the percent of non—protein-coding
DNA increases with the complexity of the
organism.

Further evidence of the importance of RNA
comes from analysis of the transcriptional activ-
ity of the DNA. Even though less than 2% of the
DNA codes for proteins, fully 85% of the genome
is transcribed into RNA. The scientific literature
has exploded with a dazzling array of various
newly discovered non-protein-coding RNA mol-
ecules that differ from our old friend messenger
RNA (see Figure 3.2). Molecules with such names
as microRNA, long non-coding RNA, and small
nucleolar RNA are examples of RNA that are tran-
scribed throughout the genome. Even introns, the
RNA spliced out of the protein-coding messenger
RNA, seem to be functional. Figure 6.2 shows a
schematic representation of the new conceptualiza-
tion of the genome.

A. The old view

otein..

AV N—

DNA ——>» RNA ——> Proteins

N S

B. The new view

Protein-coding RNA  ——>  Proteins

\ Non-—protein-coding RNA

A\

> = Non-protein-coding RNA

A
~N~ /WEM—\' N~

N O

FIGURE 6.2

A. It used to be so simple. DNA made RNA, which made proteins. B. Now it

appears that there are fewer protein-coding genes and much more non-protein-coding RNA.
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A New Level of Gene Regulation

We know the cell would not expend energy
transcribing the DNA into RNA if it was not ben-
eficial. But what are all the non—protein-coding
RNA molecules doing? Some of the functions that
have been identified are as follows:

— Maintain DNA integrity,

— Transcriptional regulation,

— Post-transcriptional modification,
— Viral defense, and

— Epigenetic modification.

MicroRNA provides a good example of what
the non—protein-coding RNA may be doing in
the cell. MicroRNAs have the capacity to silence
gene expression by blocking the messenger RNA.
MicroRNAs have complementary nucleic acids
that bind to the nucleic acids on the messenger
RNA, effectively shutting down any translation
of the mRNA into protein—like putting gum in
a typewriter. Mechanisms such as this and others
that are beyond the scope of this book enable non-
protein-coding RNA to affect and influence gene
expression.

This new view of the genome is relevant for
mental illness because non—protein-coding RNA
is highly expressed in the brain. Small changes
in these RNA molecules can affect the expres-
sion of multiple genes and may underlie neurode-
velopmental, neurodegenerative, and psychiatric
disorders. Recent studies have shown that some
microRNAs are downregulated while others are
upregulated in schizophrenia.

AN RNA WORLD

The origins of life in the primordial world
remain a mystery. The development of a
mechanism to pass along the instructions for
building, maintaining, and replicating the cell
was an essential step for sustaining any life
form. It has been assumed that life started
with DNA. Yet, DNA requires proteins to build
RNA, which in turn makes the required pro-
teins. It is a chicken-and-egg dilemma. New
thinking postulates that RNA was the original
hereditary molecule. Lincoln and Joyce from
the Scripps Research Institute recently cre-
ated a self-replicating RNA that can, by itself,
reproduce indefinitely. It is possible DNA was
developed later in evolution as a more stable
form of storage and proteins evolved as mol-
ecules more adapted to control the functions
of the cell.

The Neuroscience Model

FINDING THE OFFENDING

GENES

Our DNA is subjected to a constant cycle of dam-
age and repair. Radiation, toxins, and the natural
decay of molecules take a toll on the DNA. Most
damage is irrelevant as it is quickly repaired or
results in cell death. Changes to the DNA that
endure can have an effect on the cell that occurs
along a spectrum from benign to pathogenic.
Finding the changes that affect the behavior of
the organism is the Holy Grail of psychiatric
genetics.

It is easier to find the offending genes if the
pathophysiology of a disease is known. For exam-
ple, an abnormal type of hemoglobin is known to
be the cause of sickle cell anemia, and the errant
gene has been identified down to the single altered
nucleotide. The pathophysiologies of psychiatric
disorders, however, remain obscure. For many
years, the prevailing theories about psychiatric
pathology developed from the effects of psychi-
atric medications—the monoamine hypothesis or
dopamine hypothesis—what we call the “chemical
imbalance” theories. However, analyses of genes
that control for serotonin and dopamine or their
receptors have failed to locate abnormalities that
correlate with the frequency of the disorder. When
such genes are identified, they are either too com-
mon in the unaffected population or fail to repli-
cate in further studies.

Single Genes

Linkage Studies

Prior to the era of genome-wide studies, we used
to read reports linking a specific gene or chromo-
somal region with a particular disease. This was
done by analyzing families with an illness and
searching for the genes. Figure 6.3 shows a pedi-
gree for an Amish family with bipolar disorder.
The heritability of the disorder is readily apparent.
The location of the gene or genes causing the prob-
lem is much harder to find.

Researchers used linkage studies to narrow
down the location of the problematic gene. Link-
age studies are based on the understanding that
genes are located on the arms of chromosomes
and that during meiosis some swapping of genes
occurs between the arms. The closer two genes are
to each other on the chromosome arm, the more
“linked” they are. Consequently, using known
locations for various genes, and the co-occurrence
with the disorder, researchers can estimate where
the gene might be. In this situation, the gene was
narrowed down to the tip of the short arm of chro-
mosome 11. Unfortunately, and this is the problem
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FIGURE 6.3

The high prevalence of bipolar disorder in this Amish family is shown in this pedigree.

Linkage studies suggested a single gene located on chromosome 11. (Adapted from Law A, Richard CW 3rd,
Cottingham RW Jr, Lathrop GM, Cox DR, Myers RM. Genetic linkage analysis of bipolar affective disorder in an

Old Order Amish pedigree. Hum Genet. 1992;88:562-568.)

with most single gene studies, subsequent research
failed to replicate the initial finding.

Few single gene linkage studies have yielded
enduring results for mental illness. The apolipopro-
tein E gene is one exception. The E4 allele (there
are three common alleles) is associated with late-
onset Alzheimer’s disease. People with two copies
of the gene have 15 times the risk of developing the
disease. People with any copies of the gene who
sustain head trauma suffer more residual cognitive
problems. Unfortunately, there are few other single
gene linkage studies with such significant find-
ings in our field. Furthermore, the Human Genome
Project has transformed the search to identify the
pathogenic genes.

Many Small Changes

Single Nucleotide Polymorphism

If single problematic genes do not cause the
common psychiatric disorders, then maybe the
disorders arise from many minor changes—
not one big bang but the cumulative effect of
many small hits. Small changes in the DNA are
one-letter variations called single nucleotide
polymorphisms (SNPs—pronounced “snips™)
(Figure 6.4). Genome-wide studies have identi-
fied that humans have numerous SNPs that seem
to have little effect on observable characteris-
tics (phenotype) of the person. For example,
James Watson (of Watson and Crick fame) had
his genome sequenced. They discovered he had
3.3 million SNPs. Of interest, 10,000 of the
SNPs occurred in protein-coding genes, which

might have caused a malfunction in building an
important protein—yet he won a Nobel Prize and
is alive in his eighties.

Many of the common SNPs co-occur with
various diseases. However, the majority of people
who have a particular SNP do not develop the
disease—that is, a particular SNP by itself has a

AVOOOIVOVIOVOVOIVOIODDIVYIDIDD 0 IOVVIDVIDOVIODD

ATCAGACTAGA

<CTTAA A AGCAA AA

SLVOVIOVOVIIV vV VVODV. 7/ vV 3

AA [TAA A A AA

1 GCAATGGCTCATCAGACTAGATFCGAAGTCTTAATGCTAGGTAGC

FIGURE 6.4 A hypothetical example of a single
nucleotide polymorphism. In this single strand of
DNA, a “C” has been replaced with a “G.” This is
roughly one nucleotide change in a strand of 1,000
nucleotides, which is about the difference between
any two humans.
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low predictive value of developing the disease. But
maybe common diseases are caused when enough
of the common SNPs show up in the same unlucky
person. So, the natural next step has been huge
studies with large numbers of subjects attempting
to correlate numerous SNPs with the disease states.
Unfortunately, the studies thus far have been a big
disappointment. The results continue to have low
predictive value.

Structural Variation

Copy Number Variation

It was not until 1956 that geneticists could identify
and count the number of human chromosomes—
called karyotyping. They were surprised to find 46
chromosomes instead of 48 as they had expected.
Subsequently, curious clinicians looked at the chro-
mosomes of children with inherited disorders. In

A. Large variation in chromosomal number

13 14 15 16

19 20 21

B. Small changes in DNA structure

The Neuroscience Model

1959, Jérdme Lejeune, a French pediatrician and
geneticist, karyotyped the chromosomes in chil-
dren with Down syndrome—what was called mon-
golism at the time. Lejeune discovered that these
children had an extra chromosome, which was later
identified as chromosome 21 (Figure 6.5 A).

The presence of the extra chromosome in Down
syndrome, or in some cases just an extra part of the
chromosome, has profound effects on the cognition
and physical development of the child. While it is
not clear what molecular problems result from the
additional DNA, we know something goes awry.
It may be that the extra DNA results in excessive
gene expression, which overwhelms the precise
mechanisms of normal development—Iike having
too many cooks in the kitchen.

Henry Turner, an endocrinologist in Illinois,
first reported in 1938 a syndrome in girls of short

Trisomy 21

Insertion
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FIGURE 6.5 Structural variation—macro and micro. A. The karyotype of a male child with Down syndrome
showing the addition of an extra chromosome. B. Copy number variations are smaller insertions, deletions, or
duplications within the DNA strand.
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stature and undeveloped secondary sexual charac-
teristics. It was not until 1959 that the syndrome,
which has since taken his name, was recognized as
resulting from the absence of an X chromosome.
Affected women have 45 chromosomes—only
one X. Down syndrome and Turner syndrome are
examples of genetic abnormalities at the macro
level—large additions or deletions in the total quan-
tity of DNA. SNPs, on the other hand, are at the
other end of the spectrum—single-letter changes.
There is a spectrum of alterations between these
two extremes (whole chromosome additions/dele-
tions and SNPs) and these are called copy number
variations (CNVs).

CNV is a term that describes small insertions,
deletions, or duplications within the DNA mol-
ecule (Figure 6.5B). CNVs range in size from
hundreds up to millions of base pairs of DNA.
Remarkably, they are harder to detect than SNPs
because CNV detection requires microarray tech-
nology, which is different from the method used
to sequence the genome. Recently, attention has
turned to the role CNVs may play in mental ill-
ness. Many labs are comparing CNVs in normal
populations with those in patients with disorders.
Studies suggest that CNVs play a role in schizo-
phrenia, autism, and attention-deficit/hyperactiv-
ity disorder (ADHD). The recent study in ADHD
highlights some of the problems. Four hundred
and ten children with ADHD were compared with
1,156 healthy, matched controls. Fourteen percent
of the ADHD children had large rare CNVs, while
only 7% of the controls had similar genetic defi-
cits. While this is a significant difference, it is
also disappointing for it shows that most children
with ADHD do not have CNVs and many healthy
controls do.

Missing Heritability

In spite of the technological advances in analyz-
ing the genome, the genetic causes of the common
medical and psychiatric disorders remain elusive.
At this time, a good family history remains more
clinically useful than expensive genetic sequenc-
ing. Where is the missing heritability? One answer
is that the genetic mechanisms are more compli-
cated than previously expected. Another answer
may be that events from the environment can alter
the genome, further complicating the picture. This
is the topic of the next section.

EPIGENETICS

Every nucleated cell in the body contains a com-
plete copy of the organism’s genetic code. Car-
diac cells, liver cells, and neurons all contain the
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same DNA. Yet, only a fraction of the genes in
any particular cell are expressed. Most are literally
switched “off,” so that only the appropriate DNA is
transcribed for any given cell line. During embry-
onic development, different cell lines emerge by
turning on some genes (at the appropriate time)
and turning off all the rest.

Understandably, transcription is under tight
control in any cell. Having the correct “key” to
a particular gene is one mechanism the cell uses
to limit transcription. Each gene has a sequence
of DNA called the promoter region that signals
the starting point for RNA synthesis. Transcrip-
tion factor proteins specific for that promoter,
along with RNA polymerase, bind with the
DNA and synthesize RNA (Figure 6.6). (Less
is known about the control of transcription of
non—protein-coding RNA.) Another mechanism
to control gene expression is for a cell to limit
access to the promoter region. Remarkably,
events during the course of one’s life can affect
these mechanisms.

Unfolding the DNA

The DNA in each of our 46 chromosomes is one
long strand of a double-helix fiber, which would
measure approximately a meter if laid end to
end. The cell must package these strands into the
nucleus (Figure 6.7). This is accomplished by using
dense proteins called histones—vacuum storage
bags at the cellular level. The DNA, which is nega-
tively charged, wraps around a series of positively
charged histones. These “beads on a string” are
then folded into a compact structure called chro-
matin. The chromatin is further coiled and folded
to form the chromosome.

The histones do more than just package the
DNA. They also regulate gene expression. DNA is
inaccessible to regulatory signals when it is folded
in its chromatin structure. Transcription factors
cannot initiate gene expression when they cannot
physically reach the promoter region of the DNA.
Transcription of the gene requires the unfolding of
the chromatin, the unwrapping of the histone, and
the exposure of the promoter region.

Epigenetics

The attachment of other molecules to the DNA
or histones can have a tremendous impact on
gene expression. Epigenetics (literally meaning
“above the genetics™) has come to mean changes in
gene expression that take place without a change in
the sequence of A, T, C, and G nucleotides. In other
words, the specific genetic code is not changed, but
the accessory molecules hanging on the nucleotides
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FIGURE 6.6 Transcription factors and RNA polymerase (A) must combine and lock onto the promoter
region of the gene before the DNA can be transcribed into mRNA (B).

and/or histones may alter gene expression. In partic- can alter access to the promoter region of the gene.
ular, the addition (or subsequent removal) of methyl Typically methyl groups decrease gene expression,
or acetyl groups to the DNA or the histone proteins while acetyl groups increase gene expression.
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FIGURE 6.7 The DNA must be properly packaged to fit into the nucleus. For gene expression
(transcription) to occur, the appropriate section must be unfolded and exposed.
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Promoter region

FIGURE 6.8

Gene coding region

A. Addition of a methyl to the cytosine nucleotide. B. Methylation of the promoter region of the

gene prevents transcription factors from locking onto the DNA and prevents gene expression, which silences

the gene.

DNA Methylation

DNA methylation is the best understood of the
epigenetic alterations. DNA methylation involves
the addition of a methyl group (CH,) to one of the
nucleotides—in this case cytosine (Figure 6.8).
The methyl group is only a problem when it is
added to cytosines found in the promoter region
of genes. DNA methylation of the cytosine nucleo-
tide in the promoter region effectively silences that
gene by preventing the transcription factors from
binding with the DNA. If transcription cannot get
started, gene expression does not occur.

Chromatin Remodeling
Chromatin remodeling is another epigenetic mech-
anism regulating gene expression. The addition or

Chromatin

ﬁ&

Histone

@ = Acetyl group

FIGURE 6.9

deletion of various molecules to the histone pro-
teins can affect the structure of the chromatin. The
chromatin structure can be more tightly wrapped
or more loosely exposed depending on which mol-
ecules are attached to the histone. Open chroma-
tin structure allows greater access to the promoter
region of a gene and enhances gene expression.

There are many molecules that can be attached
to the histone, but the two most widely reported
in behavioral studies are methyl and acetyl groups.
The methyl groups tend to compress the chroma-
tin structure and silence the gene. Acetylation, on
the other hand, opens up the chromatin structure
and allows the transcription factors greater access
to the DNA and hence greater gene expression
(Figure 6.9).

The addition of acetyl groups to the histones opens up the chromatin and allows greater

access to the genes. The result is generally increased gene expression.
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Environmental Events
and Epigenetics
Now, this is where it gets really interesting! It turns
out stimuli from the environment (toxins, radiation,
trauma, etc.) can alter gene expression through epi-
genetic mechanisms. Physical or emotional events
during one’s life can literally alter gene expres-
sion through epigenetic mechanisms—without
changing the genetic code. For example, smoking
can increase the risk of cancer through epigenetic
mechanisms. Smoking can turn off tumor suppres-
sor genes. Without the tumor suppressor genes
producing suppressor proteins, tumors can grow
unimpeded. The individual’s behavior has negative
health effects through epigenetic mechanisms.
Epigenetics may also explain why identical
twins do not always develop the same diseases—
an issue broached in Chapter 1. Although geneti-
cally identical, the twins do not live identical lives
and grow increasingly discordant for epigenetic
markers as they age. Figure 6.10 shows chromo-
some 17 stained for methylation from two sets of
twins—one 3 years old and the other 50 years old.
The methylation pattern is practically identical in
the young twins, but much more out of synch in the
older twins. The events of one’s life are recorded
on the epigenome.

Agouti Gene

The Agouti gene in mice is a wonderful example of
how environmental factors—in this case the moth-
er’s diet—can affect health through epigenetic
changes. The Agouti gene is a problem. It not only
turns the mouse’s hair yellow but also predisposes

Percent
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FIGURE 6.10 Color is used to show similar or
discordant methylation patterns for each set of twins.
The study suggests that epigenetic markers, similar
when young, change over the course of one’s life.
(Adapted from Fraga MF, Ballestar E, Paz MF, et al.
Epigenetic differences arise during the lifetime

of monozygotic twins. Proc Nat/ Acad Sci U S A.
2005;102:10604-10609.)

50 year old twins

it to diabetes, obesity, and cancer. Fortunately, the
Agouti gene can be turned off if the promoter region
in front of the gene is methylated—transcription
factors cannot attach to the gene and it is silenced.
This is good for the mouse. Figure 6.11 shows the
results of a study by Waterland and Jirtle analyzing
the methylation of the Agouti gene and the coat of
the mouse. More methylation results in a browner,
and healthier, mouse.

What is more remarkable is that a mother’s diet
when she’s pregnant can affect the methylation
of the Agouti gene in her pups. Mother mice fed
a supplemental diet high in methyl groups (folic

methylation
of the promoter Promoter region Agouti gene
region @ \
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FIGURE 6.11

Brown

The Agouti gene causes the mouse to have a yellow coat and predisposes it to obesity,

diabetes, and cancer. With increased methylation of the promoter region of the gene, the gene is not expressed

and the mouse is brown and healthy.
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Normal diet

Pregnant
mouse

Supplemented diet

(supplemented with folic acid, choline,
vitamin B4, and betaine)

FIGURE 6.12

Genetics and Epigenetics 69

-

Pregnant mice fed a supplemental diet high in methyl groups will produce more pups with a

silenced Agouti gene due to increased methylation of the gene.

acid, vitamin B,,, choline, and betaine) will pro-
duce a greater percentage of brown, healthy pups
(Figure 6.12). This study shows a clear connec-
tion between an environmental event (in this case
diet) and subsequent epigenetic effects on physical
appearance and health.

A fascinating study conducted in Sweden sug-
gests that the diet of our grandparents has endur-
ing epigenetic effects on our health. Researchers
studied a small, isolated community in northern
Sweden, which was subjected to periods of feast
and famine in the 19th and early 20th centuries.
People who enjoyed bountiful harvests during
their preadolescent years had grandchildren who
died younger. On the other hand, people who
were underfed when they were between the ages
of 8 and 12 sired grandchildren who lived longer.
In other words, the diet of our grandparents dur-
ing their preadolescent years may have epigenetic
effects that are passed on to future generations. If
this is true, what will the current epidemic of obe-
sity in children have on future generations?

Epigenetics is of particular relevance in under-
standing mental illness. We know that environmen-
tal events (trauma, relationships, drugs, poverty,
etc.) play a large role in the development of mental
disorders. Epigenetic mechanisms may explain the
link between events in the environment and gene
expression. It is a topic that appears frequently in
the coming chapters.

Perhaps one reason it is so hard to find the
genes of mental illness is that epigenetic factors
obscure the real culprits. If the genome is the hard-
ware of inheritance, then epigenetics describes the
software. A problem with both the hardware (the
actual genetic code) and the software (the environ-
ment and how life events affect gene expression)
would be especially difficult to identify.

Multifactorial

All mental disorders result from some problem
with gene expression: too much or too little—
either starting during embryonic development
or beginning later in life. Yet, finding the genes
involved remains hidden at this point. The genome
has proved to be more complex than we imag-
ined. Disorders are likely caused by hundreds of
additions, substitutions, or deletions, each hav-
ing a small effect. Epigenetic effects compound
the difficulty of finding the offending genes. Fur-
thermore, what appears to be one illness such as
anxiety or schizophrenia could be many different
conditions with a similar effect on a final common
pathway behavior. This has been observed with
the genetics of the different epilepsy syndromes.
Clearly, the predisposition to a major mental ill-
ness is to some degree inherited, but the sources
of the errors are too numerous and mysterious to
identify with our current technology. The search
continues.
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Telomeres are the molecular caps on the end
of each strand of DNA. Like a knot at the end of
a rope, they identify the terminal portion of the
chromosome. This ensures that the enzymes
that repair the DNA will not mistake the end
for a break in the strand and attempt to con-
nect it to some other free end—a process that
normally preserves the DNA, but under these
circumstances scrambles the genetic code.

Telomeres shorten with every cell divi-
sion. Telomere shortening is an inevitable and
unfortunate consequence of aging. As the
telomeres grow shorter, the cells eventually
reach the limit of their replicative capacity and
progress to senescence or death (apoptosis).
Consequently, telomere length can be consid-
ered a rough measure of cell age (see figure
below).

Patients with mental disorders have been
found to have accelerated shortening of their
telomeres. Patients with mood disorders,
schizophrenia, Alzheimer’s disease, and a
history of childhood abuse have shorter telo-
meres when compared with healthy controls.
Exercise appears to preserve telomere length.

The Neuroscience Model

Telomere length (kb)

0 10 20 30 40 50 60 70 80 90 100
Age

Adapted from Calado RT, Young NS. Telomere
diseases. N Engl J Med. 2009;361:2353-2365.

Cancer is the result of cells that repli-
cate continuously and without constraint. The
telomeres—although small—are preserved. In
many cancers, an enzyme called telomerase
is produced that adds nucleotides back on
to the end of the DNA and preserves the
telomeres—and the cell. Actually every cell
has the capacity to synthesize telomerase, but
few do. Some people speculate that harness-
ing telomerase may be the fountain of youth.

THE NEUROSCIENCE MODEL

Up to this point in this book, we have been review-
ing the basic parts of the brain. We started with the
big organ and got increasingly small: from cortical
structures, to cells, down to molecules. In this chapter,
we have gone to the deepest level, the DNA—where

it all begins. If you view this sequence of chapter in
the opposite order, genes to molecules to cells to net-
works to behaviors and then the effects of the behav-
iors on the DNA, this is what we call the neuroscience
model (Figure 6.13). It is the most up-to-date model
for understanding normal behavior and mental illness.

DNA

Cells

¥

Proteins

The Neuroscience Model

>

Behavior

FIGURE 6.13 The neuroscience model. Although the term is not used, this is the prevailing model of
understanding the physiology of normal behavior and mental iliness.
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QUESTIONS

1. Why does the governor of South Carolina have

so few protein-coding genes?

a. The governor believes protein-coding
genes are another example of too much
government control.

b. The governor is closely related to C. elegans.

c. The governor sold off the vast majority
of protein-coding genes in an attempt to
balance the state budget.

d. Because much of the complexity of the
human species is controlled by other parts
of the DNA.

. All of the following lead us to believe “junk

DNA” is important except

a. Non-protein-coding sections are highly
expressed in the brain.

b. RNA has more capacity to control functions
in a cell than previously recognized.

c. Defects in “junk DNA” have been identified
in autism.

d. Some microRNAs have been implicated in
schizophrenia.

. What has happened to the “chemical
imbalance” theories of mental illness in the
genomic era?

a. Genome-wide studies fail to implicate genes
that are associated with neurotransmitters or
their receptors.

b. Genes for the serotonin receptor have been
identified in families with bipolar disorder
in multiple linkage studies.

c. The dopamine transporter gene on
chromosome 11 is altered in most patients
with childhood-onset schizophrenia.

d. A significant number of patients with panic
disorder lack the gene for the A section of
the GABA receptor.

Genetics and Epigenetics 71

4. Understanding epigenetics helps us understand

a. Why non-protein-coding sections are so
highly expressed in the brain.

b. How events in the environment can alter
gene expression.

c. The cognitive effects of trisomy 21.

d. The increased potential for insertions,
deletions, and duplications in the seriously
mentally ill.

. Which of the following is most accurate?

a. Methylation increases gene expression and
acetylation increases it.

b. Methylation increases gene expression and
acetylation reduces it.

¢. Methylation reduces gene expression and
acetylation increases it.

d. Methylation reduces gene expression and
acetylation reduces it.

. All of the following are true of the Agouti gene

in mice except

a. Methylation of the promoter region produces
more brown pups.

b. What the pregnant mothers eat can have
enduring effects on the pups’ DNA.

c. Pups with less expression of the Agouti
gene are healthier.

d. A pregnant mother’s diet high in
polyunsaturated fats will silence the Agouti
gene.

. All of the following are true about telomeres

except

a. Identify the terminal end of a chromosome.

b. They are altered by the diet of one’s
grandparents.

c. Shorter with increasing replication.

d. Are believed to correlate with some mental
disorders.

See Answers section at the end of the book.
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CHAPTER 1

Hormones and the Brain

CHARACTERISTICS OF

A HORMONE

In the preceding chapters, we reviewed the electro-
chemical connection between neurons. This is the
predominant method of communication within the
brain and the focus of much attention from psy-
chiatrists. The next four chapters describe systems
that modulate the electrochemical connections. We
start with hormones—molecular messengers sent
through the bloodstream.

Neurons and neurotransmitters can be com-
pared with telephone wires connecting one phone
to another. Hormones are like TV signals that are
broadcast across the skies and only recognized
by appropriate receivers. With the advent of cell
phones and cable TV, the distinction between
direct and broadcast communication has blurred.
This blurring has also occurred in the brain—
traditional neurotransmitters sometimes function
as hormones and hormones sometimes function as
neurotransmitters. For example, epinephrine can
be a neurotransmitter, but functions as a hormone
when released from the adrenal medulla with a sig-
nal from the sympathetic division of the autonomic
nervous system (ANS).

Although they can act in a similar manner, hor-
mones differ from neurotransmitters in several key
ways. Hormones tend to do the following:

1. Effect behavior and physiology in a gradual
manner over days and weeks.

Receive reciprocal feedback.

Secrete in small pulsatile bursts.

Vary the levels on a circadian rhythm.

Have different effects on different organs.

grwn

The last point (no. 5) is of great interest to us
and will be a large part of the focus of this chapter.
The +y-aminobutyric acid (GABA) receptor
provides an example of a hormone modulating

an electrochemical communication. Steroid hor-
mones, as well as other molecules, influence the
GABA receptor (see Figure 5.3). Figure 7.1 shows
how a progesterone metabolite enhances the influx
of CI- ions through the GABA receptor. This will
reduce the potential of the postsynaptic neuron
to fire, effectively calming the neuron. This may
explain the emergence of psychiatric symptoms
with sex hormone fluctuations.

The difference between hormones and neu-
rotransmitters is further blurred by the existence
of neuroendocrine cells (sometimes called neuro-
secretory cells). Neuroendocrine cells are hybrids
of neurons and endocrine cells (Figure 7.2). They
receive neural signals, but secrete a hormone into
the bloodstream. For example, the neuroendo-
crine cells of the hypothalamus receive electrical
impulses from the cerebral cortex and then signal
the pituitary through the bloodstream.

Classification

There are three types of hormones, which can be
grouped by their chemical structure: (a) protein,
(b) amine, and (c) steroid (Table 7.1). Protein
hormones, such as neuropeptides, are large mol-
ecules composed of strings of amino acids. Amine
hormones are small molecules derived from
amino acids. Steroid hormones are composed of
four interlocking rings synthesized from dietary
cholesterol.

Effecting Target Cells
Hormones have two primary effects on target cells:

1. Promote differentiation and development.
2. Modulate the rate of function.

Hormones bind to specific receptors on or in
the target cell in three ways. Most of the protein

73
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GABA GABA
and hormone
AV
€
Time
FIGURE 7.1 The CI- current is enhanced when a

progesterone metabolite is added to y-aminobutyric
acid (GABA). (Adapted from Rupprecht R, Holsboer F.
Neuroactive steroids: mechanisms of action and
neuropsychopharmacologic perspectives. Trends
Neurosci. 1999;22(9):410-460.)

and amine hormones exert their effects by bind-
ing with receptors imbedded in the cell wall (as
is the case with the classic neurotransmitters).
The steroid hormones and thyroid hormones are

Neurotransmitter

Endocrine

Neuroendocrine

FIGURE 7.2
in humans.

Chemical communication systems

The Major Classes of Hormones

Protein Hormones
Oxytocin
Vasopressin
Releasing Hormones
Corticotropin-releasing hormone (CRH)
Thyrotropin-releasing hormone (TRH)
Gonadotropin-releasing hormone (GnRH)
Growth hormone-releasing factor (GHRF)
Tropic Hormones
Adrenocorticotropic hormone (ACTH)
Thyroid-stimulating hormone (TSH)
Luteinizing hormone (LH)
Follicle-stimulating hormone (FSH)
Growth hormone (GH)
Prolactin
Amine Hormones
Epinephrine
Norepinephrine
Thyroid hormone
Melatonin
Steroid Hormones
Estrogens
Progestins
Androgens
Glucocorticoids
Mineralocorticoids

lipophilic and can pass directly through the cell
wall. They bind with receptors inside the cell.
The steroid hormones bind with a receptor in the
cytoplasm, which initiates protein synthesis when
the complex couples with the DNA. The thyroid
hormone receptor belongs to a family of nuclear
hormone receptors. These receptors reside in the
nucleus on the gene and suppress gene expres-
sion until activated by thyroid hormone (specifi-
cally T,). Figure 7.3 shows these three different
receptors.

In all cases, the hormones change the function
of the target cell by stimulating gene expression.
This process is called a genomic effect. Some
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FIGURE 7.3

The three types of receptors utilized by different hormones. CREB, cyclic

adenosine monophosphate response element binding; cAMP, cyclic adenosine monophosphate.

hormones effect neurons without stimulating the
transcription of genes by modulating ion receptors:
a nongenomic effect.

CENTRAL NERVOUS SYSTEM

AND HORMONES

The primary endocrine glands in the brain are the
hypothalamus and the pituitary gland. The hypo-
thalamus appears to be the command center that
integrates information about the state of the brain
and the body by way of neuronal projections and
intrinsic chemosensitive neurons. The hypothala-
mus coordinates the actions of the pituitary gland
to maintain homeostasis in response to changes in
the body and environment. Some of the essential
somatic functions controlled by the hypothalamus
and pituitary gland are as follows:

1. Control of blood flow (e.g., drinking, blood
osmolarity, and renal clearance).

2. Regulation of energy metabolism (e.g., feeding,
metabolic rate, and temperature).

Regulation of reproductive activity.
Coordination of response to threats.

5. Control of circadian rhythms.

Hw

The remarkable number of functions governed
by these relatively small glands is possible due to
the diversity of neuronal projections sent to the
hypothalamus from the brain, as well as up the
spinal cord. Additionally, the hypothalamus and
pituitary gland have a multitude of intrinsic che-
mosensitive neurons that respond to circulating
levels of various hormones. The pituitary gland,
as well as some areas of the hypothalamus, is an
area of the brain not protected by the blood—brain
barrier. This allows for quicker feedback about the
current status of target organs.

Of particular interest to behavioral neuroscien-
tists are the direct afferent projections the hypo-
thalamus receives from areas of the brain with
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well-known psychiatric functions. Four of these
important projections are as follows:

1.
2.

Corticohypothalamic fibers: frontal cortex.
Hippocampohypothalamic fibers: hippo-
campus.

Amygdalohypothalamic fibers: amygdala.
Thalamohypothalamic fibers: thalamus.

The CNS and the soma

signal the hypothalamus through
nerve impulses and circulating
messages in the blood.

These afferent fibers play a large role in the
stimulation, or lack of stimulation, to the hypo-
thalamus and the pituitary gland that results in
many of the endocrine abnormalities found during
different behavioral conditions.

Figure 7.4 shows the complex relationship
among the cortex, hypothalamus, pituitary gland,

The hypothalamus signals the anterior pituitary and

posterior pituitary using different mechanisms.

Hypothalamic neurons
synthesize and discharge
releasing hormones into the
portal circulation.

Hypothalamus
X«

Cells in the pituitary
respond to the releasing
hormones and produce
tropic hormones that are
released into the general
circulation.

Hypothalamic neurons
synthesize and transport
hormones down

their axons to the terminals
in the pituitary.

Nerve impulses cause

the release of the hormones
into the capillaries which
circulate to the body.
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FIGURE 7.4

Information from the cerebral cortex and bloodstream converges on the hypothalamus,

which instigates a cascade of actions and in turn responds to feedback from the target organs. CNS,
central nervous system; ACTH, adrenocorticotropic hormone; TSH, thyroid-stimulating hormone; T,
tetraiodothyronine; T, triiodothyronine; LH, luteinizing hormone; FSH, follicle-stimulating hormone.
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FIGURE 7.5 The anterior pituitary. Releasing hormones excreted by the hypothalamus stimulate the release

of tropic hormones from the anterior pituitary. The tropic hormones then stimulate the target organ to change
or release its own hormone. CRH, corticotropin-releasing hormone; TRH, thyrotropin-releasing hormone; PRH,

prolactin-releasing hormone; GnRH, gonadotropin-releasing hormone; GHRH, growth hormone-releasing
hormone; ACTH, adrenocorticotropic hormone; TSH, thyroid-stimulating hormone; LH, luteinizing hormone;

FSH, follicle-stimulating hormone; T,, tetraiodothyronine; T.

and target organs for the neuroendocrine system.
The figure illustrates the central location of the
hypothalamus, the two sides of the pituitary, the
variety of target organs affected, and the feed-
back mechanisms. Figure 7.5 shows most of
the hormones associated with the anterior pitu-
itary gland, particularly the releasing hormones
excreted by the neuroendocrine cells of the hypo-
thalamus, which stimulate the release of the tropic
hormones.

While most of the hormones affect the brain
in one way or another, we only focus on the two
systems most relevant to mental illness: the hypo-
thalamic-pituitary-thyroid (HPT) axis and the
hypothalamic-pituitary-adrenal (HPA) axis.

THYROID: THE HYPOTHALAMIC-
PITUITARY-THYROID AXIS

Thyroid hormones are involved in maintaining
optimal metabolism in nearly every organ system
and are integral to the temperature regulation of
the body. The secretion of thyroid hormones is
controlled by the HPT axis shown in Figure 7.6.
The neuroendocrine cells in the hypothalamus
secrete thyrotropin-releasing hormone (TRH) into
the portal circulation of the pituitary. TRH binds
with receptors on the thyrotroph cells of the ante-
rior pituitary and stimulates the release of thyroid-
stimulating hormone (TSH). The hypothalamic

»» trilodothyronine.

neuroendocrine cells also synthesize and release
somatostatin, which inhibits the release of TSH (as
well as growth hormone).

TSH stimulates the synthesis and release of two
thyroid hormones from the thyroid gland: triiodo-
thyronine (T,) and tetraiodothyronine (T,). T, is
the predominant form of thyroid released by the
gland, but T, is the more biologically potent form.
T, is converted into T, by the target organs as well
as the brain.

In humans, congenital hypothyroidism causes
severe structural and functional neurologic abnor-
malities known as cretinism. This disorder is easily
corrected, but a disaster if missed. It is one of the
few medical conditions routinely screened for in
the newborn nursery.

The role of thyroid hormones in the mainte-
nance of the mature brain is less understood. The
brain maintains tight control over the level of thy-
roid hormone in the central nervous system (CNS),
and thyroid nuclear receptors are highly expressed
throughout the brain, particularly within the hippo-
campus. Clinical features of hypothyroidism and
hyperthyroidism, including significant neuropsy-
chiatric symptoms, are described in Table 7.2.

Additionally, clinical studies have shown that
the T, hormone can augment other medications
used to treat patients with treatment-resistant
depression, as well as accelerate the response
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FIGURE 7.6 @ The hypothalamic-pituitary-thyroid axis showing the complex relationship between the brain
and thyroid hormones. The important point is that tetraiodothyronine (T,) and triiodothyronine (T,) have direct
effects on the brain as well as the body. CNS, central nervous system; TRH, thyrotropin-releasing hormone;
TSH, thyroid-stimulating hormone.
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Common Clinical Features of Abnormal Thyroid Function

Physical Symptoms Psychiatric Symptoms
Hyperthyroidism Tachycardia Anxiety

Weight loss Irritability

Heat intolerance Trouble in concentrating

Sweating Emotionally labile

Psychomotor agitation

Hypothyroidism Fatigue Depressed mood

Weight gain Decreased libido

Cold intolerance Psychomotor retardation

Dry skin Poor memory

Severe forms: delusions and hallucinations

to antidepressants when initiating treatment for
depression. However, meta-analysis of augment-
ing and accelerating studies found the trials to be
small in number and not uniformly positive. The
efficacy of liothyronine augmentation was com-
pared with lithium augmentation as the third step
for treatment-resistant depression in the STAR*D
study. Both groups showed only modest remission
rates (liothyronine 24.7% vs. lithium 15.9%) and
were not statistically significantly different.
Thyroid hormones are important for the func-
tion of the adult brain, but the underlying molecu-
lar mechanism by which the HPT axis influences
neuropsychiatric conditions remains unclear. Many
authors in psychiatry postulate that the cognitive
and emotional symptoms associated with thyroid
disorders are related to changes in serotonin, nor-
epinephrine (NE), and dopamine. Indeed, studies
on rats have found increased serotonergic trans-
mission concomitant with decreased 5-hydroxy-
tryptamine (5-HT),, sensitivity and increased

POINT OF INTEREST

Thyroid hormones are the only substance
produced by the body that contains iodine.
Without enough iodine, the thyroid gland
swells (stimulated by excessive TSH), pro-
ducing goiter. The addition of small amounts
of iodine to salt prevents the development of
this diet-induced hypothyroidism.

5-HT,, sensitivity with exogenous thyroid. With
regard to NE, Gordan et al. have demonstrated
anterograde transport of T, from the cell bodies in
the locus coeruleus to the nerve terminals in the
hippocampus and cerebral cortex. They believe
that T, functions as a cotransmitter along with NE.
This suggests that sufficient T, is needed for proper
NE activity.

An alternative explanation for the influence of
thyroid hormones on the psychiatric status of the
mature brain revolves around their role with nerve
growth factors. Nerve growth factor genes are acti-
vated by T, during development, although growth
factors, such as brain-derived neurotropic factor
(BDNF), are unaltered by thyroid hormone in the
adult brain. Recently, Vaidya et al. established that
5-HT,, stimulation with chronic T, administration
altered the production of BDNF in the hippocam-
pus, although neither did so alone. They postulate a
synergistic relationship between 5-HT,, receptors
and thyroid hormones in the expression of BDNF
(see Chapter 21 for more on the role of BDNF in
depression).

The most compelling explanation for the cor-
relation between mood disorders and thyroid hor-
mones appears to be related to the general effect
that thyroid has on brain metabolism, much like
the effect on peripheral metabolism. Positron emis-
sion tomography studies on patients with hypothy-
roidism show global reduction in brain activity
and as much as a 23% reduction in cerebral blood
flow compared with controls. In a remarkable
study at the National Institutes of Mental Health,
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1Tl (0] MOOD DISORDERS

Although it is clear that thyroid disorders
cause neuropsychiatric symptoms and that
adding thyroid hormone can accelerate
and augment the treatment of mood disor-
ders, relatively few psychiatric patients have
thyroid disease. Two analyses of clinical
patients with depression found a 2% to 2.5%
incidence of thyroid disease. The research-
ers concluded that routine screening for thy-
roid disease was not justified. Furthermore,
although some patients with affective disor-
ders can have mild laboratory changes, often
referred to as subclinical thyroid disease,
almost all anomalies resolve with effective
treatment of the psychiatric disorder.

1 LTe] {01 il ANOREXIA NERVOSA

Women with anorexia nervosa, when purging
and undernourished, often have symptoms
that resemble hypothyroidism (cold intoler-
ance, bradycardia, low resting metabolic
rate, etc.). Thyroid studies of patients in this
condition have found low normal T,, low T,
and normal TSH. Additionally, reverse T,
the metabolically inactive enantiomer of T,
is increased. This thyroid profile is called
euthyroid sick syndrome. It can be produced
by starvation in normal volunteers and is cor-
rected with weight gain.

This decrease in active T, thyroid profile
seems like a physiologic adaptation to mal-
nutrition, with the goal of preserving calories
and limiting the expenditure of energy. Some
patients with eating disorders will surrepti-
tiously take exogenous thyroid to stimulate
their metabolism and try to lose weight.

Marangell et al. examined TSH in medication-free
patients with mood disorders, none of whom had
overt thyroid disease. The study found an inverse
relationship between TSH and global cerebral
blood flow: TSH was up when cerebral blood flow
was down. The areas with the greatest reduction in
blood flow were the areas of the brain associated
with depression: left dorsolateral prefrontal cortex
(PFC) and medial PFC.

One can postulate that the hypothalamus
responds to the reduced metabolism of the PFC (by

way of the afferent fibers) as a result of the depres-
sion and reacts by stimulating the release of TSH.
In essence, the HPT axis is seeking to correct the
brain disorder.

HYPOTHALAMIC-PITUITARY-
ADRENAL AXIS AND STRESS

The HPA axis controls the synthesis and release of
the corticosteroids. The corticosteroids are derived
from dietary cholesterol in the adrenal cortex and
include the mineralocorticoids, sex hormones, and
glucocorticoids (Figure 7.7). The mineralocorti-
coid aldosterone assists in the maintenance of the
proper ionic balance by stimulating the kidney to
conserve sodium and excrete potassium. The sex
hormones are secreted in negligible amounts, but
have physiologic significance, and are covered in
more detail in Chapter 16. The hormone of great-
est interest to the mental health community is the
glucocorticoid cortisol.

Cortisol is of interest because it mobilizes
energy (by promoting catabolic activity) and
increases cardiovascular tone. At the same time,
cortisol suppresses anabolic activity, such as repro-
duction, growth, digestion, and immunity. The
release of cortisol varies throughout the day, with
maximal secretion in the early morning hours to
effectively prepare the brain and body for the rigors
of the day. Cortisol also plays a large part in acute
and chronic stress, which we discuss subsequently.

The secretion of the adrenal cortex is controlled
by the hypothalamus (Figure 7.8). The hypothala-
mus, with input from the cortex and feedback
through the blood, synthesizes and releases corti-
cotropin-releasing hormone (CRH) into the portal
circulation of the pituitary, which in turn stimu-
lates the release of adrenocorticotropic hormone
(ACTH) from the anterior pituitary. The input to
the hypothalamus from the cortex includes inhibi-
tory signals from the hippocampus and activat-
ing signals from the amygdala. In other words, a
healthy hippocampus turns down the HPA axis,
while an active amygdala turns it up. This is impor-
tant in understanding the endocrine role in depres-
sion and anxiety.

POINT OF INTEREST

CRH is an example of a hormone that has
multiple functions. The primary role of CRH is
the stimulation of ACTH, but CRH receptors
can be found throughout the brain, not just
on the anterior pituitary, suggesting other, as
yet unknown, effects for this hormone.
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ACTH is released into the systemic circulation
from the anterior pituitary. ACTH starts as a large
propeptide precursor that is cleaved into smaller
segments, some of which (such as ACTH) are bio-
logically active (see Figure 16.13). ACTH stimu-
lates the release of cortisol from the adrenal cortex.
This has a variety of physiologic effects, including
changes in the CNS. The high incidence of psychi-
atric symptoms in patients with primary endocrine
disorders, such as Cushing’s disease and Addison’s
disease, is supportive evidence of the direct effects
of cortisol on the brain.

Stress
In his book Why Zebras Don't Get Ulcers, Sapolsky
uses a clever example to illustrate the difference

The corticosteroids are built from the sterol backbone of cholesterol by the addition or

between the acute physical stress that a zebra expe-
riences when running from a lion and the chronic
psychological stress that many people experience in
modern industrial societies. The acute response is
the biologic equivalent of mobilizing troops to han-
dle a perceived threat. The sympathetic activation by
the ANS and the liberation of cortisol bring the body
and brain to an alert, fight-or-flight orientation. Cor-
tisol has the effect of mobilizing energy, increasing
cerebral glucose, and turning down the nonessential
functions (i.e., erections and digestions). Ultimately,
the brain becomes more focused and vigilant.

The body and brain pay a price for maintain-
ing a heightened state of alertness when the stress
persists and the person cannot adapt. As seen with
Addison’s and Cushing’s diseases, too little or too
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plLTel (0]l ADDISON’S AND CUSHING’S DISEASES

Addison’s disease, first described by Thomas
Addison in 1855, results from a loss of cortisol
and aldosterone secretion due to the near total
or total destruction of both the adrenal glands.
Classic symptoms include anorexia, nausea,
and hypotension, along with neuropsychiatric
symptoms of apathy, fatigue, irritability, and
cognitive impairment.

Cushing’s disease is named after neuro-
surgeon Harvey Cushing, who in 1932 linked
adrenal hyperplasia and hypercortisolemia
with a pituitary adenoma. The somatic effects
of excessive cortisol include easy bruising,

much cortisol is pathologic. The benefits of cortisol
can be graphed as an upside-down “U.” Moderation
is best.

Chronic stress is best defined as an adverse
experience that induces heightened arousal over
which one has little control. One of the effects of
chronic stress is that the brain is unable to turn
down the HPA axis, which exposes the brain and
body to excess glucocorticoids. Although most
of the data come from patients on glucocorticoid
medications with Cushing’s disease or from labo-
ratory animal studies, the adverse consequences
are believed to be similar to that of the harried
stressed-out individual.

Pathologic consequences of heightened sym-
pathetic activity and HPA activation are hyperten-
sion, formation of atherosclerotic plaque, diabetes,
ulcers, and impaired immune function. In the brain,
the most dramatic negative effect involves the hip-
pocampus, a structure with ample glucocorticoid
receptors and afferent fibers to the hypothalamus.
The hippocampus is well known for its role in
memory, and excess glucocorticoids have indeed
been shown to have the following effects:

Impair memory performance.

Disrupt long-term potentiation (LTP).
Induce atrophy of hippocampal dendrites.
Shrink the hippocampus.

Decrease neurogenesis (next chapter).

grwnE

These cognitive changes do not develop without
an active amygdala. The amygdala, well known for
its role in anxiety, is stimulated by glucocorticoids,
which in turn potentiates the hippocampus (see
Figure 7.9). Chronic stress increases the dendritic
arborization of neurons in the basolateral amyg-
dala, which may be a reason people have trouble
forgetting traumatic events.

truncal obesity, muscle atrophy, osteopo-
rosis, and impaired immune response. The
psychiatric symptoms are similar to endog-
enous depression: irritability, depressed
mood, insomnia, and trouble with memory/
concentration. Patients can also experience
euphoria and even hypomania, as well as
psychosis. However, these symptoms are
more common in patients taking glucocorti-
coid medications. With both Addison’s and
Cushing’s diseases, most psychiatric symp-
toms remit with the resumption of normal
endocrine status.

Cushing’s Disease

Excessive glucocorticoid levels, for any reason,
have been shown to cause impairments in declara-
tive memory as well as hippocampal atrophy. In
a remarkable analysis of patients with Cushing’s
disease who underwent neurosurgical resection,
Starkman et al. showed that decreasing urinary cor-
tisol correlated with increase in the hippocampal

Amygdala —_ Hippocampus
+
+ \ / _
g —
Hypothalamus
)| CRH
4
l
ACT< Cortisol
Cortisol

Adrenal
cortex
()

FIGURE 7.9 A schematic representation of the
connections and feedback between the hypothalamic-
pituitary-adrenal axis and the amygdala and
hippocampus. CRH, corticotropin-releasing hormone;
ACTH, adrenocorticotropic hormone.
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volume. In a follow-up study, they showed that a
greater improvement in memory (word list learn-
ing) was associated with greater increase in the
hippocampal volume.

Aging

There is evidence that glucocorticoids may con-
tribute to age-related neuronal atrophy and cog-
nitive decline. An essential aspect of a healthy,
adaptive stress response is the ability to shut off
the system when the threat has passed. Studies on
rats have shown that the HPA axis is slower to turn
off as the animal ages. With age, it is exposed to
more continuous high levels of glucocorticoids. In
humans, the ability to turn off the HPA axis and the
sympathetic nervous system in tranquil times is a
variable trait. Some people are able to do this more
effectively than others. Possibly this is a feature of
being more resilient.

Lupien et al. followed up 51 healthy volun-
teers over 6 years and annually measured 24-hour
plasma cortisol. They assessed memory and hip-
pocampal volume in subgroups of those with high
levels of cortisol and compared those findings
with the groups with lower levels of cortisol. They
found greater impairments in memory and a 14%
reduction in the volume of the hippocampus in
the group with high cortisol levels. This suggests
that prolonged exposure to glucocorticoids either
reduces the ability of neurons to resist insults or
directly damages the neurons.

Depression and Anxiety

There is a long history of correlating alterations
in the HPA axis with anxiety and depression.

25
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Beck Depression Inventory score

1 2 3 4
Level of child abuse

FIGURE 7.10

A few recent studies demonstrate the applica-
tion of new research to this correlation. One
research group in the Netherlands has analyzed
glucocorticoid receptor number before mili-
tary deployment and then assessed psychiatric
symptoms upon return from combat. Glucocor-
ticoid receptors were indirectly measured from
the dexamethasone binding capacity of periph-
eral leukocytes. In separate studies they found
greater numbers of glucocorticoid receptors, pre-
deployment, in those individuals who developed
depression and PTSD. With PTSD, they found
that with an increase of every 1,000 glucocorti-
coid receptors, the risk of developing the disor-
der increased 7.5-fold.

Another group at Emory University ana-
lyzed polymorphisms of the CRH receptor, his-
tory of child abuse, and depression as an adult
(Figure 7.10). A greater incidence of child abuse
predicted higher adult depression scores. How-
ever, genetic differences of the CRH receptor
influence the subsequent depressed mood. In this
case, and there were other genetic changes with
similar results, having the two base pairs AA at
this location protected the abused person from
developing depression. The CRH receptor, child
abuse, depression connection is an example of the
current understanding of mental illness. That is,
disorders develop in genetically vulnerable people
who are exposed to detrimental environmental
events.

Although the HPA axis seems to play an impor-
tant role in psychiatric disorders, attempts to alter
the HPA axis, for example, CRH blockers, have not
yet proven to be effective treatments.
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A. More incidence of abuse as a child led to increased depressive symptoms as an adult.

B. Single nucleotide polymorphism of the corticotropin-releasing hormone (CRH) receptor alters the propensity

of an abused individual to develop depression.



QUESTIONS

1.

The primary mechanism by which the estrogen

molecule stimulates the cell is?

a. Binding to a protein receptor imbedded in
the cell wall.

b. Activating a G-protein-coupled receptor.

¢. Binding with a receptor in the cytoplasm.

d. Coupling with a receptor in the nucleus.

. Which of the following is true?

a. Thyroid hormone can enhance the GABA
current.

b. Protein hormones bind a receptor on the
DNA.

¢. Hormones are used for fast signals.

d. Neuroendocrine cells excrete directly into
the circulation.

Which of the following is correct?
a. GhRH — LH — estrogen.

b. GHRH — LH — testosterone.
¢. TRH — TSH — prolactin.

d. CRH — TSH — cortisol.

. Possible explanations for the role of thyroid

hormone in mood disorders include all of the
following except

a. Changes in brain metabolism.

b. Effects on growth hormones.
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¢. Changes in glucocorticoid receptors.
d. Effects on 5-HT receptors.

. Women in the acute phase of anorexia nervosa

exhibit a thyroid profile called “euthyroid sick
syndrome,” which includes all of the following
except

a. Low T,

b. Low reverse T..

c. Low to normal T,.

d. Normal TSH.

. The triad of hippocampal atrophy, hypercor-

tisolemia, and cognitive impairment has been
found with all the following except

a. Cushing’s disease.

b. Addison’s disease.

c. Alzheimer’s disease.

d. Major depression.

. All of the following go together except

a. Amygdala atrophy.

b. Hippocampal atrophy.
¢. Memory deficit.

d. LTP disruption.

See Answers section at the end of the book.



CHAPTER 8

Adult Development and Plasticity

n a video produced in 1996 by Robert Sapolsky
for the Teaching Company entitled Biology and
Human Behavior, Dr. Sapolsky stated

To the greater extent you’ve got all the neurons
you’re ever going to have to deal with by the
time we’re 4 or 5 years old and, unfortunately,
all you do from there is lose them.

Until recently this belief—stated by Dr. Sapolsky
such a short time ago—was shared by almost all cli-
nicians and neuroscientists. We are not criticizing
Dr. Sapolsky, whose outstanding contributions to
the field were cited in the previous chapter. Rather,
we wish to show that even astute Stanford profes-
sors once believed the brain was a static organ. The
authors of this book were no more enlightened at
that time.

Additionally, an abundance of new research
has established that the brain is not the fixed
structure we used to envision. Our brains have
more plasticity (or ability to change) than we pre-
viously imagined. Although the rate of change is
especially prominent early in life, altering the
structure of the brain in response to environmen-
tal factors remains a feature across the entire
life span.

The almost unbelievable prenatal develop-
ment of the central nervous system (CNS) is a
topic we briefly touched on in Chapter 2. The
fundamental miracle of the brain is that a single
fertilized egg ultimately develops into 100 bil-
lion neurons with 100 trillion connections. In
utero, this process is largely genetically driven.
After birth, interactions with the environment
play a greater role in determining the direction
of development.

86

PHASES OF DEVELOPMENT
The cellular events can be divided into four
phases:

1. Neurogenesis: The production, migration, and
development of distinct new cell types—
nerve or glial—from undifferentiated stem
cells.

2. Cell expansion: The branching of axons and
dendrites to make synaptic connections.

3. Connection refinement: The elimination of
excessive branching and synaptic connections.

4. Apoptosis: Programmed neuronal cell death.

Neurogenesis

The cells of the intestinal epithelium are turned
over every 2 weeks, whereas skin cells are replaced
every 1 to 2 months. The adult brain is not nearly
this prolific, but is not barren either. In 1998
unequivocal newborn neurons were identified in
the hippocampus of elderly subjects whose brains
were examined shortly after death. We now know
that undifferentiated neural stem cells remain in
the CNS and continue to divide throughout life
(Figure 8.1). Neural stem cells can develop into
neural precursors that grow into neurons or sup-
port cells. However, they must migrate away from
the stem cell’s milieu before they can differentiate,
and only about half the cells successfully move and
transform.

The locations and potential for division of stem
cells in the adult human brain is a hot, controver-
sial topic. Clear evidence for adult neurogenesis
has been established in two areas of the brain:
the subgranular zone (SGZ) in the hippocampus
and the subventricular zone (SVZ) of the lateral
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The process of neurogenesis starts with an undifferentiated neural stem cell that has the

capacity to migrate and transform into functioning nerve cells. (Adapted from Gage FH. Brain, repair yourself.

Sci Am. 2003;289(3):46-53.)

ventricles (Figures 8.2 and 8.3). Newborn cells are
identified by tagging them with a molecule such as
bromodeoxyuridine (BrdU), a thymidine analogue
that can be incorporated into newly synthesized
DNA. A florescent antibody specific for BrdU is
then used to detect the incorporated molecule and
thereby indicate recent DNA replication.

The SGZ is part of the hippocampus. The
utility of creating new neurons in the hippocam-
pus remains a mystery, but may facilitate the

stabilization of new memories. The cells born in
the SVZ, on the other hand, primarily migrate
to the olfactory bulb. This might be helpful for
a dog, but it is hard to imagine how this ben-
efits the human brain. However, in 1999, Gould
et al. identified newborn nerve cells in the neo-
cortex (prefrontal, temporal, and parietal) of
adult monkeys. They established that neural
stem cells migrated through the white matter and
differentiated into neurons and extended axons
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FIGURE 8.2

The granule cell layer of just under
the dentate gyrus (called the subgranular zone) is the
most studied location of neurogenesis. (Adapted from
Gage FH. Mammalian neural stem cells. Science.
2000;287(5457):1433-1438.)

Figure 8.3). Unfortunately, the number of new
cells is less than that found in the hippocampus
or olfactory bulb and is inadequate for significant
CNS repair. Future neurological treatments may
come from finding methods (medications, exer-
cise, magnetic stimulation, etc.) to invigorate
the limited primate neurogenesis so as to replace
damaged tissue.

A remarkable recent study seems to establish
that adult neurogenesis does not generate new neu-
rons that become working cells in the gray matter.
Researchers utilized a remnant of the cold war to
determine the age of neurons and nonneural brain
cells in postmortem cortical biopsies.

Throughout the history of life, the amount of 4C
carbon in the atmosphere remained almost constant
until above-ground nuclear bomb testing during the
1950s and 1960s resulted in an explosive increase
in C. The carbon isotope rapidly spread around the
globe and was incorporated into any new organic mol-
ecules. Since the 1963 Test Ban Treaty, the amount of
14C in the atmosphere has steadily decreased.

The amount of C in a cell can be used to give
an accurate date of the cell’s birth when plotted on
the known curves of “C available in the atmosphere
over the last 50 years. For example, the *C in rings
in a tree will match the C in the atmosphere at the
time that ring was formed. The neuroscientists in
Sweden used this technique to determine the age of
brain cells in seven individuals who died suddenly.

The researchers were able to separate nuclei
of neurons and non-neuronal cells from various
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FIGURE 8.3 Adult macaque monkeys were
injected with bromodeoxyuridine and sacrificed

2 hour, 1 week, and 2 weeks later. These sections
from the prefrontal cortex show the development
and migration of neural precursor cells from the
subventricular zone (SVZ), through the white matter
to the neocortex. Additional tests established that
some of the cells were newly formed neurons.
(Adapted from Gould E, Reeves AJ, Graziano

MS, et al. Neurogenesis in the neocortex of adult
primates. Science. 1999;286(5439):548-552.)

regions of the cortex. Then the DNA was extracted,
analyzed for “C, and plotted on the known levels
of C in the atmosphere. The results are shown in
Figure 8.4. These results seem to establish that all
the adult human neurons in the neocortex were cre-
ated perinatally and none since birth. Non-neuronal
brain cells continued to form and were born, on
average, 5 years after the birth of the individual.
One limitation of this study is the exclusive use of
healthy brains. We still do not know if new neurons
replace damaged cells after trauma or ischemia.
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Postmortem analysis of '“C levels in DNA from neurons and non-neuronal brain cells shows

that the neurons were created at the time of this individual’s birth. (Adapted from Bhardwaj RD, Curtis MA,
Spalding KL, et al. Neocortical neurogenesis in humans is restricted to development. Proc Nat/ Acad Sci U S A.

2006;103(33):12564-12568.)

In summary, it appears that neurons are born in
the SGZ and the SVZ throughout the life of mam-
mals, but after birth they are not inserted as func-
tional neurons into the cerebral cortex—at least in
healthy brains. So why is it that the brain continues
to make new neurons until we die?

Rate of Neurogenesis

The rate of neurogenesis is modulated by various
factors. It is known that enriched environments and
exercise will increase neurogenesis (Figure 8.5).
Additional research suggests that gonadal steroid
hormones may also enhance new cell production.
For example, testosterone will stimulate nerve cell
production in songbirds (and possibly middle-aged
men seeking to recapture the vigor of their youth).
The point is that various factors may promote
neurogenesis and could be utilized as a part of
treatment for neurological disorders.

POINT OF INTEREST

The studies establishing an increase in neu-
rogenesis with enriched environments for
mice have also documented increased size
of the dentate gyrus of the hippocampus.
Additionally, the mice showed improved
memory performance on hippocampal-
dependent memory tasks (water maze).
These findings validate the link between
neurogenesis, neuronal growth, hippocam-
pal size, and memory.

Stress, on the other hand, has an inhibitory effect
on neurogenesis. Extended maternal separation is
a well-characterized model of early life stress for
a rodent. As adults, such rodents will show pro-
tracted elevations of corticotropin-releasing factor,
adrenocorticotropic hormone, and corticosterone
(cortisol equivalent in a rat), as well as behav-
ioral inhibition in response to stress. Work from
Gould’s laboratory has shown that rats exposed to
prolonged maternal separation will have an endur-
ing blunting of neurogenesis. When the corticoste-
rone is experimentally lowered, the neurogenesis
rebounds to normal levels—suggesting that hyper-
sensitivity to corticosterone may be the mechanism
of action that suppresses neurogenesis.

The relationship among early stress, the hypo-
thalamic-pituitary-adrenal (HPA) axis, and neu-
rogenesis is particularly interesting because of
the role of the hippocampus in modulating the
HPA axis. We can conceptualize that a healthy
hippocampus is necessary to put the brakes on an
activated HPA axis after the stressful event dis-
sipates. The above research suggests that early
stress (an unavailable mother) leads to a smaller
hippocampus due to insufficient neurogenesis,
which results in an overactive HPA axis and all
those secondary problems discussed in the previ-
ous chapter.

Stem Cells

One potential way to rebuild a damaged brain is
to implant human embryonic stem cells that have
been isolated from a very immature embryo (only
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A study by Brown et al. showed that an enriched environment and physical exercise

stimulated neurogenesis in the hippocampus but not in the olfactory bulb in mice. (Graph adapted from Brown
J, Cooper-Kuhn CM, Kempermann G, et al. Enriched environment and physical activity stimulate hippocampal
but not olfactory bulb neurogenesis. Eur J Neurosci. 2003;17(10):2042-2046.)

100 to 200 cells). So far it has been difficult to get
these immature cells to differentiate into func-
tioning neurons outside the olfactory bulb and
hippocampus. The problem may be the absence
of biochemical signals that normally prompt the
developing stem cell to migrate and differentiate.
Parkinson’s disease involves the loss of dopa-
mine neurons. Stem cells offer a potential source for

cell replacement therapy. A group in Japan reported
a successful treatment in monkeys with chemically
induced Parkinson’s disease. The important differ-
ence may have been a “cocktail” of several growth
factors that coaxed the undifferentiated cells to
develop into neurons and then into authentic dopa-
mine neurons. These cells were injected into the
bilateral putamen of the “Parkinsonian” monkeys.
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A. Harvesting embryonic stem cells, stimulating the development of dopamine neurons in

several cultures, and injecting them into a monkey with chemically induced Parkinson’s disease. B. Improved
neurological scores over 14 weeks. (Adapted from Takagi Y, Takahashi J, Saiki H, et al. Dopaminergic
neurons generated from monkey embryonic stem cells function in a Parkinson primate model. J Clin Invest.

2005;115(1):102-109.)

Figure 8.6 shows a diagram of the procedure and
some results. Unfortunately, studies with humans
have been disappointing and this potentially excit-
ing intervention remains a dream.

Cell Expansion

The second phase of neuronal growth, often
called synaptogenesis, describes the extensive
growth of axons and dendrites to make synaptic
connections—a process that primarily occurs early
in life. The tips of axons and dendrites have growth
cones that appear to reach out with fingerlike struc-
tures, filopodia, and literally pull the growth cone
to its destination. The axons are guided in a spe-
cific direction by chemical signals that attract and
repel the growth cone, that is, chemoattractants
and chemorepellents.

In a comprehensive postmortem analysis,
Huttenlocher determined synaptic density across
the life span in two regions of the human brain
from 14 individuals. Using an electron microscope
and special stains, he counted synaptic connections
from thin sections taken from the visual cortex and
prefrontal cortex. The results, displayed graphi-
cally in Figure 8.7, show that the greatest synap-
togenesis takes place shortly after birth and occurs
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FIGURE 8.7 A. Schematic representation of

changes in synaptic density. B. Measured synaptic
densities in visual and prefrontal cortex from 14
individuals who died of non-neurological diseases.
(Adapted from Huttenlocher PR, Dabholkar AS.
Regional differences in synaptogenesis in human
cerebral cortex. J Comp Neurol. 1997;387(2):167-178.)
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sooner for the visual cortex. Maximum synaptic
density is reached before the first year in the visual
cortex, but not until 3.5 years in the prefrontal cor-
tex. Synaptogenesis is accompanied by an increase
in the size of the nerve cell, presumably to sup-
port the increased metabolic needs created by the
expanded axons and dendrites.

Connection Refinement

The third phase of neuronal cell development often
referred to as pruning, or synaptic elimination,
entails retraction and elimination of excessive con-
nections. The brain makes many more connections
than are needed and the weak ones (or those not
used) regress. As with synaptogenesis, the pruning
proceeds at different rates for different regions of
the brain, based on need. For example, sensory and
motor areas go through refinement before the regions
devoted to executive functions. Clearly, moving and
seeing are more essential than writing a poem.

The late and extensive reduction of the frontal
cortex correlates with psychological tests measur-
ing improved executive function. It is paradoxi-
cal that the maturing process that our adolescents
struggle through is actually a refinement and
reduction of the gray matter and not growth. We
(the authors) have teenage children. Studies sug-
gest they have more gray matter than we do, but
we dominate when it comes to wisdom and smarts.
The point is this: less is more. This is not the usual
pattern in nature. Typically bigger is better. But
then elephants and whales, with the largest brains,
do not rule the planet like humans.

Disordered pruning may be the pathological
basis for such conditions as autism and schizophre-
nia. A consistent finding in patients with autism is
greater total brain volume, which is not present at
birth but develops during the first few years of life.
It has been suggested that this is due to abnormal
connectivity and a lack of pruning. Schizophrenia,
which typically develops in late adolescence and is
associated with a loss of gray matter, may be the
result of excessive pruning.

POINT OF INTEREST

Mark Twain said, “When | was a boy of 14,
my father was so ignorant | could hardly
stand to have the old man around. But when
| got to be 21, | was astonished at how much
he had learned in 7 years.” With this clever
statement, Twain captures the refinement of
the adolescent prefrontal cortex that a teen
experiences but does not recognize.

Apoptosis

Programmed cell death, apoptosis, is the final
phase of the sculpting of the brain. It is called
programmed, which reflects the fact that the
cells actually carry genetic instructions to self-
destruct. Neurotrophins, discussed next, save
the neuron by turning off the genetic program.
When the intracellular “self-destruct button” has
been activated, apoptosis proceeds in a charac-
teristic process: cell shrinkage, fragmentation,
and phagocytosis of the cellular remnants. This
is distinguished from necrotic cell death, which
results from trauma and is characterized by rapid
cell membrane lysis.

Modifications of any of these four phases—
for example, enhancing neurogenesis or retard-
ing apoptosis—are potential targets for treatment
interventions for such conditions as depression
and Alzheimer’s disease. Active research for such
treatments is going on.

Brain Imaging Studies

The postmortem studies by Huttenlocher provided
an in-depth analysis of synaptic connections, but
were limited by the total number of brains that he
could analyze. Brain imaging technology, on the
other hand, allows the noninvasive examination of
a larger number of subjects, in real time, with the
potential to be repeated as the subjects age. Unfor-
tunately, brain imaging does not have the resolu-
tion to the level of the synapse, so studies follow
the trajectory of larger structures, such as gray
matter thickness or volume.

The noninvasive magnetic resonance imag-
ing technology has allowed extensive studies of
brain development beginning in childhood and
progressing into adulthood. One study, shown
in Figure 8.8A, scanned 145 healthy subjects,
99 of whom had at least two scans. Gray mat-
ter development proceeded on a trajectory of
growth until 10 to 12 years of age followed by
a decrease in adolescence—consistent with the
pattern of synaptogenesis followed by connec-
tion refinement. The age of maximal volume (an
indirect measurement of development) varies by
brain region.

NEUROTROPHIC GROWTH
FACTORS

Neurotrophic factors—literally growth factors
for nerve cells—are best defined as any molecule
that affects the nervous system by influencing the
growth or differentiation of neurons or glia. Neu-
rotrophic factors, affectionately called “brain fer-
tilizers,” are the stimulus behind neurogenesis and
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synaptogenesis (Figure 8.9). Rita Levi-Montalcini
et al. accidentally discovered the first growth factor
40 years ago (see Figure 1.9). They were able to
isolate a protein from a mouse sarcoma that stimu-
lated the growth of nerve cells as well as increased
the size and branching of the cells. Although
called nerve growth factor (NGF)—implying that
it stimulates all nerve cells—this particular neuro-
trophin only affects sympathetic neurons and some
sensory ganglion cells. Several decades of research
have established four principles regarding the cells
affected by NGF.

1. NGF mediates cell survival.

2. Cells that do not receive enough NGF die.

3. Target organs produce NGF.

4. Specific NGF receptors are present on inner-
vating nerve terminals.

Because NGF is specific for a limited subset of
peripheral nerves, it was assumed for many years
that there were a host of other neurotrophic factors
following similar rules waiting to be discovered.
Unfortunately, the fortuitous discovery of NGF
has not been repeated with other factors. Identify-
ing and purifying factors that are excreted in such
minute quantities has turned into an arduous task.
Several factors have been discovered and are being

studied, such as neurotrophin-3, glial cell line—
derived neurotrophic factor, and insulinlike growth
factor, to name a few, but the one that is of most
interest to the mental health community is brain-
derived neurotrophic factor (BDNF).

The actions of neurotrophins such as BDNF
are mediated primarily through Trk (for tyrosine
kinase) receptors on the nerve cell membrane. The
extracellular portion of the receptor binds with
the neurotrophic factor, which in turn initiates an
intracellular cascade that leads to gene expres-
sion. As yet, there are no small molecule agonists
or antagonists for these receptors, which hinders
a better understanding of the action of the neuro-
trophic factors.

Signaling the Trk receptor can lead to changes
in three aspects of the cell state:

1. Cell survival or death.
2. Synaptic stabilization or elimination.
3. Process growth or retraction.

The effect is determined by the specific neuro-
trophic factor, the combination of receptors sig-
naled, and the intracellular pathways expressed
in that cell. Disruption of the neurotrophic fac-
tor signaling is presumably an explanation (and
possible treatment) for some neurodegenerative
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FIGURE 8.9 Neurotrophic factors mediate cell

proliferation and elimination by promoting cell growth,

stimulating synaptogenesis, and preventing apoptosis.

diseases, for example, Huntington’s, Parkinson’s,
and Alzheimer’s diseases. Likewise, the enduring
symptoms resulting from substance abuse may
be the result of inappropriate neurotrophic factor
synthesis.

m NEUROTROPHINS

Medicating with neurotrophins or stimulat-
ing their increased production is an exciting
prospect for future neuropsychiatric treat-
ment. Some studies suggest that this may be
the mechanism by which lithium, electrocon-
vulsive therapy, and antidepressants resolve
depression (see Chapter 21). If this is true,
future treatments for depression will focus
on more effective ways to stimulate growth
factors. Other researchers have examined the
therapeutic benefits of growth hormones for
such disorders as amyotrophic lateral sclero-
sis and multiple sclerosis. The biggest difficulty
is finding effective yet unobtrusive methods to
deliver the neurotrophins to the CNS.

CRITICAL PERIODS

As we have said before, genes control development
in utero, but the environment influences the direc-
tion after birth. Early interactions during the time
of great cellular expansion mold the brain’s anat-
omy with an ease and permanence that can never
be repeated or completely undone. These stages in
development when the environmental input is so
crucial to determining the structure of the brain are
called critical periods.

Language acquisition is a good example of a
critical period. Early exposure to native sounds
has a lasting impact on speech, which is hard to
alter later in life. Johnson and Newport demon-
strated this by examining English proficiency in
Korean and Chinese speakers who arrived in the
United States between the ages of 3 and 39. They
found that subjects who arrived in the United
States before the age of 7 had equivalent fluency
to native speakers, whereas those who arrived after
the age of 7 had a linear decline in performance
until puberty (Figure 8.10).

The development of the visual cortex provides
another example of a critical period. David Hubel
and Torstern Wiesel (who later received the Nobel
Prize for this work) established the importance of
normal visual experience early in life for proper
development of the visual cortex in cats and mon-
keys. In a series of experiments, they sutured one
eyelid shut in kittens and later monkeys for short
lengths of time during various weeks after birth.
They established, down to the level of the neuron,
the profound effect of visual deprivation at critical
periods of development.
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Age of arrival in the United States
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FIGURE 8.10 Language acquisition as measured
by English grammar tests for native speakers
compared with Korean and Chinese immigrants.
(Adapted from Johnson JS, Newport EL. Critical period
effects in second language learning: the influence of
maturational state on the acquisition of English as a
second language. Cognit Psychol. 1989;21(1):60-99.)
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Injecting radioactive proline into an eye allows visualization of the cortical innervation in

layer IV from that eye when the animal is sacrificed several weeks later. (Adapted from Bear MF, Connors BW,
Paradiso MA, eds. Neuroscience: Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott Williams & Wilkins;
2007; Purves D, Augustine GJ, Fitzpatrick D, et al. Neuroscience. 5th ed. Sunderland, MA: Sinauer; 2011.)

Figure 8.11 shows how the experiments by
Hubel and Wiesel were conducted. Radioactive
proline was injected into an eye where it was
absorbed and transported down the axons to the
lateral geniculate nucleus (LGN) of the thalamus.
Some of the labeled proline that spilled out of the
terminal would be taken up by the LGN neurons
and transported to the visual cortex. The location
of the radioactive molecules can be visualized
using autoradiography.

Figure 8.12 shows the results—both real and
schematic—of suturing one eye shut for differing
periods of time early in life. The autoradiographs
in the B row show a normal cat compared with a
cat whose eye was closed from 2 weeks until 18
months. This demonstrates—as do the drawings
in the C row—how the neurons from the occluded
eye regress and the neurons from the good eye
expand. The D row shows the terminal branching,
arborization, of the LGN neurons in the visual
cortex for a normal eye and one that was occluded
for just 1 week at 30 days of age. Hubel and Wiese
have estimated that the critical period for ocular
deprivation in a cat is 3 to 4 months.

In humans, the critical period for vision extends
out to 5 or 6 years of age. For example, children
with congenital cataracts can have substantial and
permanent visual deficits if the occluded lens is not
corrected early enough. However, adults with cata-
racts regain their preexisting visual acuity when
the lens is replaced because occlusion past the
critical period does not damage the cortex.

Strabismus, often called lazy eye, is a misalign-
ment of the eyes due to improper control by the
eye muscles. Children with this condition experi-
ence double vision. The response of the brain to
receiving two images is to suppress the input from
one eye. This can result in low acuity or even blind-
ness in the suppressed eye due to developmental
impediments during the critical period. One form
of treatment is to patch the good eye and force
development in the cortical regions connected to
the lazy eye.

ADULT NEUROPLASTICITY

Plasticity is defined as the capability to be formed
or molded. Neuroplasticity describes the brain’s
ability to adapt to environmental factors that can-
not be anticipated by genetic programming. The
description of critical periods described above

plLTel {0] S8 PERSONALITY

Extrapolating these studies to behavior, one
wonders about critical periods and person-
ality development. For example, what is
the effect of early exposure to TV? Recent
studies suggest that too much time in front
of the TV leads to attentional problems for
children, poorer academic achievement, and
increased aggression. What neuronal con-
nections fail to develop when children spend
too much time watching TV?
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FIGURE 8.12 @ A-E. Comparing the normal development of the visual cortex on the left with development
on the right when one eye has been sutured shut for varying lengths of time. E. Electrodes inserted horizontal
to the cortex show distinctive patterns of ocular dominance depending on which eyes developed properly.
(B. From Wiesel TN. Postnatal development of the visual cortex and the influence of environment. Nature.
1982;299(5884):583-591. D. From Antonini A, Stryker MP. Rapid remodeling of axonal arbors in the visual
cortex. Science. 1993;260(5115):1819-1821. Reprinted with permission from the AAAS.)
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The expansion of cortical representation of the dorsal fingers of a monkey before and after

several weeks of controlled hand use. (Adapted from Jenkins WM, Merzenich MM, Ochs MT, et al. Functional
reorganization of primary somatosensory cortex in adult owl monkeys after behaviorally controlled tactile

stimulation. J Neurophysiol. 1990;63(1):82-104.)

suggests a bleak picture for plasticity in the adult
brain, but there is more hope for your old cortex
than one might think. For example, the organiza-
tion of the representation of the sensory input in
the cortex (called cortical maps) is continually
reshaped by experience.

Studies with monkeys have shown a startling
capacity of the cortical maps to change in response
to sensory input. In one classic study, animals were
taught to rotate a disk using only digits 2, 3, and
sometimes 4 to receive banana-flavored pellets.
After several weeks of practice, the cortical regions
(the cortical map) used by fingers 2, 3, and 4 were
enlarged (Figure 8.13). Practice literally changed
the brain.

In another experiment by the same group, the
researchers measured the representation of the
fingers on the cortex before and after amputation
of the middle finger. Figure 8.14 shows how the
cortex adapted to the change. Neurons deprived
of their normal sensory input from the middle fin-
ger switch to responding to stimulation from the
closest finger. Similar changes have been observed
with humans after medical amputation. For some
patients, when their face is scratched, they “feel”
a sensation as though it was coming from their
amputated lower arm—a phantom sensation.
Functional imaging scans performed during such
stimulation have shown activation of the somato-
sensory region for both the face and where the
lower arm was. It appears that the sensory neurons
in the brain do not die when input ceases. Rather,
they shift their focus.

The Musician’s Brain

Learning to play a musical instrument is a com-
plex task requiring practice, practice, prac-
tice. Musicians’ brains serve as a model of

Before amputation

After amputation

FIGURE 8.14 After amputation of a monkey’s
finger, the cortical neurons reorganize. The neurons
formally responding to stimulation of the third finger
now respond to stimulation from the second and
fourth fingers. Similar “re-mapping” also occurs in
the thalamus. (Adapted from Merzenich MM, Nelson
RJ, Stryker MP, et al. Somatosensory cortical map
changes following digit amputation in adult monkeys.
J Comp Neurol. 1984;224(4):591-605.)

neuroplasticity. Figure 8.15 shows the enhanced
signals from the somatosensory and auditory cor-
tex for highly skilled musicians compared with
controls. Figure 8.15A shows the representation
of the cortical signal from the little finger on the
left hand for string musicians and controls when
the fingers were stimulated. This difference did
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Musicians (black arrow) and controls (white arrow) show differences in the somatosensory

(A) and auditory (B) cortex. (Adapted from Pantev C, Engelien A, Candia V, et al. Representational cortex in
musicians. Plastic alterations in response to musical practice. Ann N Y Acad Sci. 2001;930:300-314.)

not exist for the thumb or the fingers on the right
hand. In Figure 8.15B, the musicians had a 25%
greater neuronal excitation for the piano tones
than the controls. In both cases, the musicians
who had started playing at the youngest age dis-
played the largest signal.

Taken in total, these studies suggest that
starting early is best, but even the late bloomers
can change their brains and develop new skills.
Clearly, as anyone who has tried to learn a new
language, instrument, or sport knows, it requires
work and diligence to master the task—or liter-
ally to change the brain. Fortunately, it appears
that even an old cortex can adapt. Hubel and
Wiesel described a monkey who had one eye
occluded between days 21 and 30. Initially the
monkey appeared blind in the deprived eye.
Remarkably, 4 years later he had an estimated
acuity of 20/80 in the bad eye and 20/40 in the
normal eye.

Maladaptive Neuroplasticity

Prolonged practice has its dark side. Approxi-
mately 1% of professional musicians will develop
a condition called focal dystonia: loss of control

After a stroke, many patients will avoid using
the affected limb and preferentially use the
intact limb. Functional imaging studies of stroke
patients have shown contraction of the cortical
representation of the affected limb, which is
how the brain responds when it is not used.
A new kind of rehabilitation for stroke patients
called constraint-induced movement therapy

of skilled movements in the performing hand. It is
usually a career-ending disorder and is believed to
result from maladaptive neuroplasticity stimulated
by long hours of repetitive movements. Neuroim-
aging studies show a fusion of the digital represen-
tations in the somatosensory cortex (Figure 8.16).
It is almost as though the neurons are attempting to
move two fingers when they should be only mov-
ing one. Consequently, individual finger move-
ment is no longer possible.

Cellular Changes

The cellular mechanisms that accompany the cor-
tical changes seen with monkeys rotating disks
and musicians playing instruments (and hope-
fully readers of this book) are poorly understood.
Some similar processes that may play a role in
the dynamics of the neocortex were discussed in
earlier chapters of this book. A good model is
long-term potentiation (LTP). Figure 5.8 shows
an example of new spine development induced
with LTP. Such spine development along with
branching of the dendrites is seen with enriched
environments (Point of Interest Chapter 3). It is
tempting to speculate that successful learning

corrects this problem and improves function
even in chronic conditions. Patients have their
good limb restrained with a mitt or harness and
are forced to use their impaired limb. Controlled
trials have shown this treatment to improve
motor skills as well as increase the cortical
activity in the affected area. The brain has the
capacity to change, but it must be exercised.
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The circles are functional representations of the fingers from the right and left hands of a

musician with focal dystonia of the left hand. The response from the somatosensory cortex is superimposed on
a MRI. Note the fusion of the representations for the fingers from the affected left fingers that is not seen with
the separated fingers from the right hand. The thumb—a digit not requiring as much movement when playing—
is unaffected. (Adapted from Elbert T, Candia V, Altenmuller E, et al. Alteration of digital representations in
somatosensory cortex in focal hand dystonia. Neuroreport. 1998;9(16):3571-3575.)

involves production of growth factor proteins that
stimulate arborization of dendrites in the cortex,
resulting in bigger, bushier neurons.

Adult Nerve Regeneration

Why is it that the nerves in the peripheral ner-
vous system (PNS) can regenerate while those in
the CNS cannot? Likewise, why can amphibians
regrow long nerve connections, but mammals can-
not? How come the most complex organ in the
universe is less capable of repair than more primi-
tive organs? It appears that the brain responds to

injuries with actions that are intended to preserve
the complex connections, but this ultimately also
prevents regeneration.

Oligodendrocytes and astrocytes respond to
CNS injury by forming what is called a glial scar.
This scar is part of the inflammatory response and
limits cellular damage by isolating and protecting
the injured area. Unfortunately, the glial scar is full
of molecules (not found in the PNS) that inhibit the
growth cone and prevent regeneration. But more
on this in the next chapter when we discuss immu-
nity and inflammation.
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QUESTIONS

1. Brain fertilizer
a. Apoptosis.
b. Critical period.
c. Focal dystonia.
d. Neurotrophins.

2. Programmed cell death
a. Apoptosis.
b. Critical period.
¢. Focal dystonia.
d. Neurotrophins.

3. Maximum synaptogenesis
a. Apoptosis.
b. Critical period.
c. Focal dystonia.
d. Neurotrophins.

4. Inappropriate neurogenesis
a. Apoptosis.
b. Critical period.
c. Focal dystonia.
d. Neurotrophins.

. Not one of the phases of development

a. Neurogenesis.
b. Synaptogenesis.
c. Neuroplasticity.
d. Pruning.

. Factors that do not enhance CNS neurogenesis

a. Amputation.

b. Antidepressants.

c. Enriched environments.
d. Exercise.

. Cannot develop from neural stem cells

a. More neural stem cells.
b. Oligodendrocytes.

c. Astrocytes.

d. Schwann cells.

. Possible explanation for schizophrenia

a. Focal dystonia.

b. Excessive pruning.

c. Altered neurotrophins.

d. Dopamine receptor apoptosis.

See Answers section at the end of the book.



CHAPTER 9

Inflammation and Immunity

p to this point, we have discussed a number of

mechanisms that may explain how the men-
tally ill brain is different from the normal brain.
The immune system is increasingly being viewed
as a possible culprit. The body’s reaction to foreign
invasion (or mistaken foreign invasion) and the
resulting inflammatory response may contribute to
the development of some psychiatric disorders.

For a long time, there have been indications of
subtle links between mental illness and the immune
system. The first antidepressants were developed
in the 1950s when it was noted that the antituber-
cular medication iproniazid had a positive effect
on mood. When treated with this medication, even
some terminally ill patients became more cheer-
ful, physically active, and hopeful. Ultimately this
antibiotic was refined and transformed into the first
effective antidepressant: the monoamine oxidase
inhibitors.

In 1929 the Swiss psychiatrist Tramer reported
an increase in schizophrenic births during the
months from December to May. Tramer noted that
children born during the winter/spring months were
more likely to develop schizophrenia as adults. It
is postulated that the seasonal fluctuation is influ-
enced by exposure to infections during the perinatal
period, which are more common during the winter
months—more on this topic later in the chapter.

Perhaps the oldest link between infection
and psychiatric disorders lies with syphilis. This
microbe was the cause of about 20% of the hospi-
talizations for mental illness at the beginning of the
last century. In 1910 it was Paul Ehrlich’s “magic
bullet,” compound 606, that became the first effec-
tive medication for syphilis—the beginning of
psychopharmacology. The microbe that causes
syphilis, Treponema pallidum, provides a good
example of the immune response and the problems
this response causes.

THE IMMUNE RESPONSE

The body’s immune system is poised to recog-
nize and attack foreign invaders—anything that
is nonself: splinters, bacteria, Fox News, etc. The
attack is conducted by a confusing array of cells
and proteins—some of which stand guard at all
times, while others remain dormant until the alarm
is sounded. All the components interact with
each other through a litany of signals to rally the
defenses when a microscopic terrorist is identified.
Likewise the defenses must be turned off when the
coast is clear. For the purposes of this book, we can
simplify the immune response down to four major
components:

1. Cellular—white blood cells (leukocytes)
2. Humoral—antibodies

3. Complement—Ilittle torpedoes

4. Cytokines—the molecular signals

All four of these components come into play
when the syphilitic bacteria T. pallidum invades
the body.

Syphilis

Syphilis is a sexually transmitted disease caused
by the corkscrew shaped bacteria T. pallidum
(Figure 9.1). When a contagious individual has sex
with an uninfected partner, there is about a 30%
chance the disease will be transferred. The body’s
first line of defense against infection is the skin.
T. pallidum spirochete penetrates the dermal bar-
rier by twisting through microabrasion.

The body’s next line of defense is the comple-
ment system (Figure 9.2A). The complement sys-
tem is made up of numerous proteins circulating in
the blood poised to coalesce into little torpedoes.
When activated by foreign proteins, such as those
found on bacteria, the complement molecules lock
on to the bacteria. As more and more of these

101
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proteins accumulate on the bacteria, the comple-
ment can literally drill a hole in the cell wall. This
allows fluid to pore in and the bacteria explodes.
The trick is to limit the attack to the foreign
invaders—to avoid attacking host cells.

Also standing ready to fend off foreign invaders
are a variety of white blood cells (leukocytes). Two
of these, the macrophage and the neutrophil, are
frontline defenders. The macrophage patrols the
perimeter of the skin and mucus membranes clean-
ing up debris and searching for bad guys. (They
also are one of the cells that will present foreign
antigens to T cells to start the production of anti-
bodies.) Neutrophils circulate in the blood ready to
come to the aid of defenseless tissue. They aggres-
sively attack T. pallidum but generally also make
a mess of the healthy tissue. The initial physical
sign of syphilis—the chancre that develops on the
genitalia at the site of the infection—is in large
part due to neutrophils. Pus is predominantly dead
neutrophils—suicide bombers at the cellular level.

A Immediate

Complement
proteins

Bacteria
cell wall Q

B Lymph node

FIGURE 9.2

Neutrophil

Macrophage

FIGURE 9.1
problems of syphilis is this annoying spirochete
Treponema pallidum seen here in an electron
micrograph. (From Centers for Disease Control and
Prevention.)

The bacteria that causes all the

C Delayed

B cell

A. When bacteria invade the body, complement, macrophages, and neutrophils are

the first defenders. B. Antigen presenting cells take pieces of the bacteria (antigens) to lymph nodes
when the B cells and T cells are activated. C. T cells and B cells, specifically matched to the antigens
of the bacteria, follow the cytokines to the site of the injury.
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Syphilis Continued

After the first phases of syphilis, most people enter
a latency phase—usually within 6 months. During
this phase, they do not have signs or symptoms
of the illness and are not contagious. However,
microbes remain hidden within the body and labo-
ratory studies are still positive. Remarkably, the
T. pallidum can quietly live undetected in the host
for years. How is this possible?

The best explanation for the stealth capabilities
of T. pallidum is the relative inertness of the outer
membrane. The proteins that protrude through the
phospholipid bilayer cell membrane wall (called
integral proteins) are few and far between in
T. pallidum. It is these proteins that killer T cells
and antibodies grab when they attack the bacteria.
In comparison, T. pallidumhas only 1% of the inte-
gral proteins compared with Escherichia coli. So,
this bacteria can remain hidden, under the radar so
to speak, and not be recognized as different—Ilike
little terrorist sleeper cells.

If left untreated, approximately one-third of the
people infected with syphilis will cure themselves,
another third will remain in the latency phase until
they die, and the last third will develop tertiary
syphilis—the most serious phase of the infection.
Of particular interest for us is neurosyphilis. Neu-
rosyphilis includes inflammation of the meninges,
cerebral vasculature, or neural tissue of the brain
and/or spinal cord. Although animal studies have
shown that T. pallidum can find their way to the
central nervous system (CNS) within 18 hours after
the initial infection, the serious manifestations of
neurosyphilis do not develop for 10 to 50 years.

The important point is this: once the immune
system catches up with syphilis in the CNS, it is
the inflammatory response—not the bacteria per
se—that damages the brain. T. pallidum does not

L.y [3 kil COCAINE VACCINE

Cocaine dependence is a major health prob-
lem. There is no Food and Drug Administra-
tion (FDA)-approved pharmacotherapy. One
research group has developed a vaccine that
stimulates the immune system to produce
anticocaine antibodies. These antibodies can
sequester circulating cocaine and prevent
the substance from entering the brain and
quelling any euphoria. Early studies have
found reduced cocaine intake for addicts
whose body produced sufficient antibod-
ies. Future research is focused on eliciting
a stronger and more sustained immune
response in more patients.
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produce a toxin nor directly attacks the cells of
the nervous system. It is the overexuberant cellu-
lar response to T. pallidum that blocks the vascular
support and kills the neurons. The military calls
this collateral damage. The incessant neural loss
once the immune system is activated leads to per-
sonality changes, psychosis, and dementia as well
as paralysis, seizures, and death.

Inflammation

The inflammatory response is the body’s overall
reaction to foreign invasion. The signs are swelling,
redness, heat, and pain. The mechanisms that cause
the inflammation are engorgement of the blood
vessels, movement of fluid into the tissue, and,
above all, attraction of leukocytes to the infected
area. The signals that start the inflammatory pro-
cess and coordinate the response are the cytokines.
(More on the cytokines later in the chapter.)

Adaptive Immunity

A large part of the success of the mammalian
defense system results from the capacity of the
system to proliferate and attack specific and
unique molecular features of the invader. This
adaptive immunity commences when pieces of the
destroyed bacteria are taken to the lymph nodes
and presented to T cells—essentially shopped
around to find a good match (Figure 9.2B). When
a close match is found, the T cells multiply and
head off to attack that specific remnant of the
invader, but not before activating the B cells. The
B cells with a similar match will start producing
antibodies. Antibodies are the “Y”-shaped proteins
that can lock on to the specific foreign molecules
of the bacteria, virus, or infected cell. Antibodies
attached to a foreign cell serve as a signal to other
leukocytes, essentially saying that this cell is ready
for demolition (Figure 9.2C).

The important points to grasp are the varied
mechanisms the body uses to defend against for-
eign invasion and the need for numerous checks and
balances to keep the response under control, that
is, to avoid damaging the host cells. As with any
battle, “civilian casualties” are unavoidable. War,
even at the microscopic level, is a dirty business.

IMMUNITY IN THE BRAIN

The immune response inside the brain is less
aggressive than the response normally seen in
the rest of the body. Constraining the response is
essential because the rejuvenating capacity of the
brain is limited and the effects of collateral damage
from inflammation are more serious. White blood
cells are rarely seen in the CNS. But the brain is not
defenseless. Although once thought to be “immune
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privileged”—that is, able to tolerate the presence
of an antigen without eliciting an inflammatory
response—the brain is now recognized to have a
unique but muted immune response to invaders.

The brain has three layers of protection against
foreign invasion.

1. The blood-brain barrier—physical barrier to
isolate the brain.

2. Microglia—the macrophage of the brain.

3. Leukocytes infiltration reserved for serious
damage.

The distinguishing feature of the CNS immune
system is the microglia. The microglia, although
considered a nerve cell, actually originate from a
different cell line. While neurons, oligodendro-
cytes, and astrocytes develop from cells of neu-
roectodermal origin, the microglia come from
mesenchymal stem cells (bone, cartilage, and
blood cells). Microglia move in and take up resi-
dence among the neural cells very early during
embryonic development.

The microglia are most closely related to the
macrophage and are the central component of
the brain’s innate immune system. Like the mac-
rophage, they are dormant until activated, can
migrate to the battle zone, and attempt to gobble
up whatever should not be there. The microg-
lia respond to chemical signals of danger, emit
pro-inflammatory cytokines, and can function as

&

FIGURE 9.3
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antigen presenting cells—similar to the macro-
phage. In addition, microglia can also release
cytotoxic substances such as hydrogen peroxide to
damage the invader. Unfortunately, the hydrogen
peroxide also kills neurons.

Neural Prostheses

The protagonist of the 1970s television series The
Sx-Million Dollar Man was a NASA astronaut
whose injured body was rebuilt with mechanical
parts. Oh, if only it was this easy. Forty years later,
real researchers are still struggling with the basics.
A device that could restore simple movements for
people with spinal cord injuries would be of great
value to those confined to a wheelchair. While still
very much in the experimental stages, the goal is to
capture the individual’s neural signals generated in
the motor cortex and turn them into useful move-
ments (Figure 9.3).

Electrodes implanted directly into the gray mat-
ter of the motor cortex are an intrusive element
needed to determine the person’s intentions. The
electrode captures the electrical activity as the neu-
rons generate action potentials and the signals are
sent to a computer. The computer—after substan-
tial training—decodes the signals and moves the
external device—in this case a mechanical arm.
Problems develop as the brain’s immune system
produces a sustained reaction against the foreign
body electrode.
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Electrodes in the motor cortex capture the neural activity of purposeful movement. The

signals are digitalized and the computer learns to turn the impulses into movements of the mechanical arm.
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Indwelling Electrodes

The gray matter of the cortex is dense with blood
vessels. Invariably as the electrodes are pushed into
the brain, the vasculature is ruptured. This breaches
the blood-brain barrier and allows the entry of
inflammatory proteins as well as macrophages,
neutrophils, and T cells. In short, the wound heal-
ing process is initiated and neurons—the ones the
electrode needs to record—can be damaged or
destroyed. While the bloodborne inflammatory
response is the most serious, microglia and astro-
cytes become activated regardless of the vascular
damage (Figure 9.4).

Microglia, in their resting state, look like
stars with elaborate branching structure. When
they sense trouble, they multiply and morph into
rounder structures. They also increase their pro-
duction of cytokines and growth factor proteins.
In this activated state, they engulf and digest the
cellular debris generated by the injury—acting like
their macrophage cousins from the periphery.

Astrocytes usually support the neurons and
maintain the integrity of the blood—brain barrier.
In response to injury they too become activated.
Their main function in response to trouble is to
isolate the problem. They produce and release a
fibrous substance that plays an essential role in
forming a physical barrier around the injury. This
barrier is commonly called the glial scar. This is
a problem for the whole contraption, since the
scar impedes contact between neurons and the
electrode.
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Glial Scar

Reactive gliosis, the formation of the glial scar,
helps to isolate the injury, prevent overwhelm-
ing inflammation, and limit cellular degradation.
The importance of gliosis was established in mice
whose astrocytes were depleted. Small stab wounds
in their spinal cords resulted in greater blood-brain
barrier disruption, larger leukocyte infiltration,
increased neural loss, and more motor deficits than
comparable mice with normal astrocytes.

Clearly, the glial scar is essential to limiting
CNS damage after trauma. Unfortunately, there is
a price to pay. Neurons of warm-blooded animals
will not regenerate through the glial scar. This is
why patients with severed spinal cords remain
paralyzed. The axons on either side of the injury
are prevented from reconnecting by the glial scar.
Treatments in the future may dissolve the scar
once the injury is stabilized, thus allowing axons
to regenerate.

CYTOKINES

Cytokines are known as the “hormones of the
immune system.” These chemical messengers
orchestrate the direction, magnitude, and dura-
tion of the inflammatory response. Virtually all the
immune cells produce cytokines, although the type
and function vary. First discovered in the late 1960s,
the number of known cytokines has exploded fills
large, small fonted tables. Reasonable readers
avoid such material. Suffice it to say that the major
cytokines are interferon (IFN), interleukin (IL), and
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A. Electrodes implanted in the gray matter elicit an inflammatory response. Activated
microglia and astrocytes produce a “scar” that isolates the electrode. B. Within 6 months, 75% of the
electrode is surrounded by glial cells. (Adapted from Rousche PJ, Normann RA. Chronic recording capability of
the Utah Intracortical Electrode Array in cat sensory cortex. J Neurosci Methods. 1998;82:1-15.)
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tumor necrosis factor (TNF), although each type
has numerous variants designated with numbers or
Greek letters.

Cytokines coordinate the entire response to an
infection—from generating a fever to promoting
wound healing. However, the primary functions
are activating and guiding immune cells. Some
of the cytokines activate the white blood cells—
induce the cellular feeding frenzy. Other cytokines,
in the presence of an antigen, activate T cells and B
cells to multiply and go find the pathogen.

Cytokines play an essential role in guiding the
immune cells to the battlefield. Activated cells fol-
low the “scent” of the cytokines to their destination
(Figure 9.5). Endothelial cells in the blood vessels
respond to cytokines by expressing adhesion mol-
ecules that “grab” immune cells floating by in the
blood. The cells then transform, squeeze through
the blood-brain barrier, and follow the scent of the
cytokines to find the pathogen.

An essential feature of fighting any infection is
the ability to turn off the inflammation when the job
is done in order to limit injurious side effects. Cyto-
kines are turned off in several ways. First, cytokines
have a short half-life and quickly dissipate anyway.
Second, production of cytokines is reduced as the
offending antigens disappear. Finally, some cyto-
kines are actually anti-inflammatory and are pro-
duced to turn down the immune response.

Neural Plasticity

Cytokines have important functions outside of
their role coordinating the immune response. Some
of the cytokines of the IL-6 family are known to
have signaling functions during development of
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the normal brain and in response to brain injury.
Studies have shown that these cytokines can

- induce differentiation of neural stem cells,

- promote axonal regeneration,

- promote maturation and survival of
oligodendrocytes, and

- influence synaptic plasticity.

These unexpected discoveries have generated
interest in potentially manipulating cytokines
to prevent illness or promote healing. But which
cytokines need to be neutralized and which ones
enhanced is not easy to determine.

Neurogenesis provides an example of the com-
plexity of manipulating cytokines to promote CNS
healing. After a stroke, theoretically it would be
beneficial to accelerate neurogenesis. The forma-
tion, migration to the site of the injury, and the
differentiation into functioning neurons hold great
potential as a means to help people recover after
cerebral ischemia. Unfortunately, the inflamma-
tory response, also occurring after a stroke, blocks
neurogenesis. Consequently, controlling the
inflammatory response has been one target pos-
tulated for enhancing neurogenesis and recovery.
But, here is where it gets complicated; some of the
cytokines (such as IL-4 and IFN-y) also released as
part of the inflammatory response actually induce
neurogenesis.

The studies with traumatic brain injury (TBI)
and stroke highlight the current dilemma with
cytokines. They not only contribute to long-term
damage but also facilitate healing. Interventions
in the future will likely neutralize some cytokines
while allowing others to work their magic.

Transmigration

White blood cells in the capillaries are attracted to the site of an injury. Cytokines released

at the injury activate a process that enables leukocytes to adhere to the endothelial cells and then migrate to

where they are needed.
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Mental lliness

The pathophysiology of most mental disorders
remains a mystery. Dysfunctions of the mono-
amines, the hypothalamic-pituitary-adrenal (HPA)
axis, and the neurotrophins have been discussed
as possible mechanisms. Infections and inflamma-
tion many also play a role in the development of
psychiatric disorders. The capacity of cytokines
to affect neural plasticity may contribute to psy-
chiatric illness as collateral damage from a normal
immune reaction or some autoimmune activation.
If this mechanism is culpable, it opens a whole
new avenue for treatment interventions. The most
compelling evidence is found with depression and
schizophrenia.

Depression

Interferon alpha (IFN-o) for the treatment of
hepatitis C makes the most impressive connec-
tion between depression and cytokines. Hepati-
tis C is the major cause of chronic liver disease
in the Western world. Only about 15% of people
infected with this evasive virus can cure them-
selves. Of those who develop the chronic infection,
20% to 30% will develop cirrhosis within several
decades—2.5% develop hepatic cancer.

The IFN cytokines have anti-viral effects and
work in conjunction with T cells to clear viruses.
IFN-o. was approved for the treatment of hepati-
tis C in the United States in 1992 and, when given
with ribavirin, yields a sustained response rate
of about 55%. However, a significant proportion
of patients treated with IFN-o develop psychiat-
ric symptoms. About 30% to 50% will develop
depression, fatigue, anxiety, irritability, and even
hypomania. Prophylactic treatment with antide-
pressants reduces the psychiatric morbidity in
patients receiving IFN-c.

A different example connecting cytokines and
depression comes from analyzing the blood of
depressed people. Compared with healthy controls,
patients with depression typically have higher lev-
els of circulating cytokines. In a meta-analysis of
similar studies, the pro-inflammatory IL-1 and
IL-6 were elevated in depressed patients. One
study found that high levels of C-reactive protein
(a nonspecific measure of inflammation) preceded
the development of depression in an elderly popu-
lation. Finally, there is some evidence that high
inflammatory markers are predictive of treatment-
resistant depression.

What about treating depression with anti-
inflammatory medication? One would think that
with all the anti-inflammatory medications on
the market (prednisone, aspirin, etc.) some bright
clinician would have noted positive benefits on
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significantly improved depressive symptoms in patients
with psoriasis as measured by the Beck Depression
Inventory. (Adapted from Tyring S, Gottlieb A, Papp K,
et al. Etanercept and clinical outcomes, fatigue, and
depression in psoriasis: double-blind placebo-controlled
randomised phase I trial. Lancet. 2006;367:29-35.)

mood from one of these medications. Remember,
this is how the first antidepressants were seren-
dipitously discovered. So, the lack of a robust
effect with the prevalent anti-inflammatory medi-
cations is a bit disconcerting. However, there are
some studies showing positive effects on mood
with anti-inflammatory interventions, which sug-
gest that controlling inflammation may improve
mood.

One impressive study was with the TNF inhibi-
tor etanercept in a large placebo-controlled trial for
psoriasis. Etanercept is a monoclonal antibody that
attaches to and neutralizes the pro-inflammatory
cytokine TNF. In this phase 1l trial, the research-
ers followed symptoms of depression and fatigue
in patients who were ostensibly being treated for
psoriasis. Figure 9.6 shows the results for depres-
sive symptoms. Fatigue also improved with active
treatment.

ANTI-
INFLAMMATORY
ANTIDEPRESSANTS

It turns out that antidepressants as well as mood
stabilizers have anti-inflammatory properties.
For example, bupropion (Wellbutrin) actually
inhibits TNF synthesis! What is the effective
component of these medications: increasing
monoamines in the synapse, or anti-inflamma-
tion, or both?
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Schizophrenia

As we will discuss in Chapter 23, the pathophysi-
ology of schizophrenia appears to involve a dis-
ruption of neural growth influenced by genetic
predisposition and environmental events. It is
possible inflammation is one mechanism that may
upset the normal growth of the neurons that results
in schizophrenia. While Tamer in 1929 was the
first to note a relationship between seasonal births
and schizophrenia, it was E. Fuller Torrey who has
championed the idea of an infectious etiology. In
1973, Dr. Torrey published a paper in Lancet enti-
tled “Slow and Latent Viruses in Schizophrenia.”
His theories were not well received at the time.
Now there seem to be several articles on the topic
every week.

Initially, the research focused on finding the
specific microbe that might cause schizophrenia—
cytomegalovirus or Toxoplasma gondii, for exam-
ple. In the past decade, as with depression, the
focus had shifted to inflammation and cytokines.
A meta-analysis of 62 studies comparing cytokine
levels in 2,200 schizophrenics and 1,800 healthy
controls found an increase in three cytokines and a
decrease in one in the schizophrenic patients. This
analysis suggests that inflammation plays a role in
maintaining schizophrenia. However, a more con-
vincing explanation may be the detrimental effect
inflammation has on the brain during critical devel-
opmental spurts.

An inflammatory reaction when the neurons
are sprouting or pruning, such as during the first
trimester or adolescence, may discombobulate nor-
mal neural growth. One research group has used
Finnish medical records from 1947 to 1990 to look
at the effect of infection during pregnancy. They
located women who were hospitalized in Helsinki
with upper urinary tract infections (pyelonephritis)
while they were pregnant. Pyelonephritis is a seri-
ous infection but one in which the microbe is not
transmitted to the fetus—only the mother’s inflam-
matory response crosses the placenta.

The authors compared the psychiatric outcome
in adulthood for the 9,596 children who were
exposed to pyelonephritis in utero with 13,808
siblings who were not. As an added variable, they
organized the adults according to family history
of psychosis. The results are seen in Figure 9.7.

Figure 9.7 shows graphically the additive effect
of infection and genes on the development of
schizophrenia. The authors wrote, “38% to 46% of
the individuals who developed schizophrenia in our
sample did so as a result of the synergistic action
of prenatal exposure to infection and positive fam-
ily history.” This study captures what many people
believe about schizophrenia and infection—that

Fam hx of psychosis
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No fam hx
06 psychosis

0 No Yes No Yes
Mother with pyelonephritis during pregnancy

Percent with schizophrenia

FIGURE 9.7 Mothers who had pyelonephritis
while pregnant and have a family history of psychosis
are almost five times more likely to have children who
develop schizophrenia as adults. (Adapted from

Clark MC, Tanskanen A, Huttunen M, et al. Evidence
for an interaction between familial liability and exposure
to infection in the causation of schizophrenia. Am J
Psychiatry. 2009;166:1025-1030.)

schizophrenia develops in genetically vulnerable
individuals exposed to an infection at a vulnerable
time for the brain.

Duality of the Inflammatory Response

One gets the impression that if we could just turn
off inflammation we would all live longer, richer,
happier lives. If only it were true! TBI provides a
good example of the duality of the inflammatory
response.

Many people suffer enormous long-term dis-
ability after TBI. Increasingly, we are recognizing
the profound and enduring effects of minor TBI,
particularly in soldiers within close proximity to
explosions or professional athletes with multiple
concussions. Brain damage following trauma is
the result of immediate tissue injury from the
impact and secondary injury from the inflamma-
tory response. Considerable damage to the neural
structures is caused by edema, cytokine release,
and leukocyte infiltration after the initial impact.

Studies with animals have established that lim-
iting the inflammatory response can reduce some
long-term deficits from TBI. But not all studies
are positive. In one interesting study, brain trauma
was inflicted on mice genetically engineered not
to express TNF-a. (knockout mice). Initially, the
knockout mice showed less behavioral impairment
than wild-type mice. However, after several weeks,
the knockout mice remained significantly impaired
while the wild type recovered. It appears, at least
with TNF-qo,, that the inflammatory response is also
involved with healing. This may be due to the bene-
ficial effects the cytokines have on neural plasticity.
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m ANTI-INFLAMMATORY DIET

If one searches “inflammation” in Amazon.
com, the screen quickly fills with books extol-
ling the advantages of the anti-inflammatory
diet. Is there such a thing? Most people would
agree that the Western diet is a catastrophe,
causing an epidemic of obesity, heart disease,
and diabetes.

There is substantial evidence that a Medi-
terranean diet (rich in fruits and vegetables,
nuts, olive oil, legumes, and fish; moderate
in alcohol; and low in red meat, processed
meat, refined carbohydrates, and whole-fat
dairy products) is healthier for the body. A
recent prospective study in Spain found a
smaller incidence of depression in subjects
with stricter adherence to the Mediterranean
diet. OK, but is it anti-inflammatory?

Well, the omega-3 polyunsaturated fatty
acids (commonly called fish oils) can reduce
the magnitude of the inflammatory response.

AUTOIMMUNE DISEASE

Multiple sclerosis (MS) is the quintessential auto-
immune disease. The immune system is designed
to tolerate self and attack foreign bodies. Some-
times mistakes are made. MS patients have T cells
that react to a protein in the myelin sheath. In
theory, this alone should not be a problem. The T
cells are in the periphery, while the myelin sheaths
are protected behind the blood-brain barrier in the
CNS. Additionally, the T cells are no threat as long
as they are not activated. But for some people, all
these safeguards fail and the T cells go after the
myelin in the CNS.

It is likely that a viral infection initiates the
process in genetically vulnerable individuals.
A closely matching viral infection activates the
aberrant T cells and the presence of inflammation
allows the leukocytes to slip into the CNS where
they attack the myelin. The loss of the myelin and
axonal damage can result in a variety of unusual
symptoms that wax and wane. Prior to the routine
use of brain scans, it was not uncommon for a
woman with ambiguous neurological symptoms to
be diagnosed with conversion disorder or hysteria
before it was recognized months or years later that
she actually had MS. (A lesson to remember before
we too quickly diagnose patients with personality
disorders.)

The development of magnetic resonance imag-
ing (MRI) has changed the way the illness is

A prospective analysis of inflammatory mark-
ers in post-myocardial infarction survivors
compared adherence with the Mediterranean
diet to inflammatory markers (C-reactive pro-
tein and IL-6; see figure). While the results are
not overwhelming, they do suggest that diet
may influence the inflammatory system.
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followed. The focal demyelination in the white mat-
ter is easy to identify on MRI. Furthermore, many
lesions are clinically silent—meaning the patient is
unaware of the problem because the lesion occurs
in an area of the brain that does not produce a phys-
ical symptom. Figure 9.8 shows how lesions come
and go over several months for one patient.

There seem to be different phases of MS. The
first phase is one of demyelination with focal
symptoms followed by remyelination and recov-
ery. The second phase is one of increasing and
unremitting disability due to axonal loss and whole
brain volume shrinkage. How quickly one moves
from the relapsing/remitting phase to the second-
ary progressive phase varies from one individual
to the next. Of greater relevance to treatment inter-
ventions, the first phase appears to have more of
an inflammatory component while the secondary
progressive phase does not. This becomes apparent
in the treatment response.

Prior to 1993, there were no licensed treatments
for MS. Now several treatment options exist that
focus on reducing symptoms (such as unstable
bladder or fatigue) or limiting the inflammatory
response. Even more exciting are the beta IFNs—
naturally occurring cytokines. They have been
reported to reduce relapses by 30%. Unfortunately,
long-term follow-up suggests that they have lim-
ited effect on the only outcome that really matters:
accumulation of disability.
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FIGURE 9.8

Monoclonal antibodies are a new treatment
option being developed for MS. Genetically engi-
neered mice are raised to produce antibodies that
target specific molecules on the T cells. When
injected, these antibodies latch onto the problem-
atic T-cell molecule, which results in destruction
of the cell and reduced immune cell activity. Is that
not incredible? In a phase Il trial, the monoclonal
antibody alemtuzumab reduced relapses by 75%
compared with a beta IFN. Early studies suggest
that alemtuzumab is most effective in the early
phases of MS, but did not change the progression
of the illness for those already in the secondary
progressive phase—further evidence that the lat-
ter phases of MS may have different mechanisms
of action.

NEURAL REGULATION OF
IMMUNITY

Until now we have been discussing the effects
the immune system has on the brain, but actually
the influence is bidirectional. The CNS has the
capacity to regulate the immune response as well.
Generally speaking, the CNS tends to dampen the
immune response in order to restore homeostasis
and prevent excessive inflammation.

The process starts when cytokines are released
by white blood cells and travel to the brain in the
plasma (Figure 9.9). The CNS responds through
the autonomic nervous and endocrine systems. The
sympathetic and parasympathetic branches of the
autonomic nervous system modulate the immune
response through innervation of the individual
immune organs such as the spleen and lymph
nodes. The endocrine system exerts its control
through the release of sex hormones, thyroid hor-
mone, and, most importantly, cortisol.

In 1950, the Nobel Prize was awarded for
the discovery of cortisol. Its extraordinary

Serial MRI scans at the same level for the same patient with multiple sclerosis show how
lesions appear and recede over the course of 1 year.

anti-inflammatory properties were quickly recog-
nized and put to use for rheumatoid arthritis and
other inflammatory diseases. Endogenous cor-
tisol provides the most powerful feedback loop
through which the CNS modulates the inflam-
matory response. The importance of cortisol to
inhibit an excessive immune response has been
demonstrated in animal studies. When animals
have their adrenal glands removed and then are
inoculated with an infectious agent, they show
increased mortality from shock. The unrestrained
cytokine and pro-inflammatory responses over-
whelm the animal—too much inflammation is
detrimental. One of the jobs of the CNS is to keep
the immune response from getting out of control.
The brain puts the brakes on the immune response
by releasing adrenocorticotropic hormone, which
in turn stimulates the adrenal release of cortisol
(Figure 9.9).

Stress-Induced Immune Dysfunction
Folk wisdom has long recognized that psy-
chological stress takes a toll on one’s physi-
cal health. Many years of research support this
belief. Studies with new military recruits, anxious
medical students, and caregivers of spouses with
Alzheimer’s disease have shown the ill effects of
stress on the body.

Stress affects the CNS, which in turn alters
the signals sent to the body through the endocrine
and autonomic systems. Figure 22.1 shows a good
example of the endocrine response to the acute
stress of learning to parachute. These endocrine
and autonomic signals gently suppress the immune
response, which in turn puts the subject at greater
risk for illness.

This connection between stress and poor heal-
ing is eloguently shown in animal studies. Mice are
stressed by placing them in a restraining tube—
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The central nervous system restrains the immune response by way of the autonomic nervous

system and endocrine system. ACTH, adrenocorticotropic hormone. (Adapted from Sternberg EM. Neural
regulation of innate immunity: a coordinated nonspecific host response to pathogens. Nat Rev Immunol.

2006:6;318-328.)

overnight, when they are usually most active. In
this particular study, the mice were restrained for
12 hours a night for 8 days in a row. On the third
day, a small skin wound was opened. Figure 9.10
shows the results of this study for restrained mice
compared with controls. The stressed mice had
increased corticosterone (cortisol in a mouse),
delayed leukocyte movement into the wound, and
delayed wound healing.

Studies with humans have shown similar
results—particularly patients with depression.
Figure 21.3 shows the increased cortisol in
depressed patients, suggesting an activated HPA
axis. Furthermore, patients with diabetes, cancer,
stroke, and myocardial infarction, who also are
depressed, are at greater risk for death than similar
patients without depression. Is the increased
mortality secondary to impaired immunity?

Whitehall Study

The Whitehall study is one of those remarkable
large epidemiologic studies that established with
hard data what previously had been conjecture. The
study followed almost 20,000 male British civil ser-
vants for 25 years and correlated the employment

grade with health. Simply looking at death, there is
a dose-response association between employment
grade and mortality (Figure 9.11A). A similar
pyramid is seen regardless of whether the death is
from for heart disease, neoplasm, stroke, or respi-
ratory disease. Likewise, in one of the many side
studies that came out of this project, measures of
immune status also correlated with employment
status. That is, men at the bottom of the employ-
ment pyramid had a more activated immune
response as measured by C-reactive protein and
circulating white blood cells (Figure 9.11B). Men
in the lower employment grades were presumably
more “stressed out,” had poorer health, and showed
greater immune activity.

Fatigue
Persistent fatigue is a frequent complaint with
a long history. In 1869, the neurologist George
Beard named the condition neurasthenia—a term
that was in DSM-II in the neuroses section but was
dropped from psychiatric nomenclature in 1980
with the publication of DSM-III.

In the mid-1980s, two practicing internists
near Lake Tahoe, Nevada, generated considerable
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excitement when they reported an epidemic of per-
sistent fatigue associated with elevated titers of the
Epstein-Barr virus (EBV). Ultimately, the Centers
for Disease Control and Prevention (CDC) dis-
proved EBV as a cause of the illness, but this was
the start of what became chronic fatigue syndrome.

Chronic fatigue syndrome captured the atten-
tion of patients and clinicians. Many patients,
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FIGURE 9.11

who would never see a psychiatrist, were thrilled
to be treated by infectious disease specialists.
Researchers, likewise, raced to find the cause.
However, all the findings have remained “soft.”
While immunologic abnormalities can be found,
they are difficult to reproduce and are not diag-
nostic. Periodically, a new infectious agent is
identified by one group only to have other labs
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The Whitehall study showed that employment grade correlated with mortality (A) and immune

activation (B) in British civil servants. Men in upper ranks had lower mortality and a more settled immune

system.
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fail to duplicate the results. The XMRV retrovirus
is the current example.

Many clinicians see chronic fatigue as a psy-
chiatric disorder with similarities to depression.
Indeed, antidepressants, cognitive-behavioral ther-
apy, and exercise are effective treatments for depres-
sion and chronic fatigue. In general, the medical

QUESTIONS

1. Treponema pallidum damages the brain
a. Within 18 hours of infection.
b. By targeting pyramidal neurons in the cortex.
c. By releasing a toxin.
d. By inducing an inflammatory response.

2. A cocaine vaccine
a. Reduces immune activation.
b. Stimulates anticocaine antibody production
in the CNS.
¢. Reduces euphoria.
d. Stimulates anticocaine leukocytes.

3. Cytokines are involved in all of the following
except
a. Neural plasticity.
b. Turning off the inflammatory response.
¢. Mental illness.
d. Identifying Treponema pallidum.
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community has gradually placed chronic fatigue
back into a psychosomatic category. However, this
chapter should attest to the interplay between the
infectious/immunologic and the neuro/psychiatric,
which raises the question: Is Chronic fatigue syn-
drome a stress-induced immunologic deficiency or
a psychiatric disorder caused by an infection?

4. All the following are true of MS except
a. Responds to TNF inhibitors.
b. Can be confused with hysteria.
c. Isa T-cell problem.
d. Induces silent lesions.

5. The CNS reduces the inflammatory response
through all of the following except
a. Parasympathetic nervous system.
b. Sympathetic nervous system.
c. Cytokines.
d. Adrenal gland.

6. An activated immune system
a. Can be used to diagnose chronic fatigue
syndrome.
b. Complicates neural development.
¢. Occurs in the latent phase of syphilis.
d. Promotes healing.

See Answers section at the end of the book.
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The Electrical Brain

MORE THAN CHEMISTRY

One of our favorite illustrations in this book is
Figure 3.9, which highlights the electrochemical
configuration of neural communication. Unfor-
tunately, many mental health professionals view
psychiatric disorders as exclusively chemical in
nature. The term “chemical imbalance” is part of
our cultural lexicon, a perspective that misses the
rapid signals passed over long distances before any
chemicals are released.

Electricity is the currency of the brain. It is not
just chemistry—the brain is an electrical organ.
This is not new information, but rather a differ-
ent, newer, and more nuanced way to view the
brain. The brain uses enough electricity to power
the 20 W light in your refrigerator—if it was pos-
sible to harness the electricity in your brain. That
is a significant amount of electrical energy! Merely
keeping our brains running requires about 20% of
all the calories we consume, and higher amounts
when we concentrate (as opposed to watching TV).

We believe the electrical side of the electro-
chemical signal has been ignored for too long.
This chapter—new to the second edition—has
been added to correct the inequity. Probably the
real impetus is not so much an attempt to be fair,
but our reaction to the explosion of research on the
effects of electrical manipulation of the brain.

History of Electrical Stimulation

Before it was possible to produce electricity on
demand, the ancient Greeks and Romans report-
edly used fish—electric eels or rays—to stimulate
the brain as a treatment for intractable headaches.
Of course the ancient physicians did not know they
were using electricity and the clinical effectiveness
of electrical eels for headaches is unknown. How-
ever, it is relevant to note that eNeuras Therapeutics
is seeking the Food and Drug Administration (FDA)
approval for a handheld device that delivers a
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brief electromagnetic pulse (transcranial magnetic
stimulation—more on this later) to the back of the
head to “short circuit” an impending migraine. So,
maybe an electric ray could actually have stopped
an ancient headache. (If someone tries out the eel
headache therapy, please write us and let us know
of the outcome. [We certainly aren’t recommending
that you try this.])

In the first chapter we mentioned Luigi Galvani
who in 18th century Italy demonstrated that
electrical sparks could induce movement in an
amputated frog’s leg. He was the first to propose
that the brain generates intrinsic electricity that
spreads down through the nerves to the muscles.
He believed electricity was the mysterious “vital
force” controlling the body. His nephew Giovanni
Aldini (1762-1834) spent many years conduct-
ing further research and promoting the beliefs
of his uncle. Using primitive batteries developed
by \Wolta, Aldini applied electrical stimulation to
mammals and eventually even humans. He dem-
onstrated throughout Europe—part science, part
carnival—the effects of applying electrical stimu-
lation to human cadavers. In London in 1803 at the
Royal College of Surgeons, Aldini applied electri-
cal stimulation to a freshly hung criminal and awed
his audience with facial and body movements in
the deceased human. Aldini’s work was an inspira-
tion for Mary Shelley’s novel Frankenstein.

Of even greater interest were Aldini’s efforts
to treat the mentally ill with electrical stimulation.
He is reported to have treated an Italian farmer
suffering from melancholy madness with stimu-
lation applied to the patient’s shaved, damp head
(Figure 10.1). After several weeks of treatment,
the patient was well enough to return to his family.
Later, Aldini met the famous French psychiatrist
Philippe Pinel—the man who removed the chains
from the insane—and applied his “galvanic” treat-
ment to several patients at La Salpétriére Hospital,



AEARARRRRARARR AR RS

FIGURE 10.1

A patient receiving a crude form
of direct current brain stimulation in 1803. As the
brain is an electrochemical organ, it can be changed
and manipulated with externally applied electricity.
(Adapted from Parent A. Giovanni Aldini: from animal
electricity to human brain stimulation. Can J Neurol
Sci. 2004;31(4):576-584.)

but with limited success. We do not fully under-
stand the doses and actual current that Aldini used,
but today a different version of this type of treat-
ment is called transcranial direct current stimula-
tion (tDCS). While not FDA approved or even in
regular use, tDCS is being studied as a possible
intervention for Parkinson’s disease, tinnitus,
post-stroke deficits, and, you guessed it, just like
Aldini demonstrated, melancholy (depression).
tDCS involves passing a small (2 mA) direct cur-
rent through the brain for 20 to 30 minutes. The
brain regions under the anode become excited, and
it takes less energy for that region to carry out its
normal function.

Wilder Penfield is another one of the great
figures that pioneered the use of electricity to
study the brain. Penfield crossed paths with some
of the leading neuroscientists mentioned in the
first chapter. As a Rhodes scholar, he studied in
Sherrington’s lab at Oxford and later collaborated
with Ramén y Cajal in Madrid. However, Penfield
was a practicing neurosurgeon in Canada who
studied the brain while he was treating patients.
He perfected what came to be called the Montreal
Procedure: the surgical removal of the site of the
brain causing intractable seizures—still the most
effective treatment for disabling epilepsy.

The unique aspect of the Montreal Procedure
was the exploration of the patient’s brain while
they remained awake. Using local anesthesia, the
patient’s skull was opened and their brains exposed.
Penfield gently stimulated the cortex around the
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lesion with an electrode. Patients remained alert
so they could identify what they felt or moved
as Penfield applied the electricity. The goal was
to identify the pathological tissue, but preserve
as much of the healthy brain as possible. (Inter-
ested readers can see reenactments on YouTube by
searching for “Wilder Penfield.”)

While Penfield was treating these patients, he
was also mapping out the sensory and motor cor-
tex. For each patient he would record the location
where different body parts were represented on the
cortex. For example, Figure 10.2A shows the loca-
tion of facial and eye sensations and movements
for a number of patients. Figure 10.2B shows aver-
age location for the motor cortex compiled from
data on almost 400 patients over 20 years. \We now
know the sensory and motor homunculus are not
static, but are capable of reorganization after injury
or with frequent use as we discussed in Chapter 8.

Penfield is best known in popular culture for
awakening memories with electrical stimulation
of the temporal lobes. This has led to the percep-
tion that memories are a fixed neural network
(or engram) that can be repeatedly elicited when
stimulated. The reality is not so impressive. It turns
out that only about 8% of people whose temporal
lobes were stimulated reported any memory. Of
those that did “remember,” most reported experi-
ences similar to the aura that preceded their seizure
or described something more like a hallucination.
Furthermore, modern studies have failed to find
clear memories that reproduce with each stimula-
tion. A memory engram remains elusive.

In the late 1930s, around the time Penfield was
refining the Montreal Procedure, Ugo Cerletti, an
Italian physician, began using electricity to induce
seizures as treatment for the seriously mentally
ill. Although this may seem like an extreme inter-
vention to us, it was actually a logical step in the
progression of physical treatments of mental ill-
ness. Psychiatrists had been inducing convulsions
with metrazol—a <y-aminobutyric acid (GABA)
antagonist that increases neural excitability, but it
was difficult to control. Cerletti saw an electrically
induced seizure as a cleaner procedure: easier to
induce and terminate—no residual metabolite to
complicate the recovery. Cerletti’s intervention has
developed into electroconvulsive therapy (ECT) and
remains the most effective treatment for depression.

The last historical figure we choose to discuss
is Robert Heath, a psychiatrist and neurologist who
in the late 1950s coordinated the placement of elec-
trodes into the brains of patients with serious men-
tal illness. He was influenced by the work of Olds
and Milner (see Figure 12.2) and was hoping that
small frequent doses of electricity applied directly
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© Eye sensation
O Face sensation
H Head sensation

E Eyelid movement
+ Face movement

FIGURE 10.2

B

Actual recordings of sensation and movement for the eyes and face of patients examined by

Wilder Penfield (A) compared with the cumulative motor homunculus for the average patient (B). (Adapted from
Penfield W, Boldrey E. Somatic motor and sensory representation in the cerebral cortex of man as studied by

electrical stimulation. Brain. 1938;60:389-443.)

to deep sectors of the brain might improve their
mental condition. He conceptualized his interven-
tion as an emotional pacemaker. (Interested readers
can view actual clips of one patient by searching
“Robert Heath” on YouTube.) The results were
disappointing and his approach was controversial.
However, Heath’s work was the forerunner of deep
brain stimulation (DBS), now a common interven-
tion for Parkinson’s disease—and something of
great interest to many as a possible treatment for
intractable depression.

BIOELECTRICITY

All living cells maintain a negative electrical
charge. That is, they are more negative inside rela-
tive to the extracellular space. Nerve cells utilize
this property to communicate with one another—
a process that through millions of years of evolu-
tion has transformed the speed by which biological
organisms sense and respond. Without bioelectric-
ity, we would all be slower than slugs.

The negative charge inside a cell is the product
of competing forces within the cellular realm. First
and foremost, the cellular wall creates a boundary
that limits the movement of charged substances
into or out of the cell. The primary negative charge
created in a cell is contained on the negatively
charged organic molecules within the cell, for
example, amino acids. These large molecules, too
large to escape through the cell wall, provide the
bulk of the negative charge inside the cell.

The negative charge inside the cell is reduced by
the movement of positive ions, such as potassium

(K*) and sodium (Na*), into the cell. The positive
ions are attracted to the negative charge inside
the cell: remember, opposites attract in love and
electricity. However, the movement of each ion
is different. The K* ions flow freely into the cell
until they reach a point at which the forces of the
concentration gradient start to pull some K* back
into the extracellular space. The propensity of ions
to evenly diffuse within a contained space is called
the concentration gradient. Ultimately, the amount
of K* inside the cell is a product of the pull of the
electrostatic forces into the cell and the push of
the concentration gradient back out to the extracel-
lular space.

The Na* ions, on the other hand, are actively
removed from the intracellular space. Using what is
called the sodium—potassium pump, the neurons
pump out Na* ions that have leaked into the cell.
Expelling Na* ions requires considerable energy,
as the ions must be forced out of the cell against the
concentration gradient and against the electrostatic
pressure. Running the sodium-potassium pump
is one of the primary reasons the brain is such an
energy hog. The final concentrations within and
outside of the cell are shown below. The result is
an electrostatic charge of about —60 mV.

Large Organic

Na* K* Molecules
Intracellular 50 400 Many
Extracellular 440 20 Few




Nerve cells utilize a rapid and brief change in
the polarization as a signal that can be quickly
transmitted from one end of the cell to the other.
In Chapter 3, we briefly described how nerve cells
communicate—how the signal from incoming
neurons depolarize or hyperpolarize the neuron
(Figures 3.6 and 3.7)—and when the electrical
charge at the axon hillock reaches the threshold
(=40 mV), an impulse is sent down the axon
(Figure 3.8). We have not discussed the transmis-
sion of the electrical impulse down the axon. The
voltage-gated channel is the secret, but first a word
about normal wave movement.

Usually waves diminish in size as they move
away from the source. Think of throwing a pebble
in a pond and watching the waves decay as they
spread out. The 2011 tsunami in Japan provides
a real world example of wave progression. Along
the coast of Japan, the waves were estimated to be

1. When the threshold is reached at the axon hillock
Na* channels open and start the action potential.

\Na*(
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0
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almost 39 m tall, while they were only 2 m by the
time they reached Hawaii 7 hours later. The action
potential, on the other hand, does not diminish in
size as it shoots down an axon—the amplitude
remains constant.

Itis voltage-gated sodium channelsthat main-
tain the amplitude of the action potential, which
in humans may stretch for over a meter in length.
(The recurrent laryngeal nerve in the giraffe, which
descends into the thorax before climbing back up
the neck to the larynx, may be as long as 15 feet.
Fortunately for the giraffe, the signal at the larynx
is just as robust as the one that left the brain.)
The voltage-gated channel is triggered when it is
depolarized—reaches its threshold. It then opens
and ions—in this case Na*—flood into the axon.
This in turn depolarizes the next voltage-gated
channels and the process repeats itself on down the
axon (Figure 10.3).

—60 Resting

2. Depolarizing current flows down axon causing Na*
Na* channels to open and propagate the action potential.

B

X XXXNXXXNXX (
<«— Refractory
X XXX X XXX (

O

Threshold —40
Resting -60

Threshold —40

Resting -60

FIGURE 10.3

3. Inactive upstream Na* channels
ensure that current flows downstream.

) )

<«— Refractory

The rapid opening and closing of the Na* channels sends an electrical signal down the axon.

The refractory period after the passing of an action potential keeps the signal moving in the correct direction.
Note that the electrical tracing is proceeding from the right to the left, which is opposite of how it is usually

shown (see Figure 1.7 for comparison).
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ELECTROENCEPHALOGRAM

Sensitive instruments can detect the electrical sig-
nals generated by the nervous system. As early
as 1875, recordings captured electrical activity
from an exposed monkey brain. However, it was
not until 1929 that an Austrian psychiatrist, Hans
Berger, first recorded electrical tracing from the
scalp of an awake human. Called electroencepha-
logram or EEG, Berger was able to show that dif-
ferent states of mind produce different rhythms.
The EEG remains a useful tool to analyze sleep
and epilepsy.

Synaptic activity at the dendrite generates a tiny
electrical charge (Figure 10.4). When thousands of
other cells contribute their small voltage, a signal
becomes strong enough to be detected by the EEG
electrode at the scalp. The EEG measures the sum
of the electrical activity from the large pyramidal
neurons. When the neurons fire in unison, large
electrical waves are recorded on the EEG. Small
waves, typically when one is alert and focused,
reflect the chatter of asynchronous neurons.
Figure 15.3 shows EEG recordings for different
states of consciousness.

EEG recordings are generally made through
two-dozen electrodes affixed to the scalp in prede-
termined locations. The electrodes are connected
to amplifiers and continuous recordings are noted
between 16 standard electrodes. Small voltage
changes are measured between pairs of electrodes.
Usually the voltage fluctuations are only a few tens
of microvolts in amplitude. During deep sleep and
seizure activity, large waves develop. Figure 10.5
shows actual EEG recordings for a patient with
absence seizures.
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FIGURE 10.4 Signals from afferent neurons

(in this example just one afferent neuron) release

a neurotransmitter at the synapse. The movement

of positive ions into the pyramidal neuron leaves a
slightly negative charge in the extracellular fluid. As
the current spreads and escapes out of the deeper
parts of the neuron, those extracellular sites become
slightly positive. The EEG detects the cumulative
charge between two scalp electrodes. (Adapted
from Bear MF, Connors BW, Paradiso MA, eds.
Neuroscience: Exploring the Brain. 3rd ed. Baltimore,
MD: Lippincott Williams & Wilkins; 2007.)

FIGURE 10.5 The EEG records electrical activity between two electrodes. This example of an absence
seizure (also called petit mal seizure) shows just four tracings from the right brain. You do not have to be
a neurologist to recognize that the seizure activity emanates from the frontal lobes.



Excessive or Insufficient

In this section of the book, we have been review-
ing modulating factors on the brain—hormones,
growth factor proteins, immunity, and now elec-
tricity. In each case, the modulation can be too
much or too little, for example, too much cortisol
or not enough and excessive or insufficient brain-
derived neurotrophic factor. The question here is,
does this paradigm apply to electricity in the brain?

Excessive Electrical Activity

A seizure is a clear example of excessive electrical
activity in the brain. Recognized 3,000 years ago
by the ancient Babylonians, epilepsy is, by defini-
tion, excessive abnormal neuronal electrical activ-
ity. The Epilepsy Foundation reports that 3 million
Americans have the disorder. There are many dif-
ferent types of seizures, but broadly there are two
types: focal seizures, when the electrical activity
remains in a limited area of the brain, and general-
ized seizures, which affect the whole brain.

Every brain has the capacity to have a seizure.
Psychiatrists can use ECT to induce a seizure in
anyone. Various problems predispose the brain
to erupt in a seizure, for example, fever, trauma,
tumors, illicit drug use, and infections, to name a
few. But some people appear to have a lower sei-
zure threshold for no obvious reason, and they have
spontaneous seizures. Some research suggests
abnormalities of neural growth in which abnormal
networks connect back on themselves and lead
to self-excitation. Other research has identified
abnormalities of receptors, in particular the volt-
age-gated sodium channel. Numerous mutations of
the sodium channels have been identified that are
believed to predispose the cortical neurons to elec-
trical instability and spontaneous activity.

Kindling is a model for seizure activity and epi-
lepsy that is of great interest to biological psychia-
trists. (The concept is similar to the process shown
in Figure 5.6.) Repeated subconvulsive stimulation
(kindling) of the amygdala or hippocampus with
an irritant or stimulant (cocaine) leads over time
to an enhanced response and eventually cocaine-
induced seizures and then finally spontaneous sei-
zures. Although more theory than fact, this model
gives one explanation for the development of some
forms of epilepsy.

Some psychiatrists have latched on to the theory
of kindling as a model for what might be happen-
ing with bipolar and unipolar depression, where
first or second affective episodes early in life are
often associated with life stresses or triggers, but
later episodes appear to be spontaneous and not
environmentally triggered. They see the gradual
decline in some patients with repeated episodes of

CHAPTER 10

WITHDRAWAL SEIZURES

Alcohol has been used for centuries to calm
the brain. Since Librium was introduced in
1960, the benzodiazepines have become
popular alternatives for stressed-out people.
The brain reacts to the chronic use of seda-
tive hypnotics by decreasing GABA activ-
ity and increasing the excitatory glutamate
activity. Sudden withdrawal from alcohol or
benzodiazepines unmasks the new balance,
which results in too much accelerator and
not enough brake. In such an overexcited
state, seizures can develop.
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the disorder as a kindling process. The effective-
ness of the anticonvulsants in mood disorders is
also suggestive of electrical aberration as a driv-
ing cause of mood disorders. However, the antide-
pressants actually lower the seizure threshold. One
would think they would exacerbate a mood disor-
der, instead of improving the mood, if the patho-
physiology was due to excessive electrical activity.

Insufficient Electrical Activity

If the epilepsies are a clear example of the brain hav-
ing too much electrical activity, are there examples
where the brain has simply too little electricity? Like
a fire that won’t light because the wood is damp, are
there conditions in which the brain has become too
sluggish and the electricity isn’t flowing? Certainly
it feels this way some mornings!

There are obvious examples of insufficient elec-
trical activity in the brain—coma is one, intoxica-
tion is another. In the intensive care unit when an
unresponsive person exists solely on life support,
establishing the absence of electrical activity in the
brain is how brain death is distinguished from a
persistent vegetative state. These are overt exam-
ples of insufficient electrical activity associated
with significant altered mental status. However, are
there conditions we see in mental health that are a
product of inadequate electricity in the brain?

The short answer is No! We do not know of
any psychiatric disorders that are caused by insuf-
ficient electrical activity. Although it appears that
some depressive symptoms and the negative signs
of schizophrenia, for example, are produced by
sluggish electrical connections, in all likelihood
the absence of activity is more a product of insuffi-
cient neuronal metabolism. However, there is great
interest in treatments that can awaken the gluta-
mate neurons. In the next section, we briefly look
at interventions that electrically stimulate the brain
as treatment of mental disorders.
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STIMULATING THE BRAIN

Focally stimulating the brain is a way of hijacking
or using the brain’s natural method of communi-
cating (electrical flow through axons and neurons).
Because the methods are applied directly to the
brain, they do not have systemic side effects like
oral medications, which have to pass through the
body before entering the central nervous system.
Another advantage of electrical stimulation is the
absence of residue. When the electricity is turned
off, there is nothing left to be cleared away.

Interested readers are referred to our other
book for an in-depth review of this area, but it is
helpful here to outline some of the more impor-
tant methods. ECT is used to purposefully create
a seizure in the prefrontal cortex and is the most
effective treatment available for acute depression
or mania. It is also used to treat catatonia and can
help with Parkinson’s symptoms and can even stop
status epilepticus. New advances in the type of
electricity used (pulse width) and electrode loca-
tions have improved outcomes while reducing, but
not entirely eliminating, cognitive side effects (see
Figure 18.12).

Transcranial magnetic stimulation involves
placing a small electromagnet on the scalp and
turning it rapidly on and off. This creates a pow-
erful, and transient, magnetic field, which travels
unimpeded through the scalp and into the brain,
inducing an electrical current in brain cells just at
the surface of the brain. Repeatedly stimulating
the prefrontal cortex every day for 4 to 6 weeks is
now an FDA-approved treatment for acute depres-
sion. It has also shown promise in treating pain
(see TMS, PFC, and Postoperative pain box in
Chapter 11).
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Vagus nerve stimulation involves wrapping an
electrode around the vagus nerve in the neck and
connecting the nerve to a pacemaker implanted
under the skin in the chest. Repeated current
through this nerve has been shown to treat epilepsy
and the device is approved for medication-resistant
epilepsy patients. It is also FDA approved as a
long-term treatment for patients with treatment-
resistant depression.

DBS involves placing a wire directly into the
brain through a burr hole in the skull and connect-
ing the wire to small generators implanted in the
chest wall. DBS in the basal ganglia can imme-
diately treat tremors in Parkinson’s disease and is
FDA approved for that indication. There is much
interest in whether DBS could treat depression,
and clinical trials are underway.

Finally, tDCS, mentioned at the start of this
chapter, involves a relatively simple system of pass-
ing direct current through discrete brain regions. It
is being investigated heavily in a variety of disor-
ders, with no clear therapeutic indications yet.

Priming the Pump

A potential emerging use for brain stimulation
may be the benefit of adding electrical stimulation
to standard treatment. The best example involves
the treatment of anomia or aphasia after a stroke.
Anomia is impaired word retrieval or, simply, the
inability to find the right word. This is a common
problem after strokes and the standard treatment
is speech therapy. However, a number of clever
researchers have used tDCS to add electrical stim-
ulation to speech therapy as a way of enhancing the
treatment. Figure 10.6 illustrates this procedure.
Four cathodes and one anode are placed on the
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Electrical stimulation enhances speech therapy. A. Schematic of electrode placement. B. Functional

imaging of actual stimulation. C. Stimulation plus speech therapy improved naming objects in patients with anomia
after stroke. (B Adapted from Datta A, Bansal V, Diaz J, Patel J, Reato D, Bikson M. Gyri-precise head model of
transcranial direct current stimulation: improved spatial focality using a ring electrode versus conventional rectangular
pad. Brain Stimul. 2009;2:201-207. C Adapted from Fléel A, Meinzer M, Kirstein R, et al. Short-term anomia training

and electrical brain stimulation. Stroke. 2011;42:2065-2067).



brain. The current moves from the cathodes (brown
circles) toward the anode (white circle with black
outline) (Figure 10.6A). Functional magnetic reso-
nance imaging shows the activation of the brain
during this kind of stimulation (Figure 10.6B). In
a separate study, 12 patients with chronic anomia
from left hemisphere strokes practiced naming
different sets of objects with and without electri-
cal stimulation. In this study, the stimulation was
conducted over the right temporoparietal cortex—
an area associated with long-term memory (see
Figure 18.9) Both immediately and 2 weeks later,
the objects learned with stimulation were more
accurately named by the patients.

The key feature of using brain stimulation in
this manner is that the person must be doing the
exercise when the electrical stimulation is added.
Simply adding current to the brain is not benefi-
cial. But electrically stimulating the brain while
the activity is being practiced seems to enhance
learning. Could this intervention expedite learning
a foreign language? Would psychotherapy be more
effective if the brain was mildly stimulated at the
same time? Clearly more studies are needed.

One advantage of tDCS is the simplicity of
the procedure. Most new technologies in medical
care are expensive and require trained personnel

QUESTIONS
Match the columns
. tDCS
. Preserves the action potential

. Transcranial magnetic stimulation (TMS)

1

2

3

4. Deep brain stimulation (DBS)
5. The seizure is the treatment
6. Currency of the brain

7. Insufficient electrical activity
8

. Prone to seizure activity
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to operate the machinery. tDCS is inexpensive and
easy to use: a few pads and a 9 volt battery. If tDCS
can enhance learning, we may be on the cusp of a
new treatment modality in mental health.

Consciousness

Let us end this chapter with one of the most impor-
tant questions regarding the brain. What is con-
sciousness? Is it related to the electrical energy
flowing in the brain? Do we have less electrical
activity in the brain when we sleep, or are uncon-
scious? The answer is a complicated one maybe.
In certain stages of sleep, such as rapid eye move-
ment (REM), our brains are just as active as dur-
ing the day when we are awake. However, in other
non-REM stages, it appears as if different parts of
the brain isolate themselves from the rest of the
brain, and the brain is less connected. When we
are unconscious, less electricity is flowing from
any given brain region to all others. The brain is
compartmentalizing when we are unconscious.
This “connectedness as consciousness” theory is
being used by some researchers as a way to explain
what it means to be conscious (brain regions fully
connected and passing electricity freely) or uncon-
scious (brain regions disconnected). Why the brain
needs to do this during sleep is still not clear.

FDA indication for depression
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See Answers section at the end of the book.
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Pain and pleasure are the major driving forces
of human behavior. We cover pain in this
chapter but are ever so looking forward to discussing
pleasure in the next chapter.

ACUTE PAIN

Acute pain, as we all have experienced, starts in
the periphery, is relayed to the spinal cord, and
then passes up to the brain where it produces a
negative reaction (Figure 11.1). Pain-producing
stimuli are detected by specialized afferent neurons
called nociceptors. The nociceptors are free nerve
endings—not an identifiable structure as we have for
touch and vibration. These cells respond to a broad
range of physical and chemical stimuli, but only at
intensities that are capable of causing damage.

Peripheral Tissue

The nociceptors in peripheral tissue are activated
by injury or tissue damage that results in the release
of bradykinins, prostaglandins, and potassium
(Figure 11.2). These molecules in turn cause the
secretion of substance P from other branches of the
axon, which stimulates the release of histamine and
promotes vasodilation.

Ad and C fibers send the signal to the dorsal
horn of the spinal cord by way of the dorsal root
ganglion. The A® fibers are myelinated axons that
quickly send the first, sharp signals of pain. The
C fibers are unmyelinated and send a slower, dull
pain signal (Figure 11.3). It is the duller, slow pain
signal of the C fibers that becomes so troublesome
in chronic pain conditions (see box).

Spinal Cord

The nociceptive afferent nerve fibers synapse in
the dorsal horn of the spinal cord. Information
about tissue injury is passed on to the next neu-
rons, which then cross to the contralateral side and
ascend to the brain.
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The signal can be modified at this point by
descending fibers (discussed later) or from simul-
taneous activity by nonpain neurons (mechanore-
ceptors: AP fibers). The AR fibers can dampen the
pain signal in what is called the gate theory of pain.
Figure 11.4 shows how a signal from the larger
mechanoreceptor activates an inhibitory interneu-
ron in the dorsal horn, which results in a smaller
signal conveyed to the brain. The gate theory
explains why rubbing an injury seems to reduce the
pain and is the rationale for the use of transcutaneous
electrical nerve stimulation.

Ascending Pathways

There are a variety of ways to describe the differ-
ent nociceptive pathways that ascend to the brain in
the spinal cord. Unfortunately, there is no consensus
on the proper nomenclature for these tracts and no
two authors seem to use the same terms. Recently,
the perception of pain—and the areas participat-
ing, in the central nervous system (CNS)—has
been divided into two prominent domains: sensory-
discriminative and affective-motivational. This
dichotomy (summarized in Table 11.1) is a con-
venient way to understand the ascending pathways.

Sensory-Discriminative

The sensory-discriminative domain encompasses
the traditional sensory pathway taught in the first
year of medical school. The signal travels up the
spinothalamic tract, synapses in the lateral thala-
mus, and proceeds to the somatosensory cortex.
Figure 11.5 is a diagram of this pathway. This
type of pain allows the subject to become aware of
the location of the pain and answer the question,
“where does it hurt?” However, the perception
of pain is much more than just identifying the loca-
tion of a noxious sensation and withdrawing the
injured limb.
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FIGURE 11.1
nerves by way of the spinal cord.

Affective-Motivational

Other ascending sensory signals communicate the
intensity of a noxious stimuli. There are several
tracts that transport these signals, such as the spino-
reticular tract or the spinomesencephalic tract—
just to name a few. The important point is that all the
signals travel in the anterolateral region of the spi-
nal cord and terminate in different locations such as
the reticular formation, periaqueductal gray (PAG)
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The somatosensory cortex receives the negative sensation of pain from the peripheral

matter, and the amygdala. The rest of the signals
synapse in the medial thalamus before proceeding
to other areas of the cerebral cortex (Figure 11.6).
The affective-motivational signals communicate
the unpleasantness of the sensation and answer the
question, “how much does it hurt?” In the cortex,
these signals activate areas associated with emo-
tional feelings, such as the anterior cingulate cortex
(ACC), insular cortex, and prefrontal cortex—as
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FIGURE 11.2 @ Peripheral nociceptive responses to acute trauma. (Adapted from Kandel ER, Schwartz JH,
Jessell TM, eds. Principles of Neural Science. 4th ed. New York: McGraw-Hill; 2000.)
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FIGURE 11.3 @ A3 and C fibers transmit pain signals at different rates. (Adapted from Bear MF, Connors BW,
Paradiso MA, eds. Neuroscience: Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott Williams & Wilkins;
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FIGURE 11.4 @ Gate theory of pain in the dorsal
horn of the spinal cord. A. Without input from AB
fibers a large signal is transmitted to the brain. B. A
smaller signal is transmitted with input from A fibers.

well as the amygdala. Functional brain imaging
studies over the past two decades have documented
activity in these areas during pain perception—
areas we typically associated with mood, attention,
and fear. Activity in these regions of the brain helps
us understand the concomitant depression, hyperfo-
cus, and anxiety we see with patients in pain.

Figure 11.7 shows drawings of some of the
areas that become active with acute pain. In this
study, subjects were scanned at rest and later with
a hot probe (approximately 50°C) applied to the
upper right arm. Note the diverse areas that become
active with acute pain—thalamus, ACC, prefrontal
cortex, and insula, as well as others. The experience
of pain is more than just identifying where it hurts.

It is also important to note that some of the acti-
vation is on both sides of the brain. This shows that
there is more to the processing of pain signals in the
CNS than implied by our simplified Figures 11.5
and 11.6.

The Two Afferent Pathways
Bringing Pain Signals from the
Periphery to the CNS

Sensory-Discriminative Affective-Motivational

Where does it hurt?
Lateral thalamus
Somatosensory cortex

How much does it hurt?
Medial thalamus

ACC, insula, PFC,
amygdala

ACC, anterior cingulate cortex; PFC, prefrontal cortex.
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m NEUTRALIZING C FIBERS

Over 20% of American adults struggle with
chronic pain. The pharmaceutical industry is
actively searching for an effective analgesic
devoid of narcotic side effects or addictive
potential. The transient receptor potential vanil-
loid 1 (TRPV1) receptor is one potential target.
Found primarily on small diameter sensory neu-
rons such as C fiber neurons, the TRPV1 recep-
tor responds to a variety of noxious chemical and
physical stimuli—including capsaicin, the active
component of chili peppers. Animal studies
suggest that blocking this receptor reduces the
aching quality of chronic pain while preserving

CONGENITAL INSENSITIVITY

TO PAIN

Congenital insensitivity to pain, a term used to
describe rare genetic conditions in which people
lack the ability to sense pain, initially sounds like
a blessing but is actually a nightmare. Individu-
als with this condition fail to identify or respond
to noxious, injuring stimuli and suffer excessive

Somatosensory
cortex

Cerebrum

Thali

Midbrain \

Medulla .

” ;
\\ f

FIGURE 11.5 Spinothalamic tract transmitting
the sensory-discriminative pain signal from the
periphery to the somatosensory cortex.

Spinal cord

the sensations of touch and proprioception.
The National Institutes of Health and several
pharmaceutical giants are studying the effect of
blocking the TRPV1 receptor in humans.

One concern regarding TRPV1 is the role
the sensory neurons play in modulating inflam-
mation. Activation of the TRPV1 receptor leads
to the release of pro-inflammatory cytokines.
Not surprisingly, animal studies have shown
that TRPV1 disruption can impair bacterial
clearance, cytokine response, and ultimately
mortality from sepsis—another reminder that
pain and protection are intimately connected.

burns, fractures, and soft tissue damage. Ultimately,
the unrecognized injuries and secondary complica-
tions lead to an early death.

The spectrum of congenital insensitivity to pain
provides an example of the distinction between
sensory and affective components of pain. Subjects
with frank congenital insensitivity to pain are with-
out the peripheral Ad and C fibers. These patients
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FIGURE 11.6 Affective-motivational pain tracts.
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FIGURE 11.7
thalamus; Cb, cerebellum; Ins, insula; PMyv, ventral premotor cortex. (Adapted from Coghill RC, McHaffie JG,

Yen YF. Neural correlates of interindividual differences in the subjective experience of pain. Proc Nat/ Acad Sci
U S A. 2003;100(14):8538-8542.)

lack the sensory-discriminative as well as affective
components of pain and are the most at risk for
harm and premature death.

A milder condition, termed congenital indiffer-
enceto pain, is found in individuals who can distin-
guish sharp and dull pain, but are indifferent to the
sensation. They lack the emotional responses and
normal withdrawal movements; they can feel the
pain, but are not concerned. Subjects with this dis-
order have normal peripheral nerve fibers but seem
to have an as yet unidentified central impairment of
the affective-motivational component of pain.

Congenital insensitivity to pain with anhidrosis
is a specific rare autosomal recessive disorder char-
acterized by absence of pain (along with inability
to sweat, unexplained episodes of fever, and men-
tal retardation). Patients with this condition have
a mutation in the gene for the Trk receptor—the
receptor that binds with nerve growth factor. As we
saw in Chapter 8, nerves need nerve growth factor
proteins to survive. Cells lacking the receptor are
unable to incorporate the growth factor and wither
away (or fail to develop). The patient lacks pain
fibers and therefore does not experience pain.

Pain Tolerance Spectrum

People have different abilities to tolerate pain. This
has been shown in multiple psychological studies
and observed by most of us in our clinical population.

PET scans showing activity in the brain with acute pain. ACC, anterior cingulate cortex; Thal,

More recently, brain imaging studies have docu-
mented that subjects with less pain tolerance have
greater activation of the cortical areas discussed
earlier (ACC, insular cortex, and prefrontal cortex,
along with the somatosensory cortex).

Genetic factors undoubtedly play a role in
the spectrum of pain tolerance. A study reported
in 2005 examined pain tolerance in 202 women
and genetic variants for the gene encoding for
catecholamine-O-methyltransferase (COMT), an
enzyme involved in the regulation of catechol-
amines and enkephalins. After initially measuring
pain tolerance with a noxious thermal stimuli, the
researchers assessed the genetic makeup of each
participant. They found that three genetic vari-
ants for COMT accounted for 11% of the variation
in pain perception (a large percentage in genetic
studies). Figure 11.8 shows how five different com-
binations of these genetic variants accounted for
differing pain responsiveness. Further recent stud-
ies by the same research group examined patients in
the ER after a motor vehicle accident. They found
that those with the pain vulnerable genes were more
likely to report neck pain, headaches, and dizziness.

One wonders if subjects who excel at physi-
cally demanding professions are more tolerant to
pain than those of us with more sedentary jobs.
Legend has it that Edward Villella, the famous
American dancer, had his feet X-rayed in his thirties
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FIGURE 11.8 Pain responsiveness categorized
by three major combinations of genetic variations
for the catecholamine-O-methyltransferase enzyme.
LPS, low pain sensitivity; APS, average pain
sensitivity; HPS, high pain sensitivity. Subjects

with the LPS variation were 2.3 times less likely to
develop temporomandibular joint disorder. (Adapted
from Diatchenko L, Slade GD, Nackley AG, et al.
Genetic basis for individual variations in pain
perception and the development of a chronic pain
condition. Hum Mol Genet. 2005;14(1):135-143.)

and discovered nine old fractures of which he was
unaware. Ostensibly what would have crippled us
was just an aching foot to Villella. Surprisingly,
little has been done to study pain tolerance in pro-
fessional athletes/performers. One study measured
pain tolerance during limb immersion in ice water
in ballet dancers. As expected, the dancers endured
the ice water longer than nondancers (and men
more than women). It is possible that individuals
who are successful in physically demanding profes-
sions were born with, or developed, better tolerance
to pain—along with being stronger and more coor-
dinated and driven to succeed.

plLTel (0]l SCHIZOPHRENIA

There is a long history of noting increased pain
tolerance in patients with schizophrenia, dating
back to Kraepelin and Bleuler. More recently,
surgeons and internists have written anecdotal
reports of patients with schizophrenia who
appear to experience little pain despite suffering
from extremely painful physical conditions. It is
not clear if the pain tolerance is a consequence
of the illness, the psychotropic medications, or
simply a lack of affect, that is, the patient feels
the pain but fails to express it appropriately.

DESCENDING PATHWAYS

AND OPIOIDS

The discovery of the opioid-mediated pain modu-
lation circuits is one of the great stories in neu-
roscience. In the late 1960s, it became apparent
that the brain exerts a top-down control of pain.
A big break came in 1969 with the discovery that
electrical stimulation of PAG, the gray matter sur-
rounding the third ventricle and the cerebral aque-
duct in the midbrain, induces analgesia. Reynolds
implanted electrodes in the PAG of rats and per-
formed abdominal surgery without problems
when the electrodes were stimulated. Although
the animals did not respond to the pain, they were
able to move about the cage (before and after
surgery) and displayed a startle response to visual
or auditory stimuli even while the electrodes were
active.

Subsequent work has led to a detailed knowl-
edge of the descending pain-modulating circuits.
Figure 11.9 shows a drawing of the important fea-
tures of these pathways. Input from the prefrontal
areas of the anterior cingulate and insular cortex
as well as the hypothalamus and amygdala con-
verges on the PAG. The PAG does not send neu-
rons directly to the dorsal horn, but rather projects
by way of intermediary nuclei such as the rostral
ventral medulla (RVM). Other serotonergic and
noradrenergic neurons (not shown) also project
down on to the afferent pain neurons. The end
result is inhibition and diminution of the pain sig-
nal that is sent up the ascending anterolateral tracts
to the brain.

Opium

It is likely that opium was used as early as 4000 B.c.
by the ancient Sumerians. By the 17th century, the
therapeutic value of opium was well known. Mor-
phine was first isolated in 1806 and codeine in
1832. Heroin was introduced to medicine in 1896.

Hooley and Delgado sought to avoid these
complicating factors by measuring pain sen-
sitivity in the relatives of patients with schizo-
phrenia. They found that subjects with a family
history of schizophrenia showed elevated pain
thresholds and tolerance. Of interest, the pain
correlated with measures of self-referential
thinking, magical ideation, and perceptual dis-
turbances. The pathology of this aberrant pain
sensitivity is unknown, but may be part of the
genetic makeup of schizophrenia.
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FIGURE 11.9 Descending pain-modulating
pathways that enable the brain to inhibit the intensity
of the ascending pain signals.

The uses and abuses of opium and its analogues
have permeated most cultures of the world.

By the mid-1960s, it was known that microin-
jections of morphine into the PAG or the dorsal
horn produced a powerful analgesia and that the
opioid antagonist naloxone could block this effect.
Furthermore, transection of the axons from the
RVM reduces the morphine-induced analgesia.
Yet, how does morphine relieve pain?
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Opioid Receptors

The discovery of the opioid receptors was a major
breakthrough in understanding the pain modulatory
system. Three major classes of opioid receptors
have been identified: u, §, and k. However, most
of the focus has been on the u receptor because its
activation is required for most analgesics. Indeed
the affinity that a medication has for the p receptor
correlates with its potency as an analgesic. Nalox-
one also binds with the p receptor and acts as the
quintessential antagonist for it blocks activation
and can precipitate withdrawal.

The opioid receptors are concentrated in the
PAG, RVM, and dorsal horn—areas well known
for pain modulation. However, the receptor can be
found throughout the body, including skin, muscles,
and joints, which help explain the benefits as well
as typical side effects associated with opioids, for
example, constipation and respiratory depression.

Endogenous Opioids

Clearly, animals did not evolve a receptor so that
drug abusers could enjoy heroin. In the mid-1970s,
the race was on to find the neurotransmitter that the
body produces to activate the opioid receptor. The
result was the discovery of the 3-endorphin, enkeph-
alins, and dynorphins: the three major classes of
endogenous opioid peptides. The genes for these
peptides are distributed throughout the CNS.

Figure 11.10 gives an example from the dorsal
horn of the enkephalins and the u receptors working
together to decrease the pain signal sent to the brain.
Note that the p receptors are on both the presynaptic
and the postsynaptic neurons.

Placebo

The use of placebos, substances with no intrinsic
therapeutic value, is the oldest treatment known to
man. In the modern era of medicine, the placebo
response has been equated with the statement

POINT OF INTEREST

B-endorphin is derived from a larger pre-
cursor molecule called proopiomelanocortin
(POMC), found primarily in the pituitary (see
Figure 16.13). POMC contains other biologi-
cally active peptides, including adrenocorti-
cotropic hormone (ACTH). Consequently, the
stress response—discussed in a previous
chapter—includes the release of ACTH as
well as B-endorphin into the bloodstream. One
wonders about the evolutionary advantage
of the simultaneous synthesis and release of
these two neuropeptides.
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Pain impulse from periphery
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FIGURE 11.10

Enkephalin-containing
interneuron

M Signal to
brain

Descending pathways stimulate an interneuron in the dorsal horn to release enkephalins

that activate the pu receptors. The effect on the presynaptic neuron is to decrease the release of glutamate and
neuropeptides. With the postsynaptic neuron, stimulation of the u receptors hyperpolarizes the membrane.
These two actions result in a smaller signal coming out of the dorsal horn.

“all in your head.” Subsequently, it has been rec-
ognized that the placebo response is real—and
actually in our heads. After the discovery of the
endogenous opioid, it was shown that placebo
anesthesia could even be reversed with naloxone.

Brain imaging studies of subjects anticipating
an effective treatment for pain but given a placebo
have shown reduced activity in the pain perception
areas and increased activity in the pain modulation
areas—those associated with endogenous opioids
(Figure 11.11). Thus, placebos work in two ways.
First, by decreasing awareness in the pain-sensitive
regions and second by increasing activity in regions
involved with top-down suppression.

Acupuncture
Acupuncture has been used for thousands of years
in China, Korea, and Japan, but only recently
introduced to the West. The healing power of
acupuncture is believed to work by reestablishing
the proper “energy balance” in disordered organs.
The treatment is conducted by inserting a needle
into specific locations along meridians established
through ancient clinical experience. The lack of
scientific correlation or good clinical trials can be
troubling to those of us who subscribe to a Western
orientation of physiology and illness.

One of the difficulties in conducting good clini-
cal trials with acupuncture is separating the specific

effect of stimulating the acupoints from the placebo
effect. A recent study in London sought to overcome
this problem by including two placebo arms along
with active acupuncture treatment. The first placebo
treatment was with a blunt needle and the patients
were aware they were being given an “inert” treat-
ment. The second placebo arm intervention utilized
what can best be described as a “stage needle”—
when poked, the needle retracted into the handle,
giving the appearance that the skin had been pierced.
Surprisingly, few of the subjects were aware of
the difference between the “stage needle” and real
acupuncture.

While these patients—all with osteoarthritis—
were being stuck, they were also being scanned
with positron emission tomography (PET). The
results showed that areas of the brain associated
with top-down modulation of pain—dorsolateral
prefrontal cortex, ACC, and midbrain—were active
with “stage needles” as well as real needles. Only
the ipsilateral insula was solely activated by real
acupuncture. These results suggest that acupunc-
ture works by way of a large placebo response
and also a distinct, but as yet unknown, unique
physiological effect.

Stress-Induced Analgesia
Perhaps the most impressive demonstration of top-
down modulation of pain is the extreme analgesia
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FIGURE 11.11 @ The brain imaging studies of the placebo response showing two aspects to the brain’s
reaction. On the left, control minus placebo shows decreased activity in those areas that perceive pain. On
the right, placebo minus control shows increased activity in areas that suppress pain from the top down. PAG,
periaqueductal gray. (Adapted from Wager TD, Rilling JK, Smith EE, et al. Placebo-induced changes

in FMRI in the anticipation and experience of pain. Science. 2004;303(5661):1162-1167.)

shown by individuals at times of stress, for example,
the athlete or performing artist who does not appre-
ciate the pain until much later. The classic example
was described by Beecher regarding men wounded
in battle during the Second World War. He exam-
ined 215 men brought to a forward hospital with
serious injuries: long bone fractures, penetrating
wounds, etc. He found that only 25%, on being
directly questioned regarding pain relief, said their
pain was severe enough to want morphine. Beecher
believed the relief the men experienced, when

taken from the battle and brought to a safe location,
blocked the pain.

The modern belief is that stress stimulates
opioid-dependent pathways that inhibit the pain sig-
nal. However, a group at the University of Georgia
has revealed a role for the endocannabinoids in stress-
induced analgesia independent of the opioid path-
ways. Several endocannabinoids rapidly accumulate
in the PAG in the midbrain with stress. The group in
Georgia demonstrated that stress-induced analge-
sia in rats could be inhibited with endocannabinoid
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POINT OF INTEREST

In an almost unbelievable brain imaging study,
a group in Korea has shown that stimulat-
ing a visual-related acupoint—in the foot—
activated the visual cortex. The figure shows
the cortical activity for visual light stimulation,
real acupuncture, and sham acupuncture.
These results are difficult to comprehend for

Visual stimulation

Meridian

\‘ \ Non-acupoint
e

Acupoints Visual
acupoint 1

Light

those of us who believe in the Western model
of medicine and suggest there may be more to
this old treatment than we can explain with our
current understandings of the brain.

Light and acupuncture (at the visual acu-
point 1) stimulate activity in the visual cortex,
whereas sham acupuncture does not.

Control

Acupuncture

Visual acupoint 1

Non-acupoint

Adapted from Cho ZH, Chung SC, Jones JP, et al. New findings of the correlation between acupoints and
corresponding brain cortices using functional MRI. Proc Nat/ Acad Sci U S A. 1998;95(5):2670-2673.

blockers. Their results suggest that higher cortical
regions such as the amygdala release endocannabi-
noids into the PAG during stressful times to suppress
pain perception. We appreciate the brain’s wisdom in
utilizing several mechanisms (endocannabinoids and
opioids) to put pain on hold when other events are
more important.

CHRONIC PAIN

Until the last half of the past century, pain was
thought to be produced by a passive, direct trans-
mission system from peripheral receptors to the
cortex. This is called nociceptive pain (which
we have already discussed earlier) and examples
include acute trauma, arthritis, and tumor inva-
sion. There is a veritable medical industry based
on locating and correcting the source of the noci-
ceptive pain for patients who are suffering. Unfor-
tunately, most evaluations fail to turn up a cause
that explains the pain. One reason is that the tra-
ditional model of pain fails to take into account
changes in the nerves. Clearly, many patients in
pain—particularly chronic, persistent pain—have
developed autonomous, maladaptive pain percep-
tion independent of tissue damage.

Neuropathic pain is a heterogeneous term used
to describe pain that arises from an injured nerve—
either centrally or peripherally. Examples of this
type of pain are postherpetic neuralgia, diabetic neu-
ropathy, and phantom limb. The distinction between

neuropathic and nociceptive pain is important when
choosing proper treatment. For instance, neuro-
pathic pain may not respond as well to nonsteroidal
anti-inflammatory agents, or opioids, and is better
managed with antidepressants and anticonvulsants.

Neuropathic pain is frequently persistent, does
not resolve with time, and is resistant to treatment.
The pain often disables patients. The pathophysi-
ological mechanisms that underlie these neuro-
pathic pain conditions are beginning to be teased
out. One promising area of research is looking at
the role of neurotrophic factors in the development
of pathologic pain states.

As discussed in previous chapters, tissue injury
induces an inflammatory response, which recruits
immune cells that release cytokines. The cytokines
are literally toxic to the sensory neurons. For exam-
ple, inflammation interrupts the retrograde transport
of neurotrophins from the periphery back to the cell
body, where it is needed to maintain normal cell
functioning. One neurotrophic factor in particular
(glial cell line—derived neurotrophic factor [GDNF])
has been identified as a possible target. Several stud-
ies have shown that exogenous GDNF can prevent
the development of experimental neuropathic pain.

Pain Memory

A striking example of the brain’s elaboration of pain
without sensory input can be found in patients after
limb amputation. Many will continue to experience



pain from lesions that existed on the limb before the
surgery—what some call pain memory. For exam-
ple, a person with an ulcer on the foot at the time of
the operation will still feel the presence of the ulcer
many months after the limb has been removed.
Several clever clinicians have shown that suffi-
cient local anesthesia of the affected limb several
days prior to the amputation significantly reduces
the incidence of pain memories. These results sug-
gest that pain has an enduring effect on the brain,
which can be attenuated with appropriate treatment.

Gray Matter Loss

A study by a group at Northwestern University fur-
ther enhances our understanding of the role of the
CNS with chronic pain. Apkarian et al. scanned
26 patients with chronic back pain that had persisted
for at least 1 year. They compared the results with
age-matched controls and found a 5% to 11% loss
of gray matter in patients with chronic back pain
(Figure 11.12). Further regional analysis showed
that the dorsolateral prefrontal cortex was the spe-
cific area with greatest decrease in gray matter
density. These results suggest that one explanation
for chronic pain may be the loss of top-down modu-
lation of pain (e.g., the loss of the placebo response
in Figure 11.11).

What causes the gray matter loss with chronic
pain? Several explanations are possible. First, the
patients could be genetically predisposed to have
less gray matter. Small injuries result in persis-
tent pain because the patients lack sufficient CNS
modulation of the ascending pain signal. Second,
in the next chapter, we will show that medications

>
o]

o
]

6.5

o
<)

6.0

Control

o
]

a
o

Chronic
back
pain

»
o

Total cortical gray matter volume

»
o

N
o

30 40 50 60 70 80
Age (years)

FIGURE 11.12

CHAPTER 11 Pain 133
or abused substances alter the morphology of the
cell (see Figure 12.13). Excessive use/abuse may
have a toxic effect on neurons in the gray matter.
Third, the unremitting pain signal with the asso-
ciated negative affect and stress may result in an
excitotoxic and inflammatory state that essentially
wears out the brain circuitry.

Subsequent studies conducted to verify the
Apkarian findings have confirmed gray matter loss
in patients with migraines, fibromyalgia, and idio-
pathic facial pain. A group in Oxford demonstrated
that thalamic gray matter loss in patients with per-
sistent hip pain was reversed 9 months after success-
ful arthroplasty. These studies demonstrate another
example of the remarkable plasticity of the brain.

DEPRESSION AND
ANTIDEPRESSANTS
There is a long and well-documented correlation
between depression and pain. Patients with chronic
pain have a high incidence of depression and patients
with depression have an increased expression of
painful physical symptoms. Recently, studies have
shown that patients with depression and pain are less
likely to achieve remission of their depression.
Antidepressants have been shown to be effec-
tive in decreasing low back pain and pain in diabetic
neuropathy, postherpetic neuralgia, fibromyalgia,
and migraines as well as other pains. Traditionally,
the tricyclics were used, but with the development of
cleaner medications, other agents were tried. Of inter-
est, the selective serotonin reuptake inhibitors (SSRIs)
have been disappointing—often not separating from
placebo in controlled trials. It appears that only agents
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Gray matter loss with chronic back pain. A. Decrease in total gray matter volume for

patients with chronic back pain compared with controls. B. Average for both groups. C. The dorsolateral
prefrontal cortex is the specific region with decreased gray matter density. (Adapted from Apkarian AV,
Sosa Y, Sonty S, et al. Chronic back pain is associated with decreased prefrontal and thalamic gray matter

density. J Neurosci. 2004;24(46):10410-10415)
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TMS, PFC, AND POSTOPERATIVE PAIN

Transcranial magnetic stimulation (TMS) is a
noninvasive procedure that can stimulate the
cerebral cortex. The prefrontal cortex (PFC)
has been implicated as a region that modu-
lates pain tolerance. A cleaver collaboration
between anesthesiology and psychiatry shows
that activation of the PFC with TMS can
decrease pain perception.

Patients undergoing gastric bypass sur-
gery were randomized to receive 20 minutes
of either active or sham TMS immediately
after surgery. The total morphine adminis-
tered by patient-controlled analgesia pumps
was tracked as an indirect measurement of
pain. The figure shows that patients who
received active TMS used approximately
40% less morphine in the 48-hours after the
operation.

One 20-minute session of TMS applied to
the left PFC postoperatively greatly reduced
the total morphine administered to the patients.

that inhibit the reuptake of norepinephrine as well as
serotonin are effective for pain reduction. Recently,
the newer agents that tout a dual mechanism of action
(venlafaxine and duloxetine) have been shown to
reduce pain due to diabetic neuropathy. Duloxetine
even has an Food and Drug Administration (FDA)
indication for peripheral diabetic neuropathy.
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Reeves ST, et al. Postoperative left prefrontal
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reduces patient-controlled analgesia use.
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How do the antidepressants decrease pain?
One possibility could be the beneficial effect of
correcting the mood. Yet, SSRIs give disappoint-
ing results. Likewise, patients without depression
will show some pain reduction. Another possibil-
ity is the enhancement of the descending pathways.
Some of the fibers projecting from the brain stem

1985

1984 1986 1987

FIGURE 11.13 @ A psychosomatic pain epidemic. The graph shows reports of repetition strain injury at Telecom
in Australia by quarter. (Adapted from Hocking B. Epidemiological aspects of “repetition strain injury” in Telecom

Australia. Med J Aust. 1987;147(5):218-222.)



down onto the dorsal horn of the spinal cord are
serotonergic and noradrenergic. More action from
these neurons would further dampen the signals
from the periphery.

A final possibility for understanding the effec-
tiveness of antidepressants for pain is a cortical
mechanism. PET scans of both depressed patients
and patients with pain show decreased activity in
the prefrontal cortex and increased activity in the
insula and ACC. It is possible that antidepressants
moderate the pain perception by correcting the cor-
tical imbalance associated with depression and pain.

Epidemic of Unexplained Pain

Let us not forget that pain is highly influenced by
one’s psychosocial expectations. A good example
is the epidemic of vague upper limb pain, from
Awustralia, called repetitive strain injury (RSI). This
condition was attributed to repetitive keyboard
movements by telegraphists, but failed to follow the
usual medical model. Reports in the medical litera-
ture and sensational media coverage as well as union
and legal advocacy produced a dramatic increase

QUESTIONS

1. Slow aching pain signals
a. Ad fibers.
b. AB fibers.
c. C fibers.
d. D fibers.

2. Simultaneous input from these nerve fibers
explains the inhibitory effect of the gate theory
of pain.

a. Ad fibers.
b. AB fibers.
c. C fibers.
d. D fibers.

3. Not associated with the affective-motivational
pathways of pain
a. Somatosensory cortex.
b. “How much does it hurt?”
¢. Medial thalamus.
d. Anterior cingulate and insular cortex.

4. Condition associated with increased pain
tolerance
a. Depression.
b. Anxiety.
c. Fibromyalgia.
d. Schizophrenia.

CHAPTER 11 Pain 135

in reports of RSI (Figure 11.13). The complaints
peaked in 1984 and then declined, as the condi-
tion came to be perceived as psychosomatic and the
courts went against the litigants. Similar epidemics
have occurred in the United Kingdom and Japan.

Another classic study analyzed the development
of late whiplash syndrome in Lithuania—a country
where few drivers have car insurance or seek legal
compensation after an accident. The authors ques-
tioned the subjects involved in known rear-end car
collisions, 1 to 3 years after the accident, regard-
ing neck pain and headaches, and compared their
symptoms with matched control subjects. There
was no significant difference between the groups.
The authors concluded, “expectation of disabil-
ity, a family history, and attribution of preexisting
symptoms to the trauma may be more important
determinants for the evolution of the late whiplash
syndrome.”

The important point is that the perception of pain
is a product of the brain’s abstraction and elaboration
of sensory input. Many factors affect that process—
not just nociceptive signals from the periphery.

5. Not part of the descending pathways of pain
a. Periaqueductal gray.
b. Dorsal horn.
¢. Spinothalamic tract.
d. Rostral ventral medulla.

6. The primary opioid receptor
a. B receptor.
b. d receptor.
C. K receptor.
d. u receptor.

7. Unlikely explanation for chronic
persistent pain
a. Genetic predisposition.
b. Diminished placebo response.
c. Changes in the gray matter.
d. Damaged nerves.

8. Lacks significant analgesic effects
a. SSRIs.
b. Opioids.
c. Nonsteroidal anti-inflammatory drugs.
d. Anticonvulsants.

See Answers section at the end of the book.
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Pleasure

SEEKING PLEASURE

\Voluntary behavior in animals is motivated by the
avoidance of pain and the pursuit of pleasure. In
this chapter, we will focus on the neuronal mecha-
nisms that guide our choices toward stimuli that
give a little reward to the brain.

Our existence—as individuals and as a species—
is dependent on using the five senses to recognize
and pursue actions necessary for survival. The
motivation to pursue a beneficial act is driven in
part by giving the brain a brief squirt of eupho-
ria. This reward system has evolved over millions
of years to enable an individual to sort through
a variety of stimuli and choose the ones that
are appropriate.

The orbital aspect of the prefrontal cortex (PFC)
is known to play a critical role in goal-directed
behavior. Figure 12.1 shows that the relative appeal
for anitem can be recognized in the brain even down
to the level of a single neuron. In this study, elec-
trodes placed in a single neuron in the orbitofrontal
cortex registered different levels of activity based
on the appeal of the food reward. A raisin generated
the largest signal and was the most desired object;
cereal was least active and least desired.

Many of our patients, family, and friends
struggle with problems that they have created by
pursuing the wrong rewards. Clearly, the addicted
individual has lost control over his choices (more
on this later), but what about the promiscuous
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A monkey is taught to view a signal, make a choice, and be rewarded with designated food

morsel. A. The activity in an individual neuron in the orbitofrontal cortex when the monkey is offered a reward
of either a raisin or an apple is shown. B. Rewarded with either an apple or cereal. The size of the signal is
believed to represent the motivational value, that is, raisin > apple; apple > cereal. (Adapted from Tremblay L,
Schultz W. Relative reward preference in primate orbitofrontal cortex. Nature. 1999;398(6729):704-708.)
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CONFLICT

Disparity in what brings joy is the major source
of conflict in most relationships. Married cou-
ples frequently argue about sex, money, and
how to spend leisure time. With each conflict,
one partner wants to spend more time and
money involved in some activity. For exam-
ple, he wants to golf and buy a big boat for
fishing; she wants to vacation with her family
and fix up the house. He wants more sex;
she wants more romance. It is ideal if his joy
and her joy are in synch.

college student, the young adult who accumulates
excessive debt on new credit cards, or the child who
plays video games instead of doing homework?
These people are choosing pleasurable activities
that are not to their benefit and even harmful.

The problems are related to how our reward
system is designed. We are built for acquiring
rewards that were historically in short supply. Now
with the extraordinary success of the human race
and industrialized civilization, we are exposed to
abundance beyond what our wiring has evolved to
handle. Junk food, pornography, shopping malls,
as well as alcohol, stimulants, and opioids usurp
the mechanisms developed to enhance the survival
of the hunter—gatherer in all of us.
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Happiness

There is clinical evidence to suggest that one’s
level of happiness remains remarkably fixed. For
example, the person winning a lottery or the one
suffering the loss of a limb tends to revert to their
preexisting level of happiness after a period of
euphoria or depression. It seems that happiness
is hardwired and closely fluctuates around a
genetic “set point” for each person. Unfortunately,
there is surprisingly little neuroscience research on
this topic.

ANATOMY OF REWARD

Pursuing a reward can be conceptualized as a
ball rolling down the hill. Animals will gravitate
toward the most enjoyable activity the way a ball
rolls to the lowest point. It seemingly happens
without effort. However, although we cannot visu-
alize the force of gravity pulling on a moving ball,
we continue to tease out the neuroanatomy of the
mammalian reward system.

The initial studies came in the mid-fifties when
Olds and Milner accidentally discovered that a rat
would seek to continue stimulation from a thin
electrode implanted in certain parts of his brain.
Figure 12.2 shows the relative placement of an
electrode in a rat’s skull and the apparatus that Olds
and Milner used to document the animals’ efforts
to stimulate themselves. Remarkably, the rats
exceeded all expectations in what they were willing
to sacrifice to receive stimulation. Depending on

FIGURE 12.2 @ An x-ray showing the placement of an electrode through the skull into the brain of a rat.
On the right when the rat presses the level he receives a mild stimulus—and a moment of pleasure. (From Olds J.
Pleasure centers in the brain. Sci Am. 1956;195:105-112.)
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where the electrode was placed, they would press
the lever up to 5,000 times in an hour, chose stimu-
lation over food even when starving, and cross an
electrified grid for a chance to press the lever.
Fifty years of research has established that
the mesolimbic dopamine (DA) systems, includ-
ing the ventral tegmental area (VTA) and nucleus
accumbens (NAc) (also called the ventral stria-
tum), are the central structures of reward. These
old but effective nuclei lie at the base of the brain

(Figure 12.3) and are the structures that were
being indirectly stimulated in the Olds and Milner
experiments. The NAc and VTA receive signals
from a multitude of sources—the most prominent
of which are the PFC, amygdala, and hippocampus.
It is significant that the input to the NAc and VTA
originates from the areas involved in attention,
executive decisions, and emotional memories—
areas that help the brain negotiate the path to
the reward.

FIGURE 12.3 @ The anatomy of pleasure and reward is mediated in the nucleus accumbens with input from
a variety of structures, only a few of which are shown here. NAc, nucleus accumbens; PFC, prefrontal cortex;

VTA, ventral tegmental area.
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FIGURE 12.4

A. Microdialysis in a rat brain. B. Pettit and Justice found that increasing self-administered

doses of cocaine resulted in greater extracellular dopamine at the nucleus accumbens. (Adapted from Pettit HO,
Justice JB Jr. Effect of dose on cocaine self-administration behavior and dopamine levels in the nucleus

accumbens. Brain Res. 1991;539(1):94-102.)

Converging lines of evidence have shown that
DA is the primary neurotransmitter that modulates
the reward system. Using an implanted microdi-
alysis apparatus, Pettit and Justice were able to
regularly sample DA concentration at the NAc.
They found a correlation between the amounts of
cocaine a rat would self-administer and the extra-
cellular DA at the NAc (Figure 12.4). Alterna-
tively, blocking the effect of cocaine either with a
DA antagonist (e.g., haloperidol) or lesioning the
dopaminergic cells in the NAc eliminated the self-
administration and drug-seeking behavior.

Brain Imaging
More recently, brain imaging studies with human
volunteers have further established the link between
DA and pleasure. Volkow administered IV meth-
ylphenidate (Ritalin) and established a correlation
between the dose of the medication and the occu-
pancy of the DA transporter (stimulants work in
part by blocking the DA reuptake pump). Addition-
ally by asking the participant how they felt, a cor-
relation between feeling “high” and occupancy of
the DA transporter was established (Figure 12.5).

Creative studies with functional imaging scan-
ners have shown that it is not just drugs of abuse
(amphetamines, alcohol, nicotine, etc.) that result
in enhanced DA at the NAc, but many pleasur-
able activities. Figure 12.6 gives examples of feel-
ings (looking at beautiful faces, eating chocolate,
revenge, etc.) as well as of drugs that have all dem-
onstrated increased DA at the NAc and/or VTA in
functional scans in humans.

Figure 12.6 shows only the results with humans.
There are additional hedonic experiences that show

similar findings with animals. For example, sexual
behavior, violence, opioids, and marijuana all
increase DA at the NAc in animals. Furthermore, we
can speculate that other pleasurable behaviors—
those that would be difficult to investigate in a scan-
ner, such as shopping, gambling, extreme sports,
and defeating ones arch enemy—may also deliver
a dollop of DA to the NAc. The key point is this:
Behaviors that people enjoy seem to precipitate an
increase in DA produced at the NAc.

One particularly interesting study conducted at
the primate laboratory at Wake Forest University
looked at the effect of social rank on DA in mon-
keys. The monkeys were initially housed indi-
vidually and scanned for DA D, receptors, which
were found to be similar for all monkeys. Next,
they were housed together in groups of 4. After
3 months, the researchers determined who were
the dominant and subordinate monkeys and

[ 30):1»11: 3] COMPLICATED
GRIEF

It is not uncommon to see patients who
are experiencing prolonged and unabated
grief of a loved one. Recent functional brain
scans have shown persistent activation of
the NAc in patients with such complicated
grief: more activity in the NAc correlated
with greater yearning when viewing a picture
of the deceased. This report suggests that
successful adaptation to loss is complicated
by the joy of remembering—even when the
memory is also painful.
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FIGURE 12.5 @ Methylphenidate and occupancy of the dopamine reuptake transporter (A). Higher doses of
methylphenidate result in increased occupancy of the dopamine transporter, which results in increased dopamine
being available to the nucleus accumbens and—at strong enough levels—feeling “high” (B). (Adapted

from Volkow ND, Fowler JS, Wang GJ, et al. Role of dopamine in the therapeutic and reinforcing effects of
methylphenidate in humans: results from imaging studies. Eur Neuropsychopharmacol. 2002;12(6):557-566.)

Drugs
1. Cocaine
2. Alcohol
3. Amphetamines
4. Methylphenidate
5. Nicotine
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6. Romantic love
7. Listening to music
8. Humor
9. Expectation of $$$
10. Inflicting punishment
11. Looking at beautiful faces
12. Social cooperation
13. Eating chocolate
14. Talking about yourself
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FIGURE 12.6 @ Drugs of abuse and pleasant feelings light up the mesolimbic dopamine pathway in functional
imaging studies in humans. The studies documenting these findings are listed at the bottom of the figure.



then re-scanned them. The results are shown in
Figure 12.7. Note that the dominant monkey now
has significantly greater DA D, receptors in the
striatum—an area that includes the NAc.

The researchers also allowed the monkeys to self-
administer different doses of cocaine. The graph
on the right of Figure 12.7 shows that the dominant
monkeys gave themselves less cocaine than the
subordinates at different strengths of the drug. This
suggests that the “good feelings” that come from
being the alpha monkey buffer against seeking
external sources of pleasure. This provides some
insight into the correlation between increased sub-
stance abuse and lower socioeconomic status.

Pleasure versus Novelty

It is overly simplistic to call the NAc the pleasure
center. Research with rodents has found that DA
will increase at the NAc with adverse stimuli—
for example, a foot shock. Likewise, addicts have
reported that they have continued to seek their
drug, although it is no longer pleasurable.
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Some have suggested that the NAc determines
the “wanting” and motivation to seek a reward—not
the pleasurable experience itself. Volkow, director
of the National Institute of Drug Abuse, prefers the
term “saliency” to describe the function of DA at the
NAc. By salience, she means new and unexpected
stimuli that focus attention and motivate to seek more.

Di Chiara has studied the effect of various sub-
stances on DA release at the NAc. His group has
shown that DA release is strongest for positive, novel
reinforcements. Figure 12.8 shows the bump in DA
at the NAc when a rat is given chocolate. However,
when given the same amount of chocolate on the fol-
lowing day, the bump in DA is no longer significant.

Di Chiara has shown in other studies that
habituation does not occur with cocaine. Day after
day, rats will have a bump in DA at the NAc when
given cocaine. Not only is the increase stronger in
magnitude (up to 400% over baseline compared
with 150% for chocolate) but also does not attenu-
ate like the natural reinforcers. This may in part
explain why cocaine is so addictive.
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FIGURE 12.7 A. Drawings of PET scans showing the prevalence of dopamine D, receptors for monkeys

after establishing social hierarchy. B. The graph shows that the dominant monkey always self-administered
less cocaine at different strengths of the drug compared with the subordinate monkey. (Adapted from
Morgan D, Grant KA, Gage HD, et al. Social dominance in monkeys: dopamine D, receptors and cocaine

self-administration. Nat Neurosci. 2002;5(2):169-174.)
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FIGURE 12.8 Habituation. When first given

chocolate, a rat shows a significant increase (H) in
its dopamine at the nucleus accumbens, which does
not occur when given the same food on the following
day. (Adapted from Bassareo V, De Luca MA,

Di Chiara G. Differential expression of motivational
stimulus properties by dopamine in nucleus
accumbens shell versus core and prefrontal cortex.
J Neurosci. 2002;22(11):4709-4719.)

Amygdala

The amygdala along with the frontal cortex
influences the mesolimbic DA system. Although
better known for its role in fear and avoidance (see
Chapter 22), the amygdala plays a role in seek-
ing pleasure. The amygdala is critically involved
in the process of acquiring and retaining lasting
memories of emotional experiences whether they
are pleasurable or traumatic. Studies have shown
correlations between the activation of the amyg-
dala during emotionally arousing events and sub-
sequent recall. It is not known if the memories are
actually stored in the amygdala or recalled from
the cortex by the amygdala.

The process of associating emotional memories
with particular events—a special song, helicopters
flying overhead, or the smell of a cigarette—is clas-
sical conditioning. A demonstration of the role of
the amygdala and seeking pleasure can be shown
when a rat is conditioned to associate a sound or

light with pressing a lever and receiving cocaine.
When the cocaine ceases to be delivered, the rat
will almost completely stop pressing the lever—
extinguishing the behavior. Later, if he hears the
conditioned sound or sees the light, he will resume
pressing the lever as long as his amygdala is intact.
A rat without an amygdala will fail to resume
pressing the lever when stimulated with the tone or
light. Clearly, the amygdala is essential to remem-
bering the associations.

The Pursuit of Pleasure

People spend time doing what they enjoy. “Time
sure flies when you’re having fun” is the old
saying. The propensity to get “lost” in an activ-
ity and lose track of time is a feature of rewarding
activities—and something that can be a source of
frustration for friends and family who do not enjoy
the same activity.

The brain has several internal clocks. The
suprachiasmatic nucleus and circadian rhythm
is the most renowned internal clock and will be
covered in Chapter 16. However, there are lesser
known circuits to manage milliseconds, which are
essential for sports, dancing, music, and speech.
Of relevance to this chapter, these circuits utilize
DA and to some extent activate the VTA. Studies
with rodents have found that D, agonists, such as
methamphetamine, accelerate the internal clock
whereas D, blockers, such as haloperidol, slow
down the clock. This may explain why people
inaccurately estimate the duration of a pleasurable
activity.

People who have the propensity to enjoy work
have an adapted advantage over those who do
not. We can imagine that nature selects for individ-
uals who possess the traits to enjoy activities that
are beneficial, for example, hunting and gathering
as well as communicating and planning. Alterna-
tively, some people lose themselves in activities
that are not healthy and continue to pursue them
in spite of negative outcomes. This behavior and
the effects on the brain are the focus of the next
section.

POINT OF INTEREST

Albert Einstein is reported to have described
his theory of relativity as such: “Put your
hand on a hot stove for a minute, and it
seems like an hour. Sit with a pretty girl for
an hour, and it seems like a minute.” Einstein
eloquently described how our perception of
the passage of time is affected by our feelings
of pain and pleasure.



ADDICTIONS CHANGE

THE BRAIN

Most of the pleasurable activities that we are wired
to pursue occur in nature in limited supply, making
it hard to overindulge. Modern life, however, is full
of many temptations that activate the mesolimbic
pathway. Drugs of abuse, in particular, overwhelm
and fundamentally alter the neurons that were never
intended to experience such supraphysiologic lev-
els of neurotransmitters. Addictions entail the per-
sistent, destructive, and uncontrollable behaviors
that involve obtaining the object of desire.

One simple definition of an addiction is the
continued pursuit of a substance or activity in spite
of negative consequences. This could apply to
gambling, sex, alcohol, smoking, food, and even
work. All these activities result in increased DA
at the NAc. We focus in this section on drugs of
abuse and the changes they cause in the addicted
brain. Figure 12.9 shows the location of several
commonly abused drugs.

Some drugs have direct effects on the meso-
limbic pathway while others work indirectly. The
stimulants and nicotine result in increased DA at
the NAc. The opioids, alcohol, and phencyclidine
(and to some extent nicotine) suppress the inhibi-
tory neurons that modulate the NAc and VTA. With
less inhibition, more DA is released to the NAc.
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Drug use occurs along a continuum—from
casual use to dominating one’s life. Addictions
result from a combination of genes and environ-
ment and develop over time. But once addicted, the
drugs alter the architecture of the brain. Tolerance
and withdrawal are two clinical manifestations of
the changes that occur to the addicted brain. Other
clinical examples that show the effects of persis-
tent abuse are as follows:

1. Depression and anhedonia when not using.

2. Less responsive to natural rewards.

3. The capacity to relapse even many years after
abstinence.

Global Impairments
One of the most consistently reproducible find-
ings in the addictions field is the reduction in brain
volume in chronic alcoholics. Studies have shown
decreased total volume and gray matter, particularly
in the frontal lobes. These findings co-occur with
declines in cognition and memory. Alcoholics eval-
uated after a period of sobriety show some recov-
ery of tissue volume, whereas those who continue
to drink show further reductions.

Recent research has established cigarette
smoking as a confounding variable in brain vol-
ume reductions and cognitive decline. One study
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FIGURE 12.9 @ Possible sites of action by drugs of abuse on the mesolimbic pathway. PFC, prefrontal
cortex; NAc, nucleus accumbens; VTA, ventral tegmental area; GABA, y-aminobutyric acid.
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FIGURE 12.10 @ 1Q is independently reduced in
subjects with heavy alcohol or cigarette use. (Adapted
from Glass JM, Adams KM, Nigg JT, et al. Smoking is
associated with neurocognitive deficits in alcoholism.
Drug Alcohol Depend. 2005;82(2):119-126.)

compared intelligence as measured by 1Q in 172
men (Figure 12.10). Alcoholism and smoking were
independent risk factors for reductions in 1Q. In
recent follow-up studies, this same group found
alcoholism correlated with a broad range of impair-
ment in executive function, while smoking affected
measures that emphasize response speed. It is not
known if smoking has a direct neurotoxic effect
on cognition or an indirect effect from cardiovas-
cular or pulmonary damage. Interestingly, smok-
ers report that a cigarette enhances their attention
and in studies nicotine acutely improves cognitive
performance. Yet, the long-term effect on cognition
is detrimental.

Dopamine Receptors

The stimulants work by blocking the DA reup-
take pump as well as increasing the release of DA,
which results in more DA being available to stimu-
late the NAc. Using positron emission tomogra-
phy (PET) scans, Volkow has shown decreased
D, receptors in cocaine addicts during withdrawal
(Figure 12.11), which persisted even when tested
3 to 4 months after detoxification. Similar findings
have been demonstrated in subjects withdrawn
from heroin, methamphetamine, and alcohol.
These results show that excessive use of hedonic
substances results in a downregulation of the D,
receptor. This may explain the development of
tolerance and need for the addict to take “more.”
Likewise, this helps us understand why the absti-
nent user has difficulty experiencing pleasure with
the natural joys of life.

Craving and the Frontal Cortex

The addict is someone who has moved from get-
ting high to getting hooked. He is haunted by
persistent, intrusive thoughts about his drug, and

Cocaine abuser

Control

FIGURE 12.11 @ Horizontal PET scans at the
level of the striatum. The cocaine abuser has less
D, receptor binding compared with the control.
(Adapted from Volkow ND, Li TK. Drug addiction:
The neurobiology of behaviour gone awry. Nat Rev
Neurosci. 2004;5(12):963-970.)

intensely desires to obtain more. He has lost
control. In the literature and on the street, this is
called craving.

As with obsessions (see Chapter 22), the PFC
has been identified as the source of craving. Func-
tional imaging studies have shown enhanced
activity in the PFC, particularly the orbital fron-
tal cortex and dorsolateral PFC, when addicts are
presented with drug-related cues. For example,
cocaine addicts shown pictures of white powder
will light up their frontal lobes and will report
“drug craving.” It is noteworthy that the activity
in the PFC correlates with the intensity of self-
reported craving.

We discussed in the first section of this chapter
the important role the PFC plays in making choices
(Figure 12.1). An essential feature of addictions is
the inability to make good choices. This problem
can be demonstrated in the relative activity of the
PFC when addicts are shown various film clips.

In one important study, cocaine users were
shown video clips of men smoking crack, sexu-
ally explicit scenes, and scenes of nature while
in a functional brain scanner. Compared with the
controls, the cocaine users showed increased acti-
vation in the frontal cortex while viewing videos
of men smoking crack but not when shown sexu-
ally explicit content. The authors concluded that
the drug abusers had developed a heightened
response to stimuli associated with drug use,
but blunted response to other rewarding stimuli
(Table 12.1).

The persistence of cravings and the suscepti-
bility to lose control even after years of abstinence
suggest long-term changes in the neurons of the
PFC. Several findings with rats suggest that the
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glutamatergic projections from the PFC to the NAc
(Figure 12.3) may be the culprit. The important
findings are as follows:

1. Inactivation of the PFC prevents relapse.

2. Glutamate receptor blockade at the NAc pre-
vents relapse.

3. Increased glutamate is released in the NAc
during relapse.

These results not only point to the glutamatergic
projections as a source of craving but also suggest
a possible site to intervene for preventing relapse.

Synaptic Remodeling
The fact that drug-induced adaptations are so
permanent suggests that the drugs fundamentally
alter the organization of the neuronal circuits and
synaptic connectivity. In a series of experiments,
Robinson et al. at the University of Michigan have
studied the effects of amphetamine, cocaine, and
morphine on the structure of pyramidal cells in
various parts of the brain. Figure 12.12 shows the
neurons from the parietal cortex.

The dendritic spines on the neuron are the post-
synaptic receptors for input from other neurons (see
Figure 3.4). Presumably, changes in the number of

Il 0] ANHEDONIA

One of the disturbing effects of a frontal
lobotomy was a pervasive lack of motivation.
The subjects were left with a general lack of
interest in almost everything. While the pro-
cedure may have reduced interest in inap-
propriate activities, it also had a global effect
on all interests. This is the challenge for treat-
ing the substance abuser: how to selectively
eliminate the craving without altering the
underlying personality.
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FIGURE 12.12 Photomicrograph of a Golgi-
stained pyramidal cell from the parietal cortex. Multiple
photographs at different focal planes were merged
together to create this composite. The inserts on the
right are from the apical (A) and basilar (B) regions.
(From Kolb B, Gorny G, Li Y, et al. Amphetamine

or cocaine limits the ability of later experience to
promote structural plasticity in the neocortex and
nucleus accumbens. Proc Natl Acad Sci U S A.
2003;100(18):10523-10528.)

spines reflect changes in the number of synapses on
the neuron. In different experiments, Robinson etal.
have shown that amphetamine and cocaine will
increase the number of spines, whereas morphine
results in a decrease. Figure 12.13 shows the draw-
ings of neurons from the NAc in rats exposed to
morphine, saline, and amphetamine. One can see
that these drugs (and presumably other substances
of abuse) induce lasting changes to the brain by
altering the morphology of the neural cells.

Molecular Changes

Nestler et al. at the University of Texas Southwest-
ern Medical Center have examined the molecular
changes that underlie the long-term plasticity of
addiction. As we discussed in Chapter 5, changes
in the neuronal architecture are driven by the gene
expression. Nestler et al. identified two transcrip-
tion factors in the NAc that contribute to gene
expression and the resulting protein synthesis in
the addicted state.

Cyclic adenosine monophosphate response ele-
ment binding (CREB) is a transcription factor that
is activated by increased DA concentrations during
drug binges. CREB in turn promotes the production
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FIGURE 12.13 Changes in dendritic spines in the
nucleus accumbens from rats exposed to morphine,
saline, and amphetamine. Morphine decreases the
number of spines, whereas amphetamine induces an
increase. (Adapted from Robinson and Kolb, 1997,
2002.)

of proteins that dampen the reward circuitry and
induce tolerance. The dampening effects stimulated
by CREB are believed to be one of the reasons drug
users need to take more of their substance to get the
same effect. CREB may also mediate the depres-
sion and anhedonia felt by the addicts when unable
to get drugs.

However, CREB is only part of the story. It is
switched off within days of stopping the drug use,
yet the addict remains vulnerable to relapse for a
long time. &-FosB is another transcription factor
that may explain the lasting effects of drug abuse.
Unlike CREB, 8-FosB accumulates in the cells of
the NAc and is remarkably stable. It remains active
in the cells for weeks and months after drugs have
been stopped. This kind of enduring molecular
change may explain why addicts are susceptible to
relapse even after years of abstinence.

Relapse
There are three well-known causes for relapsing:

1. Even a minimal use of the drug or a similar
drug.

2. Exposure to cues associated with drug use.

3. Stress.

All three causes result in increased release of
DA at the NAc, which seems to impair the addict’s
will to remain abstinent.

The effects of stress on the mesolimbic DA sys-
tem are mediated in part through the hypothalamic—
pituitary—adrenal (HPA) axis. It appears that

corticotropin-releasing factor (CRF) and cortisol
stimulate the release of DA. Studies with rats have
shown that a stressor, such as a foot shock, stimu-
lates the HPA axis as well as reinstates the drug-
seeking behavior. Different studies have shown
that the reinstatement for heroin, cocaine, and
alcohol can be blocked by the administration of a
CRF antagonist.

Developmental Disorder?

It is readily apparent that our joys and pleasures
change as we age. A latency-age boy is not the
least bit interested in sex, but a few years later as an
adolescent he is bubbling over with sexual excite-
ment. The old saying, “the difference between men
and boys is the price of their toys,” describes the
development of new sources of pleasure as men
age. Changes in the brain most likely accompany
the maturing of what we enjoy.

Adolescence is a time characterized by high lev-
els of risk taking and impulsivity. This can be seen
as enhanced approach behavior and reduced harm-
avoidance behavior—or too much accelerator and
not enough brake. In simple terms, the role of the
NAC is to enhance the approach behavior, whereas
the role of the amygdala is to warn animals to avoid
negative situations. A study looking at the activity in
these brain areas during reward and loss, with ado-
lescents and adults, sheds some light on this topic.

Ernst et al. examined the activity of the NAc and
amygdala in adolescents and adults while they were
playing a game with monetary reward. The subjects
could win $4 if they made a correct choice. The
authors looked at the relative activity of the NAc and
amygdala when the subjects won compared with
when they lost. Finally, they compared the regional
activity for the adults and adolescents. The results
(Figure 12.14) show that all subjects had enhanced
activity when they won and less when they did not.
However, the adolescents showed greater activ-
ity in the NAc when winning and less decrease in
the amygdala when losing. Specifically, the results
show that the adolescent brain is different—more
inclined to approach and less inclined to avoid.

The government restricts the use of legally
available habit-forming substances and activities
to adults, for example, nicotine, alcohol, and gam-
bling. There are many reasons for this policy, but in
part it is driven by the belief that early exposure to
these hedonic pleasures increases the risk of addic-
tion. With nicotine there is some evidence that
early exposure increases the likelihood of develop-
ing an addiction as an adult.

Epidemiological studies of adolescents suggest
that smoking at a younger age leads to increased
addiction to cigarettes. A recent study with rats



Nucleus accumbens

0
WO q
o “\\e‘a@

0.002 etE

Signal
intensity 0.001
changes
from 0
baseline

-0.001

Adults Adolescent
—-0.002
Il = win $4

FIGURE 12.14

CHAPTER 12 Pleasure 147

Amygdala
0.004
Nog en
Drage "9h
0.002 % S
. 4
-0.002
Adults Adolescent
-0.004
M = No-win

Activation in the nucleus accumbens and amygdala is different for adults and adolescents

when they win or fail to win during a game with financial reward. (Adapted from Ernst M, Nelson EE, Jazbec S,
et al. Amygdala and nucleus accumbens in responses to receipt and omission of gains in adults and

adolescents. Neuroimage. 2005;25(4):1279-1291.)

has shown that early exposure has lasting effects
when compared with later exposure. Exposure
to nicotine during the period that corresponds
with preadolescence, but not as a postadolescent,
increased the self-administration of nicotine as
adults. Additionally, the adult rats exposed to nico-
tine at the younger age had greater expression of
the nicotine receptor.

Adolescence is a time of great risk taking and
novelty seeking. Unfortunately, many addictions
commence during this period. It appears that early
use is genetically predetermined and the result of
“hanging around with the wrong crowd.” Either
way, studies suggest that keeping our adolescents
involved in wholesome activities—sports, art,
camping, and so on—may keep them away from
drugs and alcohol until their developing brains are
more immune to the damaging effects of hedonic
substances.

Treatment

Without a doubt, successful abstinence is most
effective when the subject is motivated to stay
clean, almost regardless of the treatment approach.
A recent analysis of three psychological treatments
for substance abuse showed that all were equally
effective, and the most important factor was the
subject’s desire to abstain.

Medications to treat addictions are helpful but
not robustly effective. We are still unable to restore
the addicted brain to its preexisting condition.
Pharmacological treatments generally fall into two
categories. The first category is those interventions
that interfere with the reinforcing action of the
drugs of abuse, for example, naltrexone. The second
category is those agents that mimic the action of

the abused substance, for example, methadone.
Neither of these treatments cures the underlying
central nervous system alterations, but can help in
keeping a substance abuser clean.

Most problematic for the recovering addict is the
intense craving that leads to relapse. Some addicts
even report craving dreams during withdrawal.
Efforts are underway to find medications that will
decrease the thoughts and desires stimulated by
memories of drug use. Much of the focus has been
on agents that affect glutamate and y-aminobutyric
acid, but as yet no substantial interventions have
been discovered. The challenge is to selectively
eliminate the craving for drugs without affecting
the interest in the natural reinforcing stimuli.

Are Stimulant Medications

Neurotoxic?

The diagnosis and treatment of attention-deficit/
hyperactivity disorder (ADHD) has increased dra-
matically over the past decade. Psychostimulants
such as methylphenidate and amphetamine remain
the most effective and widespread pharmacologi-
cal interventions for ADHD. These medications
are potent inhibitors for the DA reuptake trans-
porter and result in increased DA stimulation of
postsynaptic neurons.

Although effective in improving attention and
decreasing impulsivity, the long-term effects of
these agents are not well studied. A meta-analysis
of stimulant therapy and substance abuse shows
that the medications did not promote substance
abuse later and may even decrease the potential.
However, we have seen in this review that other
substances that increase DA at the NAc result in
changes to the molecular and structural character
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of neurons. It is unknown if such changes occur
with sustained use of the psychostimulants.

Two studies with methylphenidate in rats found
enduring behavioral effects after treatment during
early development. As adults, these rats showed
signs of reduced responsiveness to normal stimuli
and increased reactions to aversive situations.
These findings are similar to what we see with
addicts when they are not using their drug of abuse.
A compelling study by Kolb et al. found that expo-
sure to amphetamine has enduring impairments on
the development of dendritic branching and spine
formation 3 months after stopping the medication.
However, these studies have been criticized for
using rodents, high doses of the medications, and
administering the medication by injection.

A recent study by a group at Johns Hopkins
Medical Institute examined the neural effects of
amphetamine administered orally to nonhuman pri-
mates in equivalent doses comparable to that used
on patients with ADHD. The researchers taught a
small group of baboons and squirrel monkeys to
orally ingest a racemic mixture of dextro- and levo-
amphetamine (similar to what is found in Adder-
all) twice a day. The plasma amphetamine levels
were measured and corresponded to doses reported
in humans. Treatment continued for 4 weeks. Two
weeks after stopping medication, the animals were
sacrificed and their brains were analyzed.

The baboons that had self-administered amphet-
amine showed significant reductions in striatal DA.
Likewise, the DA transporter protein (the protein
blocked by the amphetamine) was significantly
reduced in the striatum (Figure 12.15). Simi-
lar results were found in the squirrel monkeys, a
different primate species. For comparison, the
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serotonin levels were concomitantly measured, and
they remained equal in the amphetamine and con-
trol groups.

While we must be cautious when we extrapo-
late from animal studies to humans, we must also
be vigilant about avoiding harmful treatments. The
history of medicine is replete with interventions
that initially seemed safe, only to show problems
later. Our understanding of DA receptor antago-
nism shows that supraphysiologic doses, as one gets
with cocaine, can result in detrimental changes to
the neurons. The long-term effects of smaller, con-
trolled doses with stimulant medications, especially
after years of continuous use, remain unknown.

CONCLUSION

The good news—we are designed to experience
pleasure. The bad news—pleasure is supposed to
wane. We are only meant to feel satisfied for a short
period. We are built to “lead lives of quiet despera-
tion.” People satisfied with their accomplishments
fall behind. Some of the patients we see, partic-
ularly the chronic schizophrenic and seriously
depressed, are cursed with a lack of motivation and
joy. They are unable to work toward a goal that will
be rewarding and bring them pleasure.

Likewise, we frequently deal with patients who
create havoc in their lives through their excessive
pursuit of pleasurable substances and activities.
An understanding of the neuroscience of pleasure
helps us conceptualize that patients, such as this,
fail to find joy in alternative, natural reinforcers.
Our task with these patients is to assist them in
developing healthy activities that will stimulate
the mesolimbic cortical pathway, but not alter the
chemical or cellular substrate.
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A. Significant reduction in dopamine transporter after 4 weeks of oral amphetamine

treatment in nonhuman primate. B. Drawing of cross section of the basal ganglia stained for dopamine
transporter. Darker brown = more dopamine transporter. (Adapted from Ricaurte GA, Mechan AO, Yuan J, et al.
Amphetamine treatment similar to that used in the treatment of adult atteOntion deficit/hyperactivity disorder
damages dopaminergic nerve endings in the striatum of adult nonhuman primates. J Pharmacol Exp Ther.

2005;315(1):91-98.)



QUESTIONS

1.

Cocaine induces euphoria by
a. Inhibiting GABA.

b. Stimulating GABA.

¢. Inhibiting DA reuptake.
d. Stimulating DA reuptake.

. Heroin induces euphoria by

a. Inhibiting GABA.

b. Stimulating GABA.

¢. Inhibiting DA reuptake.
d. Stimulating DA reuptake.

. Microdialysis allows

a. Pharmacologic stimulation at precise locations.
b. The development of conditioned behaviors.
c. Biopsy of cellular tissue.

d. Continuous sampling of extracellular fluid.

Pleasurable feelings include all of the following,
except

a. Increased DA at the NAc.

b. DA receptor antagonism.

c. Increased activity of the VTA.

d. Receptor stimulation.

All of the following are involved with the

development of tolerance, except

a. Activation of the PFC.

b. Habituation.

¢. Downregulation of DA receptors.

d. Accumulation of inhibitor transcription
factors.

CHAPTER 12 Pleasure 149

. All of the following are involved with craving,

except

a. Hypometabolism of the PFC to natural stimuli.
b. Hypermetabolism of the PFC with drug cues.
c. Enhanced GABA activation.

d. Glutamatergic activation of the NAc.

. The Alpha monkey has

a. Increased glutamatergic activation of the NAc.

b. Increased frontal lobe metabolism.

c. Greater propensity to self-administer
stimulants.

d. Increased DA receptors.

. Enhanced transmission of all of the following

can result in relapse, except
a. GABA.

b. Glutamate.

c. DA

d. CRH.

. All of the following result in increased spine

formation in rats, except
a. p-Amphetamine.

b. Heroin.

¢. Methylphenidate.

d. Cocaine.

See Answers section at the end of the book.
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SET POINT

In spite of great fluctuation in the quantity and
frequency of eating, we all maintain remarkable
precision between energy expenditure and energy
intake. Social factors, emotions, and time of day,
as well as taste, satiety, and personal habits, influ-
ence our eating patterns, yet we maintain a reason-
ably stable body weight month after month. This
is referred to as energy homeostasis or simply a
metabolic “set point.”

Evidence of a set point comes from a variety
of sources. If a rat is deprived of food, then, when
offered a normal diet, it will overeat for a short
period and return its body weight to its preexisting
level. Likewise, after being force-fed to increase
body weight, it will limit its food intake to return
to normal weight (Figure 13.1). The brain and
body work in harmony to keep the body weight at
a specific point.

The human corollary to this is the disturbingly
low success rates that people have with most diets.
In a review of long-term efficacy of dietary treat-
ment interventions for obesity, Ayyad and Anderson
found that only 15% of the patients fulfilled at least
one of the criteria for success 5 years after the study.
Unfortunately, most people who diet will slowly
return to their preexisting weight within 1 year.

Several lines of research suggest that the set
point is genetically controlled. Adoption stud-
ies provide a unique way to separate the effects
of genetics from environment on body weight by
comparing children with their biologic parents and
with the parents from the house in which they were
raised. In an analysis of Danish adoptees, Stunkard
et al. found a strong relation between weight class
of the adoptees and the body mass of the bio-
logic parents. However, there was no correlation
between the weight class of the adoptees and their
adopted parents, suggesting that genetic makeup,
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not environment, is a major determining factor in
one’s body weight.

Yet, obesity was a rare condition 50 years ago.
Clearly, our genes have not evolved in half a cen-
tury. There must be other explanations for the sig-
nificant change in body weight that is occurring in
first-world nations. The Pima Indians of Mexico and
Arizona can provide some insight on this issue.

The Pima Indians separated into two tribes
approximately 700 to 1,000 years ago—one tribe
remained in Mexico and the other settled in what
is now known as Arizona. In spite of their similar
genetic makeup, they have remarkably different
average body weights. The Arizona Indians have
a high prevalence of obesity and non-insulin-
dependent diabetes mellitus, whereas their Mexican
relatives are not overweight and have little dia-
betes. The difference can be best explained by
understanding the divergent lifestyles these two
populations developed.

The Mexican Pima Indians have remained in the
mountains, continuing a traditional rural lifestyle.
They exert considerable physical energy working
the farms and eat a diet high in starch and fiber. The
Arizona Indians, on the other hand, were forced to
move onto reservations and abandon their former
way of life. There they lead more leisurely lives and
eat a diet high in fat and sugar.

The obesity problem that the Pima Indians suf-
fer from has been attributed to a “thrifty gene”—a
gene that promotes saving and storing calories. Two
thousand years ago, such a genetic predisposition
would enhance the survival for those struggling with
the fluctuations of prosperity and famine. However,
with plentiful high caloric, highly palatable food,
the “thrifty gene” promotes accumulation and stor-
age beyond what is healthy. So the weight problem
is genetic, but influenced by what is available in the
environment.
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FIGURE 13.1 A rat will return its body weight

to its preintervention weight when allowed to eat a
regular diet. (Adapted from Keesey RE, Boyle PC.
Effects of quinine adulteration upon body weight of
LH-lesioned and intact male rats. J Comp Physiol
Psychol. 1973;84(1):38-46.)

The concept of a set point helps us understand
the difficulties encountered by anyone trying to
diet. One of the mechanisms the brain uses to return
the body weight to its baseline set point became
apparent in the Minnesota Starvation Experiment.
This was an experiment conducted with conscien-
tious objectors in Minnesota toward the end of the
Second World War to help the military understand
the condition of the starving civilians in Europe.

Participants were subjected to a semistarvation
diet for 6 months with the goal of losing approxi-
mately 25% of their weight. From our perspective,
one of the more interesting symptoms these men
experienced during the experiment was obsessive
thought about food. Not unlike the cravings dis-
cussed in the previous chapter, food became the
principal topic of their thoughts, conversation, and
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(fat, glycogen)

!

Energy intake Metabolism
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daydreams. Reading cookbooks and collecting
recipes became an intensely interesting pastime for
many men. Eating, either mentioned in a book or
shown in a movie, was a cue that put the men at
heightened risk for breaking their diet. The urge to
eat was so powerful that the researchers established
a buddy system so that participants would not be
tempted to cheat when away from the dorm. Clearly,
their brains were focusing on what the body needed.

The brain can also adjust the energy expenditure
as another way to maintain a stable body weight.
Figure 13.2 shows a thermodynamic perspective of
energy expenditure. Energy enters an organism as
food and exits as heat or work. Energy is stored as
fat or glycogen and mobilized when needed. Total
energy expenditure can be subdivided into three
components: obligatory energy expenditure, physi-
cal activity, and adaptive thermogenesis.

Adaptive thermogenesis is the other major obsta-
cle the brain uses to thwart weight loss. Changes
in sympathetic tone alter energy expenditure. For
example, activation of the sympathetic nervous sys-
tem results in catabolic breakdown of adipose tissue
and produces energy. Figure 13.3 shows the changes
in energy expenditure in healthy subjects after a 10%
alteration in body weight. Not only does the brain
increase adaptive thermogenesis when the body gains
weight but also turns it down in response to weight
loss—a frustration many dieters have experienced.

HOMEOSTATIC MECHANISMS

The key point is that despite large day-to-day fluc-
tuations in food intake and energy expenditure, our
weight remains within a relatively narrow range.

r Adaptive

thermogenesis

Physical

activity
Total energy (variable)
expenditure

(heat and work)

Obligatory
energy
expenditure
(required for
normal functioning
of cells and organs)

\.

Energy accumulation and expenditure must be in balance for an organism to maintain a

stable body weight. Adaptive thermogenesis is regulated by the brain and can vary in response to changes in
diet or temperature. (Adapted from Lowell BB, Spiegelman BM. Towards a molecular understanding of adaptive

thermogenesis. Nature. 2000;404(6778):652-660.)
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FIGURE 13.3 Total energy expenditure is

increased in response to weight gain and decreased
when weight is lost. (Adapted from Leibel RL,
Rosenbaum M, Hirsch J. Changes in energy
expenditure resulting from altered body weight.

N Engl J Med. 1995;332(10):621-628.)

This is accomplished through feedback loops
between the brain and the body. Brain lesion and
stimulation studies in the 1940s identified the hypo-
thalamus as a major center controlling food intake.
Although the initial studies turned out to be overly
simplified, the hypothalamus remains an important
command center for weight maintenance.

But what are the signals the brain receives and
sends? Interrupting or enhancing these signals may
provide opportunities for interventions to stem the
obesity epidemic. The best way to understand the
current conceptualization of the central nervous
system (CNS) homeostatic mechanisms is to sepa-
rate the short-term signals from the long-term ones.

Short-Term Signals

The short-term signals tend to affect meal size
rather than the overall energy storage. The sig-
nals comprise nutrients and gut hormones in the
circulation as well as afferent signals sent up the
vagus nerve. These signals to the brain result in
the sensation of satiety but do not produce sustained
alteration in body adiposity.

Nutrients

Glucose is the primary nutrient that mediates sati-
ety. Hypoglycemia increases hunger sensations and
stimulates eating. Glucose infusions will decrease
the food intake. Other nutrients in the systemic cir-
culation, such as fats and amino acids, play a real
but limited role in signaling to the brain the effects

of a recent meal. High levels of these nutrients tell
the brain to stop eating, but the brakes are insuffi-
cient when the individual has been starving.

Mechanoreceptors

The physical presence of food in the stomach and
upper small intestine activates mechanorecep-
tors. The stomach wall is innervated with stretch
receptors that increase in activity in proportion to
the volume in the stomach. We usually think of the
vagus as a conduit from the brain to the gut, but
as much as 80% of the neural traffic is flowing in
the opposite direction (see Figure 2.9). The vagus
nerve transmits signals about gastric distension to
the hindbrain. This may be the reason some patients
with vagus nerve stimulators report weight loss.

Gut Hormones

Numerous gut hormones are involved in food
intake regulation. The most widely studied hor-
mone is cholecystokinin (CCK). CCK is released
from endocrine cells in the mucosal layer of the
small intestine in response to fats and proteins.
CCK inhibits further food intake through several
mechanisms, such as stimulating the vagal nerve
and inhibiting gastric emptying. Additionally,
there are CCK receptors in the brain. The injec-
tion of CCK directly into the ventricles will inhibit
eating. CCK appears to have central and peripheral
mechanisms to put the brake on a meal.

Although CCK will limit food intake, its long-
term administration does not induce significant
weight loss. In studies with rats, the repeated
administration of CCK resulted in smaller but
more frequent meals. Thus, the overall energy bal-
ance was not altered. Figure 13.4 summarizes the
short-term signals regulating food intake.

There are many other gut hormones that also
inhibit eating, for example, glucagon-like peptide-1
(GLP-1) and peptide tyrosine—tyrosine. Ghrelin is
of most interest as it is the only gut hormone that
stimulates hunger. Produced in the stomach, fast-
ing increases the levels of ghrelin, which then fall
after a meal. Peripheral and central administration
of ghrelin increases the food intake. In contrast to
CCK, there is some evidence that ghrelin has long-
term effects on weight and may be a potential cul-
prit in obesity. Some studies suggest that reduced
ghrelin production is one of the reasons gastric
bypass surgery is so effective (see Figure 13.10).

The Joy of Eating

Eating is more than just sustenance; it is one of the
great pleasures of life. The perception of pleasure
that we get from some foods is most likely an adap-
tation that enhanced the survival of our ancestors
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FIGURE 13.4 Short-term signals from the

intestines (hormones in the circulation and stimulation
of the vagus nerve) signal to the brain that the body
is full. CCK, cholecystokinin. (Adapted from Havel PJ.
Peripheral signals conveying metabolic information

to the brain: short-term and long-term regulation of
food intake and energy homeostasis. Exp Biol Med.
2001;226(11):963-977.)

during lean times. However, with the abundance of
inexpensive highly palatable refined foods, genes
that favored sweet foods cause us to overeat.

Certain foods increase dopamine at the nucleus
accumbens (see Figure 12.6). Additionally, the
endogenous opioids appear to be more active during
a good meal. Other evidence suggests that eating is
a highly valued pleasure that can resemble an addic-
tion. For example, obese individuals have reduced
D, receptors in the striatum and activation of the
orbitofrontal cortex when craving food. Clearly,
dopamine and the endogenous opioids are signals
that influence energy consumption.

Long-Term Signals

Long-term signals tell the brain about the overall
energy storage, not just the caloric content of the
recent meal. In the 1950s, it was suggested that adi-
pose tissue releases a hormone that signals the hypo-
thalamus about the current state of energy storage.

CHAPTER 13

LIELLEH:5] YOUR
GRANDFATHER'’S DIET

A remarkable study from an isolated com-
munity in Sweden has shown that a man’s
risk of death from cardiovascular disease
and diabetes is affected by his grandfather’s
diet during his grandfather’s slow growth
period—ages 9 to 12 for boys. Using records
of harvest success or failure during the 19th
century, the researchers found increased
risk of heart disease and diabetes if the
grandfather lived through bountiful harvests
during his slow growth period. Alternatively,
grandfathers who grew up during times of
famine sired grandchildren who lived longer.
The mechanism, derived in part from rodent
studies, is believed to be transgenerational
epigenetic inheritance (see Figure 6.12).

Appetite 153

Termed an adiposity signal, the elusive hormone
must have the following three traits:

— Circulate in the blood in proportion to the
amount of stored fat

— Cross the blood-brain barrier and stimulate
specific receptors in the brain

— Produce changes in caloric intake and energy
expenditure when levels of the hormone
fluctuate

Leptin

It was not until the discovery of leptin in 1994 that
the first adiposity signal was identified. The mutant
ob/ob mice (ob = obese) have an alternation in one
gene, which results in hyperphagia and weight
gain of three to five times the normal. Identifying
the locus of the genetic defect allowed the cloning
of the protein that the ob/ob mice were missing:
leptin.

Leptin is primarily produced in white fat cells
and circulates in direct proportion to the total fat
load. The largest concentration of leptin receptors
is found in the arcuate nucleus of the hypothala-
mus. Mice that lack leptin are obese. When given
exogenous leptin, they reduce the food intake and
lose weight (Figure 13.5).

Other hormones have been proposed as adipos-
ity signals, the most prominent of which is insulin.
The role of insulin is complicated because its pri-
mary function is to enhance the glucose intake into
the muscle and adipose tissues. Yet, insulin secre-
tion is influenced by total body fat, and in turn it can
elicit a reduction in body weight. Insulin appears to
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FIGURE 13.5 @ Two ob/ob mice, both of which are
missing the gene to produce leptin. The mouse on the
right has received daily leptin injections for 4.5 weeks
and weighs about half as much as the mouse on the
left. (From Amgen Inc., Thousand Oaks, California.)
Photo by John Sholtis.

work in parallel with leptin. Figure 13.6 shows a
schematic representation of these adiposity signals.

Arcuate Nucleus
The hypothalamus is at the heart of the regulation
of the body’s energy metabolism. So it is no wonder
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T Leptin/insulin
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|ntake expenditure
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FIGURE 13.6 @ Adipose tissue secretes hormones
in proportion to the total fat stored. The hormones in
turn affect the energy expenditure and food intake in
relation to their levels in the circulation.

i Leptin/insulin

that the largest concentration of leptin receptors is
found in the arcuate nucleus of the hypothalamus.
The arcuate nucleus is located at the base of the hypo-
thalamus next to the third ventricle (Figure 13.7).
Two groups of neurons have been identified within
the arcuate nucleus that mediate the leptin signal:
proopiomelanocortin (POMC) and neuropeptide
Y (NPY).

Proopiomelanocortin

The POMC neurons put the brakes on eating.
The POMC neuropeptide is cleaved to produce
a-melanocyte—stimulating hormone (o-MSH), which
is a potent suppressor of food intake. The effects of
o-MSH are mediated through the melanocortin (MC)
receptors, particularly MC3R and MC4R, which are
strongly expressed in the hypothalamus.

High levels of leptin as well as other circulat-
ing hormones will stimulate the POMC neurons.
Conversely, low levels of leptin inhibit the POMC
neurons. Thus, POMC neurons and o-MSH are
directly responsive to circulating hormones that
signal an excess of adipose tissue.

Neuropeptide Y

The NPY neurons work to increase the food intake
and decrease the energy expenditure. The NPY
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FIGURE 13.7 @ Two sections of the brain showing
the location of the arcuate nucleus within the
hypothalamus along with two other important nuclei
for the control of energy balance.



neurons express a peptide called agouti-related
peptide (AGRP), which is an antagonist at the MC4
receptor. Consequently, activation of the NPY neu-
rons blocks the effects of o-MSH and the POMC
neurons. The role of NPY neurons and AGRP in
the accumulation of calories has been demonstrated
in many experimental conditions (see Figure 6.11):

1. Stimulation of the NPY neurons increases
food intake.

2. Increased expression of AGRP results in
increased food intake.

3. During starvation, there is increased acti-
vation of the NPY neurons and increased
expression of AGRP.

4. Leptin inhibits the NPY neurons and AGRP
expression.
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Thus, there is an accelerator and brake relationship
between the NPY neurons and the POMC neurons
that responds to signals from the body about the
long-term status of energy storage (Figure 13.8).
Of particular relevance to the current epidemic of
obesity is the unequal relationship between each
set of neurons. While they provide equal stimu-
lation of the downstream effort neurons, only the
NPY neurons directly inhibit the POMC neurons.
The POMC neurons do not inhibit the NPY neu-
rons. Consequently, there appears to be a slightly
greater emphasis on the accumulation of calories.
In other words, the accelerator is stronger than the
brake, which, from an evolutionary perspective,
would seem to enhance the survival in times of low
food supply or famine.
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FIGURE 13.8 @ The presence or absence of adiposity signals, such as leptin and insulin, has opposite
effects on the NPY and POMC neurons. In turn, the activation of the NPY and POMC neurons has different
effects on energy balance and body weight. NPY, neuropeptide Y; POMC, proopiomelanocortin.
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Many patients will report that food is a source
of comfort when they are “stressed out.”
Several lines of evidence suggest there may
be a correlation between the hypothalamic—
pituitary—adrenal axis and the ability to resist
the pleasures of food:

Behaviors

1. Childhood stress is associated
with increased weight problems in
adolescence and adulthood.

2. Corticotropin-releasing hormone and
cortisol stimulate the release of dopamine
at the nucleus accumbens, which makes
it harder to resist temptations.

3. Glucocorticoids increase fat deposits.

4. Stressed rats given access to sweet
water have lower glucocorticoid levels.

Downstream Targets

The downstream effects of the arcuate neurons
are numerous and largely remain mysterious. Two
important sites are the paraventricular nucleus
(PVN) and the lateral hypothalamic (LH) area, also
shown in Figure 13.7. The POMC and NPY neurons
project in parallel to these sites with corresponding
activation and deactivation, depending on the short-
term and long-term signals from the periphery.

The effects of the hunger and satiety signals
are carried out by three systems: the cerebral
cortex (behavior), the endocrine system, and the
ANS. The PVN affects the output of the endocrine
system and the ANS—both of which affect the
energy expenditure. The LH communicates with
the cerebral cortex, which in turn modulates the
food-seeking behavior. This simplified analysis of

POINT OF INTEREST

Smoking has one legitimate virtue: appetite
suppression. Smokers are generally thinner
and typically gain about 10 Ib when they
cease smoking. Recent research has identi-
fied the anorexic mechanism. Nicotine binds
with a subunit of the nicotine acetylcho-
line receptors on the POMC neurons. This
activates the POMC neurons, which leads
to reduced food intake and weight loss.
This receptor subunit may be accessible to
pharmacologic manipulation turning on one
benefit of smoking without the toxic effects.

the downstream effects of signals from the body is
shown in Figure 13.9.

Endocannabinoids

It has been known for a long time that marijuana
stimulates the appetite. The naughty boys at our
colleges called it the munchies. Stimulation of the
cannabinoid (CB,) receptor by the main active
component of marijuana, A°-tetrahydrocannabi-
nol, is believed to induce this behavior. Clinicians
have successfully utilized this effect when treating
anorexic conditions such as AIDS (acquired immu-
nodeficiency syndrome)-related wasting syndrome.
With animals, it has been found that the endocan-
nabinoid system is activated with short-term fast-
ing or the presentation of palatable food, thereby
inducing appetite.

The CB, receptor is involved with the regulation
of food intake at several levels. First, it enhances
the motivation to seek and consume palatable
food, possibly by interactions with the mesolimbic
pathways. Studies with rodents show that endocan-
nabinoids enhance the release of dopamine at the
nucleus accumbens and may synergize the effects
of the opioids.

The endocannabinoid system also stimulates
food consumption in the hypothalamus. Studies
have shown that endocannabinoids are highest in the
hypothalamus with fasting and lowest during food
consumption. Additionally, the endocannabinoids
appear to work in concert with the neurohormones
such as leptin and ghrelin to control the appetite.
The ultimate effect may be through the CB, recep-
tors at the PVN and LH. One of the most exciting
but disappointing developments in the treatment of
obesity was the CB, receptor blocker rimonabant
(the anti-munchie pill). Rimonabant induced about
a 10-1b weight loss, but it also led to the emergence
of anxiety, depression, and suicidal thinking. The
Food and Drug Administration (FDA) rejected the
medication and it was withdrawn in Europe.

EATING DISORDERS
Obesity
Fifty years ago, obesity was a rare disease. Read-
ily available palatable food accompanied by a sed-
entary lifestyle has now resulted in an epidemic of
obesity. Most disturbing is the rapid rise in child-
hood obesity. Clearly, diet and exercise are first-line
interventions for this condition, but these efforts are
a constant uphill battle against a genetic set point
that favors rich, sweet food that historically was in
short supply.

After the discovery of leptin, there was great
excitement about the prospect of a treatment for
obesity. Leptin was shown to reduce obesity in
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FIGURE 13.9 @ The PVN and lateral hypothalamus (along with others) influence the three major effort
pathways so that the body can maintain a stable energy balance. CNS, central nervous system; PVN,
paraventricular nucleus; LH, lateral hypothalamic; NPY, neuropeptide Y; POMC, proopiomelanocortin.

genetically leptin-deficient humans and rodents
(Figure 13.5). Unfortunately, the magnitude of
weight loss in most obese humans who received
exogenous leptin in studies has been modest.
In actuality, most obese people have high levels
of circulating leptin, but for some reason fail to
respond to the signal. This has generated specula-
tion that obesity may be associated with, or even
caused by, a resistance to leptin, as is seen with
insulin resistance in type 2 diabetes.

Why cannot we find a pill that tells the brain,
“I"'m full”? It is not for lack of trying. The fen—phen

debacle (fenfluramine/phentermine)—uwith its mod-
est weight loss and potential for pulmonary hyper-
tension or valvular disease—has spooked the field.
Likewise, a recent follow-up of patients who took
benzedrine or dexedrine for weight loss in the sixties
showed a 60% greater chance of developing Parkin-
son’s disease. There are a number of stimulant medi-
cations such as phentermine and benzphetamine that
suppress appetite, but they are used only for short-
term weight loss—say 8 to 12 weeks.

The dilemma is to find a medication that is
effective and safe for long-term use. We know
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of four medications that were rejected (or not
accepted) by the FDA and one that was voluntarily
withdrawn from the market in this short period of
time. Recently, the FDA reconsidered and accepted
Belviq (lorcaserin), a serotonin 2C receptor agonist
that is believed to activate POMC. The benefits are
mild—roughly 13-Ib weight loss compared with 5
to 6 Ib for patients on the placebo. Unfortunately,
when it comes to medications that control weight, it
is difficult to deceive the brain without unintended
damages—or at least that is the case so far.

Gastric Bypass Surgery

One success during the past decade has been gas-
tric bypass surgery. Also called bariatric surgery,
it is clearly not only the most effective treatment
for morbid obesity but also the most invasive—and
not without significant risks. Many patients not
only lose substantial weight but also can be cured
of secondary problems such as diabetes and sleep
apnea. There are two primary methods: gastric band-
ing and Roux-en-Y gastric bypass (Figure 13.10).
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35
30
<
é, 25
n 20
(%]
o 15
S 10
0
2 12
Ghrelin
350
Gastric banding Roux-en-Y
300
250
. lI I
150
0 26 52 0 26 52
Week

Roux-en-Y

s Gastric banding

Both procedures mechanically limit the amount of
food in the stomach, which reduces the caloric intake.

Recent research suggests that one of the reasons
the Roux-en-Y procedure may be more effective
has more to do with changes in gut hormones than
mechanical effects. In a small non-randomized
study comparing the two procedures, the patients
who had the Roux-en-Y showed greater weight
loss along with greater changes in gut hormones
(Figure 13.10). Not shown in the figure are the
other hormones such as GLP-1 and peptide YY,
which also showed significant differences at 1 year
between the two procedures.

A separate study by a different group investi-
gated brain activation before and after a Roux-en-Y
bypass. Subjects were cued with auditory and visual
representations of food, while a functional mag-
netic resonance imaging (MRI) followed their brain
response. As expected, the food cues activated the
reward pathways discussed in the previous chapter
(see Figure 12.6). Remarkably, after the surgery,
the reward pathway activation was significantly
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FIGURE 13.10 @ The superiority of Roux-en-Y gastric bypass surgery to produce substantial weight loss
which may be due to changes in hormones that regulate appetite. (Adapted from Korner j, Inabnet W, Febres G,
et al. Prospective study of gut hormone and metabolic changes after adjustable gastric banding and Roux-en-Y

gastric bypass. Int J Obesity. 2009;33:786-795.)



reduced in response to food cues. In other words,
the subjects did not have as much food cravings
after the bypass surgery.

Taken together, these studies suggest that
Rouxen-Y procedure dampens numerous hor-
mones and neurotransmitters that mediate the
neural response to food. Maybe one reason it is so
hard to find a pill that reduces appetite is because
one molecule cannot replicate the panoply of hor-
mones released by the gastrointestinal tract that
regulate the body’s energy balance.

Purging

It is tempting to speculate that patients with
anorexia and bulimia have set points that favor
lean body mass, in other words, some pathology in
their hypothalamus. However, most of the studies
point to the involvement of other areas of the brain.
Specifically, the symptoms of anxiety, perfection-
ism, and obsessions about body image are more
consistent with disorders in the prefrontal cortex
and amygdala. Likewise, eating disorder patients
who have lost significant weight experience food
cravings similar to what the men in the Minne-
sota Starvation Experiment experienced. Finally,
the neuropeptide and neuroendocrine alterations
present when patients are restricting intake return
to normal levels when the patients recover. Eating
disorder patients struggle with a drive to be thin,
but this is not likely to be caused by pathological
appetite signals.

Caloric restriction (CR) is the most reproducible
intervention to extend life. Rhesus monkeys
whose caloric intake is restricted by 30% live
longer. The figures (A) show the survival curves
for age-related mortality and overall mortality
for the monkeys with CR compared to controls.
The CR monkeys have less diabetes, cancer,
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PSYCHIATRIC MEDICATIONS

Weight gain is one of the most difficult side effects
associated with psychiatric treatment and is often a
reason patients stop effective treatments. Surpris-
ingly, little is known about the mechanism of this
problem. The new antipsychotic agents have been
of particular concern. The FDA has required all
manufacturers to include black box warnings docu-
menting concerns about weight gain as well as the
development of diabetes and hypercholesterolemia.

The mechanism of the weight gain remains a
mystery. One compelling study examined the affin-
ity for various receptors (serotoninergic, adrener-
gic, dopaminergic, histaminergic, and muscarinic)
compared with reports of short-term weight gain.
They determined that the strongest correlation for
gaining weight is with H, histamine receptor activ-
ity (r = —0.72). Table 13.1 shows the relative risk
of weight gain from the second-generation antipsy-
chotic agents, as determined by a consensus group
that included the American Diabetes Association
and the American Psychiatric Association (as well
as others), compared with the H, affinity.

The histamine neurons are known to be involved
with energy homeostasis—an effect enhanced
by modafinil. Additionally, centrally adminis-
tered histamine increases the activity of leptin
in rodents. Inversely, the blocking effect of the
antihistamines may result in weight gain through
decreased energy metabolism as well as increased
appetite. However, diphenhydramine (Benadryl) is

and cardiovascular disease. Furthermore,
MRIs show that CR monkeys have more brain
volume and less CNS fluid (B). CR appears to
prevent cell loss and brain atrophy associated
with aging. While beneficial, it is unlikely that
humans can muster the self-control to use CR
to prevent age-related CNS decline.

B

Caloric restriction

Control

Adapted from Colman RJ, Anderson RM, Johnson SC, et al. Caloric restriction delays disease onset and
mortality in rhesus monkeys. Science. 2009;325:201-204. Brain scans courtesy of Ricki Colman and the

University of Wisconsin-Madison.
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The Relation between the Risk of Weight Gain with Second-Generation
Antipsychotic Agents and Affinity for the H, Histamine Receptor

Weight Gain Amount of Drug Needed to Block H, Histamine
Clozapine +H+ 1.2
Olanzapine +H+ 2
Quetiapine + 11
Risperidone + 15
Avripiprazole +- 29.7
Ziprasidone +- 43

considered weight neutral, so there must be more
than just H, affinity causing the weight problems
associated with antipsychotic medications.

Patients on antidepressants or mood stabiliz-
ers are also often caught between maintaining an
ideal body size and the negative consequences of
effective treatment. Long-term studies find weight
gain and increased risk of diabetes mellitus DM in
patients treated with these medications. What could
be causing this? One theory is that patients are
regaining the weight they lost prior to starting treat-
ment. More likely explanations are that psychiatric
mediations increase the food craving or reduce the
resting metabolic rate. Unfortunately, there is scant
evidence to identify a specific mechanism.

Few psychiatric medications induce weight
loss. Bupropion and topiramate have demonstrated
beneficial effects on weight, but results are mod-
est and few studies exist. Amphetamines were the
original “diet pills” and were freely prescribed in
the fifties and sixties. In the early seventies, due to
problems with addiction and occasional psychosis,
the government deemed this class of medications
Schedule 1l and required new studies to establish
effectiveness. These steps, for all intents and pur-
poses, stopped the use of stimulants as diet pills.
More recently, the quick removal of dexfenflura-
mine (Redux) in the 1990s and the massive lawsuits
that followed portend further research with stimu-
lants for weight control.

The mechanism by which stimulants induce
weight loss is not as straightforward as one would
expect. These medications—affectionately called
“speed” and “uppers” on the street—actually reduce
motor activity: the paradoxical effect. Figure 13.11
documents this effect in a group of boys with no
behavioral or learning difficulties and an average
1Q of 130. Motor activity was measured by a little

sensor the children wore around their ankles dur-
ing a 2-hour test period. The graph shows that, with
few exceptions, the boys reduced the motor activ-
ity while on amphetamine. (Some clinicians incor-
rectly interpret this normal response to stimulants as
an indication that the subject has ADHD.)
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FIGURE 13.11 Physical activity in normal

prepubertal boys decreased when they were on
amphetamine compared with placebo. (Adapted
from Rapoport JL, Buchsbaum MS, Zahn TP, et al.
Dextroamphetamine: cognitive and behavioral
effects in normal prepubertal boys. Science.
1978;199(4328):560-563.



m NUTRITION AND
MENTAL HEALTH

There is a growing body of evidence corre-
lating nutrition and mental health. Separate
studies in the UK, Spain, and Australia have
shown that increased consumption of a
Western diet (processed food, refined grains,
and sugary products) is associated with more
depressive symptoms. Although unproven as
a therapeutic intervention, maybe a healthy
diet rich in fruits and vegetables should be a
prescription we give to every patient.

A more recent study analyzed resting energy
expenditure (see Figure 13.3) in 14 normal men and
women given methylphenidate. Subjects received
0.5 mg/kg of methylphenidate or placebo in a

QUESTIONS

1. All of the following support the concept of a

metabolic “set point,” except

a. Most diets fail.

b. Forced feeding leads to increased energy
expenditure.

c. The “thrifty gene” promotes weight gain
when high caloric food is readily available.

d. Adaptive thermogenesis is unchanged by
caloric intake.

2. Patients with anorexia nervosa and participants
in the Minnesota Starvation Experiment share
which of the following symptoms?

a. Perfectionistic personality traits.
b. Obsessive thoughts about food.
c. Altered metabolic “set point.”
d. Increased energy expenditure.

3. Short-term signals about hunger and satiety
include all of the following, except
a. Leptin.
b. CCK.
c. Glucose.
d. Ghrelin.

4. Adiposity signals must be able to do all of the
following, except
a. Cross the blood-brain barrier.
b. Change in relation to the amount of stored
fat.
c. Alter afferent signals from the vagus nerve.
d. Inhibit or enhance caloric intake.
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blinded, crossover study. While on methylphenidate
the resting energy of the subjects increased by
7%. Other studies with humans have consistently
shown decreased caloric intake while on stimu-
lants. Subjects will consume a normal quantity
when eating, but eat less frequently.

The stimulants appear to increase energy
expenditure and reduce energy intake—which on
the surface is exactly what we want. Unfortunately,
the stimulants also have a host of adverse CNS
effects. Of interest, some of the recently rejected
appetite suppressants also had psychiatric adverse
effects such as depression, anxiety, and suicidal
ideation—a prime reason the FDA turned down
these medications. There is an interesting, and as
yet poorly understood, association between medi-
cations that reduce appetite and mental health—
further evidence that obesity is more than just
energy consumption.

5. The largest concentration of leptin receptors
are in the
a. Amygdala.
b. Arcuate nucleus.
c. Adrenal cortex.
d. Anterior corticospinal tract.

6. The AGRP does which of the following?

a. Antagonist at the MC4 receptor and
stimulates eating.

b. Antagonist at the MC4 receptor and inhibits
intake.

c. Agonist at the MC4 receptor and stimulates
eating.

d. Agonist at the MC4 receptor and inhibits
intake.

7. The Melanocortin system
a. Has been implicated as a cause of AN.
b. Stimulates foraging for food.
c. Potentiates the endocannabinoid receptor.
d. Suppresses the food intake.

8. The effects of the brain’s assessment of caloric
needs are carried out by all of the following,
except
a. Endocrine hormones.

b. Changes in behavior.
¢. Modulation of the “set point.”
d. Alterations in the ANS.

See Answers section at the end of the book.
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Anger and Aggression

DIAGNOSIS

Anger and aggression are fundamental reactions
throughout the animal kingdom. Defending against
intruders and hunting for the next meal are traits
that were essential for the survival of our ancestors.
However, some individuals are too aggressive. We
all know a few dogs (and relatives for that matter)
that are easily agitated and quick to bite. Animals
and people with this tendency are a significant
social problem.

Terms such as road rage, spouse abuse, and
school violence are all too common in our daily
papers. Yet, the Diagnostic and Statistical Manual
(DSM) does not include a category for inappropri-
ate anger. It has been suggested this is because men
created DSM and they do not see anger as a prob-
lem. (PMS, on the other hand, is now a disorder!)

The absence of a diagnostic category is clini-
cally relevant. For example, a small Danish phar-
maceutical company in the 1970s was pursuing a
treatment for aggression, called serenics. In spite
of promising results, the company shelved the
medication when it became clear the US Food and
Drug Administration would not approve the medi-
cation because aggression is not a specific disorder.
Consequently, although psychologists and other
counselors provide treatment for “anger manage-
ment,” there is no sanctioned pharmacologic inter-
vention for excessive anger and irritability.

Aggression is clearly influenced by one’s culture
and upbringing. Violence on TV and early physi-
cal abuse increase the likelihood a person will be
aggressive. Alternatively, the context in which an
assault occurs determines the appropriateness of
the aggression. For example, fighting on the ice at
hockey games is accepted, but fighting in the stands
is not. These are issues beyond the scope of this text.
We are interested in the processes in the brain that
generate or fail to impede violence toward another.
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Two Kinds of Aggression

Working with cats, Flynn at Yale, and Siegel at the
University of Medicine and Dentistry of New Jersey,
identified two types of aggressive behavior. One is
more predatory—similar to hunting—the cat quietly
and calmly stalks his prey. The other type of aggres-
sion is defensive. Here the cat is agitated and makes
a big display of his feelings, in part to avoid a fight,
but is also ready to respond if provoked. In the cat,
these different responses can be elicited by electrical
stimulation of different regions of the hypothalamus.

MECHANISMS IN THE BRAIN
Hypothalamus

In a series of experiments over many years, Flynn
and Siegel placed electrodes into the hypothalamus
of cats and searched for the regions that would,
with stimulation, elicit aggression. Remarkably,
they found separate regions that elicited the two
kinds of aggressive behaviors observed in cats.
Figure 14.1 shows the location of the hypothala-
mus and the two general areas (lateral and medial)
on either side of the third ventricle that correspond
with predatory and defensive aggression.

Figure 14.2 shows an example of predatory
aggression elicited in a cat by stimulation of the lat-
eral hypothalamus. The bite to the back of the neck
is preceded by quiet, stealthy circling of the rodent.
It is worth noting that the researchers used cats in
these experiments that would not bite the rat before
the hypothalamic stimulation.

Figure 14.3 shows the defensive type of aggres-
sive behavior induced by stimulating the medial
hypothalamus. In this case, the cat becomes aroused
(high sympathetic tone, increased heart rate, dilated
pupils, etc.) and displays hostile behavior (hissing,
growling, arching back, piloerection, etc.). The dif-
ferent features of each kind of aggression are sum-
marized in Table 14.1.
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FIGURE 14.1 ® The medial and lateral regions of the hypothalamus.

FIGURE 14.3 @ Defensive attack elicited by

FIGURE 14.2 ® Predatory attack (quiet bite) against stimulating the medial hypothalamus. (From Flynn JP.
a rat induced by stimulating the lateral hypothalamus. The neural basis of aggression in cats. In: Glass DC,
(From Flynn JP. The neural basis of aggression in cats. ed. Neurophysicology and Emotion. New York:

In: Glass DC, ed. Neurophysicology and Emotion. Rockefeller University Press; 1967:40-60.)

New York: Rockefeller University Press; 1967:40-60.)

The Different Features of Predatory and Defensive Aggression

Predatory Aggression Defensive Aggression
CNS location Lateral hypothalamus Medial hypothalamus
Sympathetic tone Calm Autonomic arousal
Behavior Stealthy movement, bite to back Hissing, arching back, paw swipe,
of rat’s neck piloerection
Evolutionary function Hunting Protection
Quality Hidden, premeditated Overt, reactive

CNS, central nervous system
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These two pathways and subsequent behavior
elicited in the cat also describe the two basic kinds of
aggression seen in humans. Analysis of playground
behavior, spousal abuse, and serial killers supports
the dichotomy of a reactive/impulsive/defensive
type of aggression and a stealthy/premeditated/
hunting type of aggression, although a combination
of the two types is a common finding in any specific
aggressive act (see Treatment box, page 166).

Frontal Cortex

Random acts of aggression are a problem for any
species. The brain has mechanisms to modify
aggressive behavior either by putting on brakes or
by applying an accelerator. The frontal cortex is
well known for controlling the impulsive behavior.
Impairment of the frontal cortex is the equivalent
of taking off the brakes on aggressive impulses.
The most famous example of this is Phineas Gage.
Gage was a foreman at a railroad construction
company in Vermont in 1848. A tamping iron was
blown through his left frontal skull when a spark
inadvertently ignited the explosive powder.

Gage’s skull has been preserved, and Figure 14.4
shows a reconstruction of the path the tamping iron
took through his skull. Remarkably, he recovered,
was out of bed within a month, and lived another
12 years. However, his personality had drastically
changed. While before the accident he had been
efficient, balanced, and responsible, now he was fit-
ful, impulsive, unfocused, and easily agitated.

If we imagine that the frontal cortex applies the
brakes to the array of primitive impulses that arise
from the subcortical brain, then we can see how
taking the brakes off (due to a poorly function-
ing frontal cortex) allows the expression of feel-
ings that would normally be subdued. Specifically,
a poorly functioning frontal cortex allows more
aggressive impulses to be expressed. Alternatively,
a healthy, active frontal cortex puts the “brakes” on
inappropriate aggressive behavior.

Experiments out of Siegel’s lab provide alterna-
tive evidence of the important role the frontal cor-
tex plays in restraining aggression. In this study, a
cat has one electrode in his lateral hypothalamus
and one in the lateral aspect of his frontal cortex.
What is being measured is the time until the cat
attacks the rat after stimulation of the electrodes.
With just hypothalamic stimulation, the cat only
waits approximately 12 seconds before attacking.
However, with stimulation of both the hypothala-
mus and the frontal cortex, the time to attack is
doubled (Figure 14.5).

This study was repeated with many cats with
electrodes in different locations of the frontal cortex.
Similar results were found. Clearly, the frontal cortex

()
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FIGURE 14.4 A. The skull of Phineas Gage and

the tampering iron that exploded through his head in
1848. B. Drawing of a computerized reconstruction
of the path the rod took through his skull and brain.
The damage involved both left and right prefrontal
cortices. (Adapted from Damasio H, Grabowski T,
Frank R, et al. The return of Phineas Gage: clues
about the brain from the skull of a famous patient.
Science. 1994;264:1102-1105.)

30
Time 2
to
attack

(seconds) 10

0
Hypothalamus Hypothalamus and
prefrontal cortex
Region stimulated
FIGURE 14.5 The time it takes a cat to attack

a rat after the hypothalamus is stimulated is greatly
increased when the frontal cortex is simultaneously
stimulated. (Adapted from Siegel A, Edinger H,

Dotto M. Effects of electrical stimulation of the lateral
aspect of the prefrontal cortex upon attack behavior
in cats. Brain Res. 1975;93:473-484.)



There are few studies in the medical literature
involving the hypothalamus and aggression in
humans, with the exception of a few reports of
psychosurgery. For example, in Japan, Sano
and Mayanagi performed 60 posteromedial
hypothalamotomies in the 1960s for aggres-
sive behavior. Most patients also had a history
of seizures and mental retardation. In a follow-
up report conducted in 1987, Sano and
Mayanagi reported the absence of violence
and aggression in 78%, with apparently nor-
mal endocrine function. Although a drastic
procedure, it accentuates the central role of
the hypothalamus with aggressive behavior.

has an inhibitory effect on aggressive expressions.
It is unfortunate that we have not found a way to
“beef up” a wimpy frontal cortex.

One of the most consistent findings with humans
and violence is frontal lobe dysfunction. With
the advent of neuroimaging capabilities, many
researchers have looked at the activity in the pre-
frontal cortex (PFC) in men with violent histories.
In a review of the literature on the topic, Brower
and Price concluded that significant frontal lobe dys-
function is associated with aggressive dyscontrol—
in particular, impulsive aggressive behavior.

A study of convicted murderers by Raine et al.
provides further insight on this topic. Raine sepa-
rated a group of murderers into those who com-
mitted planned, predatory violence and those who
perpetrated affective, impulsive violence. Positron
emission tomography scans were conducted on
these subjects along with normal controls, examin-
ing the activity in the frontal cortex. The results
are shown in Figure 14.6. Both groups of murder-
ers had less activity in the PFC compared with
controls, but the impulsive, affective group had
the least. One wishes there was a way for men in
prison to exercise and strengthen their frontal cor-
tex as much as they exercise their biceps.

Amygdala

There is conflicting information about the role of
the amygdala and aggressive behavior. Although
better known for being activated during fearful sit-
uations, the amygdala may have a broader function
in processing emotional stimuli. Early studies with
monkeys showed that the bilateral removal of the
amygdala produced an animal that was placid—
neither frightened nor aggressive. This is called the
Kliver-Bucy syndrome, after the two researchers
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FIGURE 14.6 The relative activity in the lateral
and medial aspect of the prefrontal cortex of
predatory and affective murderers compared with
normal controls. (Adapted from Raine A, Meloy JR,
Bihrle S, et al. Reduced prefrontal and increased
subcortical brain functioning assessed using positron
emission tomography in predatory and affective
murderers. Behav Sci Law. 1998;16(3):319-332.)

who performed the experiments. This and other
research suggest that the amygdala is instrumental
in recognizing whether a stimulus is threatening
and that an overactive amygdala can lead to exces-
sive defensive aggression.

There are reports in the literature of bilateral
amygdalotomies for untreatable aggression in
humans. Some of the reports are disturbingly
optimistic. A group from India reported on 481
cases, stating that 70% showed excellent or mod-
erate improvement after 5 years (see Prefrontal
Lobotomy box, page 18 for another example of
psychosurgery hyperbole). A report about two
cases in Georgia provides a more balanced assess-
ment of the procedure.

Two individuals who were essentially institution-
alized because of aggressive behavior received amyg-
dalotomies after years of failed medical therapies.

30 011: | VIOLENCE
AND AGE

Age has a profound effect on the likelihood
of being violent. The incidence of violent
crime rises rapidly until the ages of 18 to 22
and then gradually declines over the next
three decades. The very young and very
old are the least violent. There are many
sociocultural variables that contribute to this
trend. However, the delay in the maturing of
the brain compared with the fully developed
physical body provides one explanation (see
Figure 8.7). The young adult does not have
enough containment by the frontal cortex of
his aggressive impulses.
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The procedures resulted in reductions but not
elimination of the assaultive behavior. Pre- and
postassessments demonstrated reduced autonomic
arousal as measured by skin conductance. The
authors concluded that the procedure resulted in a
“taming effect,” which they attributed to reduced
perceptions of threats. In other words, an overac-
tive amygdala causes the individual to perceive
threats where they do not exist. Removing the
amygdala decreases the false perceptions.

Other research suggests that the amygdala is
underactive in those with aggressive problems (see
section “The Psychopath” in the subsequent text).
Recent imaging studies have found that amygdala
dysfunction is associated with criminal psycho-
paths. One study in Finland showed decreased vol-
ume of the amygdala in a group of psychopaths.
Another study used functional magnetic resonance
imaging to examine the activity of the amygdala
during memory tasks involving negatively charged
words. The psychopaths showed less amygdaloid
activity compared with controls (Figure 14.7).
These studies suggest that an underactive amyg-
dala may facilitate aggression.

The work by Siegel with his cats may shed
light on the conflicting data about the role of
the amygdala in aggressive behavior. We must

FIGURE 14.7

Criminal psychopaths showed

less activity in the amygdala along with parts of the
cingulate gyrus when recalling negative affective words
compared with controls. (Adapted from Kiehl KA,
Smith AM, Hare RD, et al. Limbic abnormalities in
affective processing by criminal psychopaths as
revealed by functional magnetic resonance imaging.
Biol Psychiatry. 2001;50:677-684.)

remember that the amygdala is not just one organ
but is made up of multiple nuclei (see Figure 2.7).
Siegel found with cats that stimulating the lateral
and central groups facilitates predatory attacks and
suppressed defensive rage. Conversely, stimulation
of the medial aspect of the basal complex has just
the opposite effect. This subtle difference within
the amygdala would be hard to identify in humans
with current imaging technology. The amygdala
may be overactive with different subtypes of
aggression and underactive with others. Alterna-
tively, it could be that different nuclei are activated
for the different types of aggression.

An old case recently came to our attention that
emphasizes the points of this section. Charles
Whitman was described as an intelligent, loyal
young man who was leading an uneventful life
until he started to struggle with episodes of anger
in his early twenties. In March 1966, he sought
psychiatric help at the University of Texas Medi-
cal Center, but failed to return after the initial, psy-
choanalytic evaluation. In August, after killing his
mother and wife—whom he professed to love—he
climbed the tower at the University of Texas and
shot 48 people, killing 16. At autopsy, a walnut-
sized glioblastoma was discovered beneath the
thalamus pressing on the hypothalamus. The tumor
also extended into the temporal lobe and was com-
pressing the amygdala.

It is impossible to identify what caused the emer-
gence of Whitman’s unimaginable violence. He
was abusing amphetamines (Dexedrine) at the time
of shooting and was raised in a dysfunctional fam-
ily with an abusive father. However, it is likely that
some of the murderous rage resulted from the tumor’s
compression of the hypothalamus and amygdala.

HORMONES AND NEUROPEPTIDES

Testosterone

Everyone “knows” that testosterone stimulates
aggression. Males fight more than females. It seems
like a “no-brainer.” Fortunately, the role of testoster-
one and aggression is not as simple as it first seems.

In 1849, Arnold Adolph Berthold, a German
physician, conducted an experiment that is con-
sidered the first formal study of endocrinology
(Figure 14.8). With this elegant little study, he
demonstrated the importance of a substance from
the testes (later discovered to be testosterone) and
aggressive behavior.

Berthold knew that male chicks grow into
roosters with typical secondary sexual characteris-
tics, displaying sexual and aggressive behavior. In
the experiment, Berthold removed the testes from
chicks, which curtailed their normal development
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Aggressive Passive and Aggressive
and sexual celibate and sexual
FIGURE 14.8 Berthold established in 1849 that a substance in the testes was necessary for the development

of male behavior and body structure. (Adapted from Rosenzweig MR, Breedlove SM, Watson NV. Biol Psychol. 4th

ed. Sunderland, MA: Sinauer; 2005.)

and eliminated the sexual and aggressive behavior.
In a second group, he reimplanted the testes into
the abdominal cavity. If the testes could establish
a blood supply, the chick would develop into a
normal rooster with the usual sexual and aggres-
sive tendencies. Berthold concluded that the tes-
tes release a substance that affected the male body
structures and behaviors.

Research with laboratory animals in the years
since Berthold have consistently demonstrated sim-
ilar correlations between testosterone and aggres-
sive behavior. A good example by Wagner et al.
shows the effect of castration on bite attacks on an
inanimate target for adult male mice (Figure 14.9).
Before castration and with testosterone replace-
ment, the male mice will frequently bite the target.
However, in the absence of the hormone, bite attacks
drop close to the frequency seen with females.

For humans, it is not so easy to establish a direct
link between plasma testosterone and magnitude of
hostility. Conflicting results are found throughout
the literature. In particular, it is hard to establish
the cause and effect. For example, a popular study
is to compare testosterone levels in male prisoners
with their crimes. As expected, the more aggressive

prisoners have higher levels of testosterone, but so
do the socially dominant, non-aggressive inmates.
A recent study with baboons sheds light on this
issue. The researchers followed the changing social
rank for 125 adult males from five social groups
over 9 years. Simultaneously, they collected fecal
samples to measure testosterone as well as gluco-
corticoid (stress hormone). Their results are shown
in Figure 14.10. It appears that plasma testosterone
rises as one ascends the social ladder. The inverse
is true for the glucocorticoids except for the highest
ranking male. (Sapolsky, in an editorial on this arti-
cle, expressed sympathy for the poor CEO [alpha
male] who, although at the top of the pyramid, is
more stressed than his immediate subordinate.)
Another popular belief is that exogenous ste-
roids that some athletes take to enhance perfor-
mance increases aggression in most men: “roid
rage.” This too is murky. In the best study of the
effects of supraphysiologic doses of testosterone
on normal men, Tricker et al. found no difference
in anger for those on either testosterone or pla-
cebo, as noted by the spouse or by self-report after
10 weeks. Likewise, studies of sexual predators
treated with antiandrogens have demonstrated
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FIGURE 14.9 Baseline bite attacks for male mice are markedly diminished with castration. This effect

can be reversed temporally with testosterone replacement. (Adapted from Wagner GC, Beuving LJ,
Hutchinson RR. The effects of gonadal hormone manipulations on aggressive target-biting in mice.

Aggress Behav. 1980;6:1-7.)

remarkable decreases in libido but with little
change in aggression.

It appears that testosterone, besides its physical
affects on sexual characteristics, has behavioral
affects that might best be described under the
umbrella of dominance behavior, that is, a dis-
play of behaviors to achieve and maintain a higher

social status. There are a host of behaviors such
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FIGURE 14.10 Testosterone levels rise as
baboons ascend in social rank. Glucocorticoids, with
the exception of the alpha man, descend with rank.
(Adapted from Gesquiere LR, Learn NH, Simao CM,
et al. Life at the top: rank and stress in wild male
baboons. Science. 2011;333:357-360.)

as staring, tone of voice, cajoling, projecting con-
fidence, and monopolizing the conversation that
can advance one’s social position. These behav-
iors, what we sometimes call “mojo,” might be
enhanced by testosterone. This is in stark contract
to the traditional view of testosterone as a hor-
mone that incites antisocial, egotistical, and even
aggressive behaviors.

Vasopressin

Vasopressin, better known for its role as an antidi-
uretic hormone and its physiologic effect on water
retention and bedwetting, is increasingly recog-
nized as playing an important in social attachment.
Many neuropeptides have multiple functions in the
brain: both physical and behavioral. We are only
beginning to understand the role of vasopression
in the aggressive behaviors. When given to ham-
sters, rats, and voles, for example, vasopressin
will increase their aggressive display. Alterna-
tively, vasopressin receptor blockers will decrease
aggression.

A remarkable study by Coccaro et al. has
looked at cerebrospinal fluid (CSF) vasopressin
and aggression in 26 subjects with personality dis-
orders. Figure 14.11 shows the correlation between
CSF vasopressin and a life history of aggression
against other people. The importance of vasopres-
sin in social interactions goes beyond aggression.
We also see this peptide involved with bonding and
will discuss it further in Chapter 17. In the future,
this may be a neuropeptide with great interest for
the mental health community.
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FIGURE 14.11 @ Cerebrospinal fluid vasopressin
levels correlate with aggression in subjects with
personality disorders. (Adapted from Coccaro EF,
Kavoussi RJ, Hauger RL, et al. Cerebrospinal fluid
vasopressin levels: correlates with aggression and
serotonin function in personality-disordered subjects.
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Nerve Growth Factors

Itis interesting to ask whether fighting changes the
brain. That is, does winning or losing alter the struc-
ture of the brain in a manner that develops aggres-
sive or submissive personalities? We know there
is a strong relationship between experience and
neurobiology, for example, enriched environments
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cause enhanced nerve cell growth (see Figure 8.5).
Likewise, we know that the growth and develop-
ment of neurons are enhanced by nerve growth
factors (NGFs). Finally, we know that animals
that are repeatedly on the losing side of fights will
develop a syndrome called conditioned defeat.

A group in Italy has examined the effect of
winning and losing on growth factors in mice.
Figure 14.12A shows the rapid and sustained release
of NGF into the bloodstream immediately after a
fighting episode. Further studies looked at growth
factors in areas that are known for the proliferation
of new nerve cells, for example, the subventricular
zone (SVZ) (see Figure 8.3). The researchers found
enhanced levels of NGF as well as brain-derived
neurotropic factor (BDNF). However, the levels
depended on who won the fight.

Figure 11.12B shows the results of NGFs in
the SVZ after three consecutive days of fighting
episodes. It was only the subordinate mouse that
had increases in NGF. The dominant mouse had
increased levels of BDNF. These results suggest that
winning or losing turns on different genes which
may affect which growth hormones are released and
which nerves are “fertilized.” If this is true, it may
explain why winners and losers behave differently.
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FIGURE 14.12 @ A. Fighting results in an increase in nerve growth factor (NGF). B. In the subventricular zone,
NGF only increases for the subordinate mouse, whereas brain-derived neurotropic factor (BDNF) increases

for the dominant mouse. (Adapted from Fiore M, Amendola T, Triaca V, et al. Fighting in the aged male mouse
increases the expression of TrkA and TrkB in the subventricular zone and in the hippocampus. Behav Brain Res.
2005;157(2):351-362 and Branchi |, Francia N, Alleva E. Epigenetic control of neurobehavioural plasticity: the
role of neurotrophins. Behav Pharmacol. 2004;15(5-6):353-362.)
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One of the most unique treatment studies for
aggressive behavior was conducted in a prison
in Connecticut in the 1970s. Volunteers with a
history of violence were randomly assigned to
receive lithium or placebo. The exclusion of
inmates with psychosis was the only psychiat-
ric criterion applied to this study. The number
of infractions reported by the institutional staff
that was blind to the treatment administered
served as the measure of response. The fol-
lowing figure shows the results.

Although the study has methodological
problems (small n, high dropout rate for those
on lithium), it nonetheless demonstrates the
powerful effect that lithium has on violent
behavior. This is consistent with lithium’s well-
documented capacity to decrease suicide—
which can be considered violence against
oneself. What lithium does in the brain to
reduce violence remains a mystery.

SEROTONIN

There isactually amore robust association between
low serotonin and aggression than between low
serotonin and depression. Because there is no fea-
sible way to directly measure serotonin in humans
or animals, most studies examine the correlation
between violence and CSF 5-hydroxyindoleacetic
acid (5-HIAA), a metabolite of serotonin.

Studies with monkeys have found high rates of
wounding, violence, and inappropriate aggression
in subjects with low CSF 5-HIAA. Analysis of
these monkeys has shown that they are not neces-
sarily uniformly more aggressive. However, they
are more likely to engage in rough interactions
that escalate into unrestrained aggression with a
high probability of injury. This behavioral trait can
be viewed as poor impulse control, which could
underlie the aggressive tendency.

A group has studied the relationship between
5-HIAA and violence in a longitudinal study
of free-ranging rhesus monkeys secluded on a
small island on the coast of South Carolina. The
researchers captured 49 two-year-old males and
measured their CSF 5-HIAA. Two years is the age
for a monkey that corresponds to middle to late
childhood in humans and is a particularly danger-
ous age for male monkeys. This is a phase of life
when males move from their group of origin to a
new social group. The monkeys were followed for
up to 4 years.
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By the time most of the subjects had reached
young adulthood, 11 had died. Figure 14.13 shows
the percentage of subjects that died and the per-
centage that had survived, separated by their CSF
5-HIAA concentrations at the start. Note that all
those in the high concentration group were still
alive. The researchers observed that those monkeys
with the lowest levels of 5-HIAA were much more
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FIGURE 14.13 The percentage of 2-year-old
monkeys who are still alive after 4 years, separated
by the metabolite of serotonin (5-HIAA) in the CSF.
(Adapted from Higley JD, Mehiman PT, Higley SB, et al.
Excessive mortality in young free-ranging male
nonhuman primates with low CSF 5-hydroxyindolea-
cetic acid concentrations. Arch Gen Psychiatry.
1996;53(6):537-543.)



likely to engage in risky behavior, including aggres-
sive acts directed at older, larger males. They
would pick fights they could not win. They were
not only aggressive but also impulsive.

Studies with humans are equally impressive.
A variety of researchers from many different sites
have shown the following results:

1. Lower 5-HIAA correlates with greater suicide
intent and higher lethality in those who have
attempted suicide.

2. 5-HIAA levels show an inverse correlation
with lifetime histories of aggression.

3. Low 5-HIAA levels predict recidivism for
violent offenders.

4. Acute tryptophan depletion, which causes a
transient decline in brain serotonin, will result
in increased irritability and aggression.

Most relevant for the practicing clinician are the
studies with selective serotonin reuptake inhibitor
(SSRIs) and aggression. Several double-blind,
placebo-controlled studies have found reduced
aggression with SSRIs in patients with personal-
ity disorders, autism, schizophrenia, and dementia.
While there are no medications with FDA approval
for treating aggression, a serotonin reuptake inhib-
itor might not be a bad place to start.

THE PSYCHOPATH

Being violent is not the same as being cruel or
mean. Violence in defense of oneself or one’s fam-
ily is not even considered a crime. Alternatively,
there are many examples of violence that seems to
have no purpose other than being mean and inflict-
ing emotional or physical pain.

Psychopathy is the closest definition we have
in psychiatry to describing cruel or mean behavior.
It is not included in the DSM. The Psychopathy
Checklist-Revised created by Robert Hare defines
psychopathy and is made up of two factors. The
first factor includes impulsive aggression and a
wide variety of offenses, which correlates closely
with antisocial personality disorder in the DSM.

The other factor defines the emotional shallow-
ness of the psychopath: superficial, egotistical, lack
of remorse, lack of empathy, and manipulative.
This factor has a smaller correlation with antiso-
cial personality disorder and more closely resem-
bles what we would consider cruel and mean. It
tends to persist as the subject ages, although the
impulsive, aggressive factor decreases with matu-
rity. The older psychopath is no more empathetic
or remorseful, but less likely to be violent.

Hare has suggested that the psychopath lacks
some internal control. We know very little about
this which is unfortunate because psychopaths
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are a huge drain on society and there remains no
effective treatment. However, the advent of func-
tional imaging studies brings some insight to the
neural workings of the average psychopath.

Raine has shown that men with antisocial per-
sonality disorders have decreased prefrontal gray
matter when compared with normal controls or
substance abusers. This suggests a lack of contain-
ment from the frontal cortex, similar to what has
been discussed earlier. Unique to the psychopath
are findings showing low autonomic arousal and
less activity in the amygdala.

Resting Heart Rate

One of the most consistent physiologic findings in
psychiatry is the correlation between low resting
heart rate and aggressive behavior in children. Fur-
thermore, a low heart rate in a child is predictive of
future criminal behavior independent of all other
psychological variables. Some people speculate
that the low heart rate reflects a fearless, stimulus-
seeking temperament. A fascinating study from
Europe supports this conclusion.

The study is based on Pavlovian (classical)
conditioning. When presented repeatedly with a
neutral stimulus followed by an aversive stimulus,
most people will show some anxiety when seeing
the neutral stimulus in anticipation of what will fol-
low. Birbaumer et al. scanned 10 criminal psycho-
paths out on bail and 10 healthy controls repeatedly
presented with neutral pictures followed by pain-
ful stimuli. The controls showed increased activ-
ity in areas underlying conditioned fear response:
amygdala, orbitofrontal cortex, insula, and anterior
cingulate (Figure 14.14). Remarkably, the psycho-
paths showed almost no activity in these areas. This
disconnect between emotion and cognition may be
the neural basis for the cold, detached demeanor
of psychopaths. It is also one more reason your
authors will never be successful criminals.

The Pleasure of Violence

The lack of fear alone does not seem sufficient
for some of the cruel actions perpetrated by psy-
chopaths. Many people can utilize their fearless
temperament to help others. For example, deco-
rated bomb-disposal operators have been shown to
have unusually low heart rates during experimental
simulations. We can imagine that other high-stress
professions are overly represented with individu-
als who are innately calm: firefighters, air-traffic
controllers, trauma surgeons, etc. Something else
is needed to understand the behavior of the psy-
chopath. A study with rats suggests a possible
neurologic mechanism to explain what else may be
aberrant with psychopaths.
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FIGURE 14.14 ® Healthy controls show a robust
fear response in anticipation of an adverse stimulus.
Psychopaths fail to develop a similar fear. (Adapted
from Birbaumer N, Veit R, Lotze M, et al. Deficient
fear conditioning in psychopathy: a functional
magnetic resonance imaging study. Arch Gen
Psychiatry. 2005;62(7):799-805.)

First, we must acknowledge that many people
enjoy violence. One has to only look at what is
popular at the movies, in video games, and on the
news to recognize that blood sells. Second, as we
described in Chapter 12, the nucleus accumbens
lights up with dopamine during pleasurable activi-
ties: cocaine, sex, gambling, and so on. It seems
logical that violence induces a squirt of dopamine
at the nucleus accumbens.

The missing study is shown in Figure 14.15.
In this experiment, male rats were implanted with

M 3e):1»11: 3] TEMPORAL LOBE
EPILEPSY

There is a subgroup of patients with temporal
lobe epilepsy who have aggressive outbursts
between seizures. Some have attributed this
to an interictal syndrome often called epi-
sodic dyscontrol. However, many of these
patients have alternative explanations for
their aggression, for example, low 1Q and
antisocial personality disorder. The concept
remains controversial but may apply to a few
patients with seizure disorder.

More appealing is the prospect that patients
with aggressive outbursts may be having
unrecognized subclinical temporal lobe sei-
zures. Unfortunately, this has been difficult to
substantiate. However, the anticonvulsants do
show some positive effects as treatment for
aggression, although the benefits are primarily
limited to those with impulsive aggressive acts
rather than premeditated acts.
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FIGURE 14.15 @ Increase in dopamine at the
nucleus accumbens following an aggressive
encounter with another rat. (Adapted from van

Erp AM, Miczek KA. Aggressive behavior, increased
accumbal dopamine, and decreased cortical
serotonin in rats. J Neurosci. 2000;20:9320-9325.)

micropipettes that sampled the extracellular con-
centration of dopamine at the nucleus accumbens
every 10 minutes. The sampling was done during
an aggressive encounter with a naive male intruder
in which two to six bites and at least 140 seconds
of aggressive behavior were displayed by the rat
under study. The graph shows that dopamine sig-
nificantly rose above baseline for up to 60 minutes
after the encounter. The thrill of victory?

Imaging studies of humans suggest similar neu-
ral mechanisms. Researchers in Switzerland set up
an elaborate study to examine the activity in the
brain when a subject is playing a game with an
untrustworthy partner. In instances when the sub-
ject wants to retaliate after the partner keeps all the
money, there was increased activity in the dorsal
striatum—an area that contains the nucleus accum-
bens. Furthermore, the stronger the activity in the
striatum the more willing the subject was to incur a
deficit to make the other person suffer.

Using these data, we can conceptualize in an
overly simplified manner that violence and aggres-
sion give a squirt of pleasure to the aggressor. This
could explain why some people seem to enjoy watch-
ing or inflicting acts of aggression. Furthermore, the
psychopath may experience the most joy of all.

In summary, the neurobiology of the psychopath
may be a constellation of problems: inadequate
constraint from the frontal cortex, insufficient fear
of consequences, and too much activation of the
nucleus accumbens. It could be that psychopa-
thy, like alcoholism or cocaine dependence, is an
addiction—although in this case the addiction is
to violence. This could explain why psychopathy,
like other addictions, is so difficult to treat and
does not respond well to traditional interventions.



QUESTIONS

1. When dealing with a patient with an anger

problem and trying to make the right diagnosis,

which of the following do you not do?

a. Refuse to treat him because there is no DSM
diagnosis for anger.

b. Call it a variation of bipolar disorder.

c. Call itawastebasket term, such as depression
not otherwise specified (NOS) or anxiety NOS.

d. Call it intermittent explosive disorder
because it sounds good, even although you
know it does not actually apply.

. Which of the following is not associated with
predatory aggression?

a. Activation of the lateral hypothalamus.

b. Stealthy movement.

c. Autonomic arousal.

d. Premeditated.

. In simple terms, the frontal cortex plays what
role with anger?

a. Activates the autonomic neuron system.

b. Applies the brakes on the impulses.

c. Modulates the nucleus accumbens.

d. Activates the lateral hypothalamus.

. All of the following apply to the amygdala and

aggression, except

a. Kliver-Bucy syndrome.

b. Shows less activity with criminal psychopaths.

c. Different nuclei could be activated with
different subtypes of aggression.

d. Facilitates the expression of the serotonin
receptor.
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. Testosterone

a. Is the primary cause of fighting.

b. Increases plasma levels for the loser.

c. May show a better correlation with social
dominance.

d. Stimulates overt hostility in weight lifters.

. After a fight, the dominant mouse has which of

the following?

a. Decreased testosterone and decreased NGF.

b. Decreased testosterone and increased
BDNF.

c. Increased testosterone and decreased NGF.

d. Increased testosterone and increased BDNF.

. All of the following statements about low

CSF concentration of the serotonin metabolite

5-HIAA are true, except

a. Common with major depression.

b. Correlates with greater lifetime history of
aggression.

c. Predicts relapse for criminal offenders.

d. Associated with greater suicide intent.

. The psychopath can be conceptualized as

having all of the following, except

a. Low resting heart rate.

b. Activated frontal cortex.

¢. Hypofunctioning amygdala.

d. Increased activity at the nucleus accumbens.

See Answers section at the end of the book.
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Sleep and Circadian Rhythms

NORMAL SLEEP
Sleep remains a mystery. We spend roughly a third
of our lives in this suspended state. All mammals
sleep, as does most of the animal kingdom. Even the
fruit fly sleeps—although not enough. Most people
look forward to sleeping, especially if they have been
deprived of sleep. Without enough sleep, people func-
tion as poorly as if they are drunk. Significant sleep
deprivation will cause psychosis and physical prob-
lems. What is it that happens to us when we sleep?
The average length of sleep is approximately
7.5-hours per night (Figure 15.1). Remarkably,
some people, called nonsomniacs, require much
less. Meddis studied a retired nurse who was hap-
pily functioning on an hour of sleep a night. She
reported she had needed little sleep all her life.
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FIGURE 15.1 The duration of sleep for adults is

normally distributed around a mean of 7.5-hours per
night. (Adapted from Hobson JA. Sleep. New York,
NY: Scientific American Library; 1989.)
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When studied in Meddis’s sleep laboratory, she
did not sleep the first night and then slept, on aver-
age, only 67 minutes for each of the remaining
four nights. She did not complain of being tired or
wanting more sleep. (As an aside, some in the psy-
chiatric community might diagnose this woman
with a bipolar spectrum disorder, although her
condition may simply be a variant of sleep need.)

Most people show deterioration in perfor-
mance when deprived of sleep. Figure 15.2 shows
the results of neurobehavioral tasks for subjects
deprived of differing amounts of sleep. One group
was totally sleep deprived for 3 days, two other
groups were restricted to 6 or 4-hours of sleep per
night for 14 days, and the control group got 8-hours
of sleep per night. Figure 15.2A shows the effects
of sleep restriction on a sustained attention task,
whereas Figure 15.2B shows the effects on a test of
memory. Note how chronic sleep deprivation takes
a toll on the subjects’ performance as the study
progresses. Of interest, the subjects were largely
unaware of their impairments—a finding that is not
uncommon when cognition declines.

A recent intervention with medical interns
working in an intensive care unit in a Boston hos-
pital demonstrated a practical application of this
knowledge. Interns who had their workday limited
to 16-hours (compared with the traditional 24+
hours) got more sleep each week and made half the
attentional errors during on-call nights compared
with the interns following the traditional schedule.

Stages of Sleep

For centuries, sleep had been considered a pas-
sive, uniform process that simply restored the body.
That changed in 1953 when Nathaniel Kleitman
and Eugene Aserinksy examined electroencepha-
lographic (EEG) recordings from sleeping healthy
subjects. They discovered that sleep comprises
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FIGURE 15.2 The effects of total sleep
deprivation for 3 days and chronic sleep restriction
for 14 days are measured with neurobehavioral
tasks. The Psychomotor Vigilance Task (A) measures
alertness and attention. The Digit Symbol Substitution
Task (B) measures working memory. (Adapted from
Van Dongen HP, Maislin G, Mullington JM, et al. The
cumulative cost of additional wakefulness: dose-
response effects on neurobehavioral functions and
sleep physiology from chronic sleep restriction and
total sleep deprivation. Sleep. 2003;26(2):117-126.)

different stages that repeat in characteristic patterns
throughout the night. They identified the three states
of consciousness as awake, non-rapid eye move-
ment (non-REM) sleep, and rapid eye movement
(REM) sleep. Non-REM sleep has been further sub-
divided into four stages.

Electroencephalographic Patterns

Figure 15.3 shows the characteristic EEG patterns
during the different stages of sleep. From an awake
state to the deepest sleep of stage 4, there is a pro-
gression of decreasing frequency and increasing
amplitude of the EEG activity. Stage 1 sleep, also
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FIGURE 15.3 Characteristic electroencephalographic
rhythms during the stages of consciousness. REM,
rapid eye movement. (Adapted from Horne JA. Why
We Sleep: The Functions of Sleep in Humans and
Other Mammals. Oxford: Oxford University Press;
1988.)

called the drowsy period, is so light that most people
when awoken from this stage will say that they were
not asleep. Stage 2 sleep shows the development of
sleep spindles, which are periodic bursts of activity
resulting from interactions between the thalamus
and the cortex. Stage 3 and 4 sleep, also called dow
wave deep (SWS), are the deepest stages of sleep
characterized by the development of delta waves.
REM sleep is the most unusual finding that Kleitman
and Aserinksy discovered. In REM sleep, the EEG
activity is remarkably similar to the awake state, but
the body, or at least major muscles, is paralyzed.

In a typical night, a person cycles through five
episodes of non-REM/REM activity (Figure 15.4A).
The first REM episode occurs after approximately
90 minutes of sleep. The time to the first REM
occurrence is called REM latency and is usually
reduced in patients who are exhausted as well as
those with depression, narcolepsy, and sleep apnea.
The deepest stage of sleep occurs only in the early
phases of the night. The REM episodes increase in
length as the night unfolds.
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POINT OF INTEREST

All mammals sleep. Mammals living in the
water are able to sleep, but still they must
regularly surface for air. Additionally, from the
day they are born until they die, dolphins are
continuously moving and avoiding obstacles.
They do not have a period of immobility that in
terrestrial mammals marks the state of sleep.
How do they do all this and still sleep?
Studies of EEG tracings of the bottlenose
dolphin show that they rest one hemisphere at

Behaviors

Right
hemisphere

Left
hemisphere

a time (see figure). Note how the large ampli-
tude waves of SWS are only present in one
hemisphere at a time. The eye contralateral
to the brain hemisphere showing slow waves
is usually closed while the other eye is almost
always open. Lastly, these dolphins do not dis-
play REM activity, which may be an adaptation
so they can keep moving.

Electroencephalographic tracings from bottlenose dolphins. (Adapted from Mujhametov LM. Sleep
in marine mammals. In: Borbely AA, Valatx JL, ed. Sleep Mechanisms. Munich: Springer; 1984 and
Purves D, Augustine GJ, Fitzpatrick D, et al. Neuroscience. 3rd ed. Sunderland, MA: Sinauer; 2004.)

Figure 15.4B shows some of the other physi-
ologic changes that take place during the stages of
sleep. The most remarkable findings are the differ-
ences in physiologic activity between non-REM
and REM sleep. Non-REM sleep is characterized
by limited eye movement and a decrease in muscle
tone, heart rate, and respirations. Metabolic rate and
body temperature are also decreased in these stages.
They reach their lowest levels during stage 4 sleep.
REM sleep, as the name implies, is characterized
by rapid, darting movements of the eyes along with
paralysis of most major muscle groups. Heart rate
and respirations increase almost to the level found
when awake. Penile/clitoral erections also occur
during REM sleep—a finding that helps rule out
physiologic impotence.

Muscle Tone

Muscle activity varies depending on the phase of
sleep. During non-REM sleep, the muscles are
capable of movement, but they rarely do so. On the
other hand, REM sleep is characterized by a loss
of skeletal muscle tone. Respiratory muscles along
with the muscles of the eyes and the tiny muscles
of the ear remain active in REM sleep.

Brain Imaging

Brain imaging studies during sleep reveal a pattern
that is consistent with EEG findings. During non-
REM sleep, positron emission tomography (PET)
studies show decreased cerebral blood flow and
energy metabolism. The greatest decreases corre-
late with greater depth of sleep. Alternatively, REM
sleep shows a cerebral energy metabolism, which is
equal to that occurring during awakening.

William Dement, a prominent sleep researcher
from Stanford, has eloquently summarized the
difference between the phases of sleep. He has
characterized non-REM sleep as an idling brainin a
movable body. In contrast, REM sleep is an active,
hallucinating brain in a paralyzed body.

Changes with Aging

Total sleep duration and the proportions of time spent
in various stages change as people age. Figure 15.5
shows the duration of sleep across the life span. Neo-
nates (on the left of the figure) spend most of their
time sleeping, with a large percentage of that time in
REM sleep. Some have suggested that REM serves a
developmental purpose and this is why neonates and
young children require so much time in this phase.
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FIGURE 15.4 Physiologic changes in a healthy volunteer during 8 hours of sleep. REM, rapid eye
movement. (Adapted from Purves D, Augustine GJ, Fitzpatrick D, et al. Neuroscience. 5th ed. Sunderland,
MA: Sinauer; 2011.)
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plLTel 0] 80 SLEEPWALKING AND NIGHT TERRORS

Approximately 40% of people are sleepwalk-
ers as children, although few are sleepwalkers
as adults. This behavior usually occurs in the
first stage 4 non-REM period of the night. In a
typical episode, the child’s eyes will be open
and the child will avoid obstacles when mov-
ing about the room or house. The cognition
is clouded and the child will usually have no
memory of the event. The best intervention is
to gently guide the sleepwalker back to bed.
Night terrors are characterized by extreme
terror and an inability to be awakened. Typically

On the right side of Figure 15.5 is a meta-analysis
of sleep duration from childhood to old age. Note
the gradual reduction in the deepest stages of sleep
and the increase in awakening after sleep onset as
people age. Dissatisfaction with sleep is a common
complaint in the elderly, and the origins of those
complaints can be seen in this figure.
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Stages 3 and 4

occurring in children between the ages of 4 and
7, this condition affects only approximately 3%
of the population. As with sleep walking, it devel-
ops in the deep stages of non-REM sleep. Night
terrors are not to be confused with nightmares,
which are vivid dreams during REM sleep.

The child appears in a state of panic, and
may even scream and cry. Fortunately, it usually
returns to sleep in 10 to 20 minutes and little
is remembered the next day. The greatest toll
may be on the parents who have to comfort the
frightened child. The best intervention is support.

Dreaming

Historically, it has been believed that dreaming is
limited to REM sleep. A thorough analysis of what
people are experiencing at different stages of con-
sciousness reveals that dreams occur in all stages
of sleep, but the content varies. Researchers gave
college students a pager and instructed them to

Awake

Sleep latency

Wake after sleep onset

35 45 55 65 75 85
Age

Sleep duration across the life span. Neonates are shown on the left and on the right is a

meta-analysis of sleep parameters in healthy individuals across the life span. REM, rapid eye movement.
(Adapted from Ohayon MM, Carskadon MA, Guilleminault C, et al. Meta-analysis of quantitative sleep
parameters from childhood to old age in healthy individuals: developing normative sleep values across the

human lifespan. Sleep. 2004;27(7):1255-1273.)
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(B). REM, rapid eye movement. (Adapted from Fosse
R, Stickgold R, Hobson JA. Brain-mind states:
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sleep with a special nightcap that recorded eye and
head movement (see Figure 15.6A). The students
were considered to be in non-REM sleep when
there was an absence of eye movement. REM sleep
was defined as rapid eye movements without head
movement. The students dictated what they were
doing, thinking, and feeling when they were paged
or spontaneously awoke.

The results showed that the subjects had dreams
at all stages of sleep; however, the nature of dreams
was different. In non-REM sleep, the dreams are
more thoughts—as though the person is solving a
problem. In REM sleep, the dreams are illogical,
bizarre, and even hallucinatory. Figure 15.6B shows
the decrease in thoughts as the subject goes from an
awake state to REM sleep and the corresponding
marked increase in hallucinations.

NEURONAL CIRCUITS

Until the 1940s, sleep was generally conceptual-
ized as the body’s reaction to the lack of stimula-
tion, that is, the brain passively turns “off” when
there is no input. We now know that sleep is an
active process initiated and terminated by different
regions of the brain.

Suprachiasmatic Nucleus
The master clock of the brain is the suprachiasmatic
nucleus (SCN) located in the anterior hypothalamus
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(Figure 15.7). The SCN orchestrates circadian
rhythms throughout the brain and body. The SCN
is synchronized (entrained) by signals from the
retina, which are activated by inputs from the
sun. When humans are prevented from receiving
cues about the solar day (such as living in a cave for
weeks), the 24-hour sleep—wake cycle will gradually
increase to approximately 26-hours—a condition
that is called free-running.

The SCN is made up of some of the smallest neu-
rons in the brain and has a volume that is approxi-
mately 0.3 mm?. Qutput from the SCN synchronizes
other cellular oscillators throughout the brain and
body. Studies with hamsters have established the
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FIGURE 15.7 A sagittal view (A) and frontal view

(B) of the human suprachiasmatic nucleus (SCN).
(Adapted from Bear MF, Connors BW, Paradiso MA,
eds. Neuroscience: Exploring the Brain. 3rd ed.
Baltimore, MD: Lippincott Williams & Wilkins; 2007.)
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genetically different rhythms. (Adapted from Ralph MR,
Lehman MN. Transplantation: a new tool in the
analysis of the mammalian hypothalamic circadian
pacemaker. Trends Neurosci. 1991;14(8):362-366.)

crucial role this tiny collection of neurons play in
the regulation of sleep—wake cycles. Figure 15.8A
shows how recordings of the time a hamster spends
on the running wheel can be used to establish their
circadian rhythm. When the SCN is ablated, the
24-hour rhythm is lost and no regular pattern can be
identified. If the hamster receives a transplant from
a strain of mutant hamsters with a 22-hour circadian
rhythm, the foreign rhythm becomes established.

Molecular Mechanisms

Recent work with fruit flies and mice has begun
to tease out the molecular mechanisms that control
circadian rhythm. Although all the details remain
to be worked out, the basic mechanism is becom-
ing clear. The cell produces two proteins: CLOCK
and BMAL1. These proteins bind together to form
a dimer, which then activates the transcription
of other proteins, called PER (Period) and CRY
(Cryptochrome). PER and CRY form a dimer that
inhibits the transcription of CLOCK and BMAL1,
providing a negative feedback loop.

L.y S MELATONIN

Under normal circumstances, the SCN is reset
each day by signals of light from the retina.
However, melatonin secreted during the dark
cycle from the pineal gland can also entrain
the SCN. This justifies the use of melatonin
to promote sleep in those with delayed sleep
onset or to reset the internal clock that is
disrupted with jet lag. Studies with melatonin
agents have been effective although less robust
than we might hope. Success with melatonin
requires proper timing of administration.
Taking a dose at the wrong time will not only
be ineffective but can make things worse!

The buildup and breakdown of these proteins
takes 24-hours. Figure 15.9 shows the daily fluc-
tuation in the proteins PER and CRY from a mouse
SCN. Note the 6-hour lag between the buildup of the
messenger RNA (gene expression) and the produc-
tion of the proteins. Although the functions of PER
and CRY remain to be elucidated, this molecular
mechanism is believed to drive the 24-hour cycling
of the SCN.

An area of great interest involves the genes that
control these proteins in humans and their role with
sleep disorders. For example, mutations of CLOCK
and PER have been found in some individuals
with delayed or advanced sleep phase syndromes.
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FIGURE 15.9 Fluctuations of gene expression
and protein levels in the mouse suprachiasmatic
nucleus (SCN). These proteins are believed to be the
molecular signal of circadian rhythm. (Adapted from
Pace-Schott EF, Hobson JA. The neurobiology of
sleep: genetics, cellular physiology and subcortical
networks. Nat Rev Neurosci. 2002;3(8):591-605.)
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Additionally, of great interest to us is the question
of damaged clock genes and psychiatric disorders.
Clearly, sleep impairments have a strong correla-
tion with psychiatric disorders, but as yet there is
only limited evidence implicating clock genes as the
culprits.

Ascending Arousal Systems

In 1949, the lItalian neurophysiologists Horace
Magoun and Giuseppe Moruzzi discovered the
first circuits governing sleep and wakefulness.
They found that stimulating a group of neurons in
the midline of the brain stem aroused a sleeping
animal. Likewise, lesions of this region resulted in
persistent sleep. They called this region the reticu-
lar activating system.

Itis likely that Magoun and Moruzzi were stim-
ulating many different sets of ascending arousal
neurons during their experiments. Further study in
the intervening years has identified several of the
important nuclei and neurotransmitters. One group
is the cholinergic neurons with cell bodies located
near the pons—midbrain junction. These neurons
project to the thalamus and activate the thalamic
relay neurons that are crucial for the transmission
of information to the cerebral cortex. Stimulation of
these nuclei causes high-frequency, low-amplitude
EEG activity.

The second group comprises four neuronal sys-
tems: the noradrenergic neurons of the locus coeru-
leus, the serotoninergic neurons of the raphe nuclei,
the dopaminergic neurons from the periaqueductal
gray matter, and the histaminergic neurons in the
tuberomammillary nucleus (see Chapter 4, for further
details). These neurons project to the hypothala-
mus and throughout the cerebral cortex.

All five neuronal systems are active during
arousal and quiescent during non-REM sleep.
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However, the cholinergic neurons resume their
activity during REM sleep while the monoami-
nergic neurons slow down even further. This is
another example of how wakefulness and REM
sleep (conditions that seem so similar) are differ-
ent. A summary of these arousal networks is given
in Table 15.1.

The Sleep Switch
In general, most people experience a relatively
rapid transition from arousal to asleep or vice
versa. This transition can be conceptualized as the
flipping of a switch. The closest approximation to a
“sleep switch” in the brain is the ventrolateral pre-
optic nuclei (VLPO). The VLPO has projections
to the main components of the ascending arousal
system shown in Table 15.1. The VLPO is inhibi-
tory and primarily active during sleep. In other
words, an active VLPO induces sleep by putting
the brakes on the arousal nuclei. People with dam-
age to their VLPO experience chronic insomnia.
Conversely, the VLPO must be inhibited so that
people can wake up. Indeed, the VLPO receives
inputs from the monoaminergic neurons—the
very neurons that it inhibits. So the “sleep switch”
has mutually inhibitory elements in which activ-
ity from one side shuts down the other side and
disinhibits its own actions. This helps explain the
relatively abrupt change from awake to asleep that
occurs in most mammals (Figure 15.10).

Narcolepsy

A problem with such a switch is that rapid,
unwanted transitions from one state to another can
occur when it is unstable. Presumably, this is the
mechanism of narcolepsy. Attacks of irresistible
sleepiness as well as episodes of physical collapse
and loss of muscle tone during emotional situations

A Summary of the Major Neuronal Systems That Mediate Arousal and
Comprise the Ascending Reticular Activating System

Neurotransmitter  Cell Bodies Projections Active During
Cholinergic Nuclei of pons-midbrain junction  Thalamus Awake and rapid eye movement
Noradrenergic Locus coeruleus

Dopaminergic Periaqueductal gray matter

Serotoninergic
Histaminergic

Raphe nuclei
Tuberomammillary nucleus

Hypothalamus and ~ Awake
cerebral cortex
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FIGURE 15.10 A schematic diagram of the “sleep
switch.” (A) Locus coeruleus (LC), tuberomammillary
nucleus (TMN), and raphe nuclei in the awake state
are stabilized by the orexin neurons. They also inhibit
the VLPO. (B) In the sleep state, the VLPO inhibits the
orexin neurons as well as the LC, TMN, and raphe
nuclei. VLPO, ventrolateral preoptic nuclei. (Adapted
from Saper CB, Scammell TE, Lu J. Hypothalamic
regulation of sleep and circadian rhythms. Nature.
2005;437(7063):1257-1263.)

(cataplexy) characterize narcolepsy. In 2000, it was
discovered that patients with narcolepsy have few
orexin neurons in the hypothalamus (Figure 15.11).
Orexin neurons (also called hypocretin) are mainly
active during wakefulness and reinforce the arousal
system.

It appears that patients with narcolepsy have
lost the stabilizing influence of the orexin neurons
and can abruptly switch from one state of con-
sciousness to another. In other words, they have a
floppy “sleep switch.” Patients with narcolepsy do
not sleep more than normal individuals, but they
just take more naps during the day and awaken
more frequently during the night.

The link between SCN and the “sleep switch”
is more confusing than one might expect. SCN
actually has few direct projections to the VLPO
and orexin neurons. There appears to be a third
system: the dorsomedial nucleus of the hypothala-
mus (DMH). Why might the brain have evolved a
three-stage pathway for control of sleep? Well, the
SCN is always active during the light cycle and the
VLPO is always active during sleep. Without an
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FIGURE 15.11 Neuronal degeneration of orexin

neurons in lateral hypothalamus of a patient with
narcolepsy compared with a control. (Courtesy of
Jerome Siegel.)

intermediate step, nocturnal animals could not sleep
during the day.

The DMH receives projections from the SCN
and sends projections to the VLPO. However, the
DMH appears to do more than just relay signals
from one nucleus to another. There are many factors
that influence the sleep—wake cycle: hunger, stress,
and sleep debt—not just the cycle of the sun. In
turn, many physiologic functions are affected by
the DMH: eating, temperature, and corticosteroid
cycles, as well as sleep and arousal. The three-stage
pathway allows greater integration of multiple fac-
tors and greater flexibility in behavioral response.

WHY DO WE SLEEP?

Life is competitive. However, when we sleep, we
can neither advance our position nor protect our-
selves or our families. From this perspective, sleep
is a costly process. So it must be important for us to
pay such a high price. As one researcher puts it, “If
sleep doesn’t serve an absolutely vital function, it
is the biggest mistake evolution ever made.”

iy (3 i NARCOLEPSY

Amphetamines were first used in 1937 as a
treatment for narcolepsy and remain popu-
lar. More recently, modafinil, an agent with
minimal potential for abuse and a different
mechanism of action, has become the first-
line treatment for patients with the disorder.
Modafinil works by indirectly activating the
histamine network—the opposite effect of an
antihistamine. Although effective for exces-
sive daytime sleepiness, modafinil has limited
benefits for cataplexy. Some clinicians add
a tricyclic antidepressant or a newer antide-
pressant with dual action to decrease cata-
plectic attacks. Such a combination will affect
histamine, serotonin, and norepinephrine—all
components of the “sleep switch.”
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A recent analysis of more than a thousand vol-
unteers found a U-shaped curvilinear associ-
ation between sleep duration and body mass.
Subjects who slept, on average, 7.7-hours
per night had the lowest weight, whereas
those sleeping for more or less time were
heavier. The authors suggest that the cause
may be due to changes in the hormones
regulating appetite, such as leptin and ghrelin.

A rat deprived of sleep will die faster than when
it is deprived of food. Humans with fatal familial
insomnia, an inherited disease that develops in the
middle age and results in degeneration of the thala-
mus, usually die within 24 months (although there
may be other reasons for death). Humans forced to
remain awake will pursue sleep with a vigor that
rivals sex and food. When allowed to sleep, they
will make up for the loss by sleeping deeper and
longer—called sleep rebound. Clearly, something
essential happens when we sleep, and most of us
suffer when we are short changed. But what is it?

It has been proposed that mammals have a
homeostatic sleep drive—as though there is some
“vital energy” that needs to be restored each day
or, inversely, some “toxin” that needs to be cleared
while we sleep in order for us to function effec-
tively when awake. However, no one has identified
a neural mechanism to explain the sleep drive—no
neuropeptide that needs to be restored or no annoy-
ing enzyme that needs to be removed. As yet, we
can only postulate as to why bats, dolphins, cats,
and humans need sleep.

Development

Some have speculated that sleep serves to estab-
lish brain connections during the critical periods
of development. For example, all the twitching
that infants exhibit during sleep may serve to help
babies get control of their muscles. If this theory is
true, then it would explain why we sleep most when
young and less as we age. Additionally, species
that are more mature at birth (e.g., those that can
thermoregulate and ambulate) have sleep durations
close to adult levels.

Frank and his group have conducted studies that
suggest sleep enhances the plasticity of the develop-
ing cortex. We discussed the devastating effects that
occluding an eye at critical periods has on normal
development in Chapter 8. Frank and his group took
this research one step further. They occluded an eye
of 1-month-old cats for 6-hours. Then one group
was allowed to sleep for 6-hours and the other group
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was kept awake in darkness for an equal amount of
time. Both groups were anesthetized and their visual
cortex was probed. Electrodes inserted almost paral-
lel to the visual cortex recorded activity from differ-
ent locations while a light shone in the cat’s eyes.

The results are shown in Figure 15.12. Compare
these results with the study results shown in
Figure 8.12. Note that the cats that were allowed
to sleep developed the typical pattern of unilateral
ocular dominance. That is, the opened eye domi-
nates the neurons in the visual cortex. The cats
that did not sleep maintained a more even distribu-
tion of ocular dominance. This research suggests
that the effects of occluding an eye are not fully
processed until the animal is asleep; to put this in
another way, the changes in the brain that develop
with experience are imprinted during sleep.

Taken together, these observations suggest that
sleep is instrumental to normal development. How-
ever, Siegel has noted an almost complete absence
of sleep for dolphin mothers and their newborns
after birth. The calf will gradually increase its
sleep to adult amounts over a period of months.
This is the opposite of what is seen with terrestrial
mammals, which suggests that sleep is either not
essential for normal development or dolphins have
adapted alternative mechanisms.

Neurogenesis
A group at the University of California, Los
Angeles examined the effects of sleep deprivation

(611015 PREAM
ENACTMENT

Inthe REM statethemindis active, butthe body
is virtually paralyzed. We dream but we only
move our eyes. Unfortunately, some people
lose the ability to induce muscle paralysis—
a condition called REM sleep behavior disor-
der. Often this condition precedes by many
years the emergence of a neurodegenerative
disorder such as Parkinson’s disease.
Patients who fail to suppress the muscle
tone during REM sleep are condemned to
act out their dreams. Such patients thrash
about in bed and frequently hurt themselves
or their partners. In some cases, it even gets
violent. In cats, a similar condition has been
elicited with small lesions of the pons just
above the locus coeruleus. In humans, it
has been harder to find a specific lesion. It
is presumed that some subtle disruption of
the balance between atonic and motor gen-
eration may be occurring in the spinal cord,
brain stem, or even higher cortical areas.
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FIGURE 15.12 The effects of sleep and sleep

deprivation on ocular dominance plasticity during the
critical period of visual development in 1-month-old
cats. (Adapted from Frank MG, Issa NP, Stryker MP.
Sleep enhances plasticity in the developing visual
cortex. Neuron. 2001;30(1):275-287.)

on neurogenesis. Adult rats were deprived of sleep
for 4 days and then examined for new cells in the
dentate gyrus of the hippocampus. There was a
68% reduction in new cells in the sleep-deprived
group compared with the controls. Stress hormones
did not mediate the change, as the serum corticos-
terone levels were not significantly different in the
two groups.

Energy Conservation

Sleep may be a form of energy conservation across
the 24-hour day, the way hibernation conserves
energy through a winter. An animal that is protected
in a warm location minimizes the energy expenditure
that will later need to be replaced. However, conserv-
ing energy does not explain the drive to sleep or sleep
rebound.

Restoration

Comparing sleep amounts across species sheds
some light on the function of sleep. One estab-
lished relationship in biology is the inverse correla-
tion between body mass and metabolic rate, that is,

smaller animals have higher metabolic rates and a
higher metabolic rate means greater metabolic activ-
ity in the brain. Greater activity in the brain means
greater metabolic by-products. Small animals with
higher metabolic rates tend to sleep longer. For
example, bats and opossums sleep approximately
18 to 20-hours per day, whereas elephants and
giraffes sleep as little as 3 to 4-hours a day.

A high metabolic rate results in increased oxida-
tive stress produced from the mitochondria. Higher
rates of oxidative stress have been linked to aging,
arthritis, and dementia in the mouse. Sleep may be
the time that the brain “cleans up” and repairs the
damage that accumulated during the day.

Siegel et al. have shown that sleep deprivation in
the rat results in increased oxidative stress, which
can be reversed with sleep. Additionally, they have
shown that tissue damage occurs in the brain stem,
hippocampus, and hypothalamus with sleep depri-
vation. Siegel believes that wakefulness produces a
gradual toxic state that is corrected with sufficient
sleep. Animals with a higher metabolic rate require
greater sleep amounts to repair the more extensive
wear and tear on their neurons during arousal.

Memory Consolidation

The idea that sleep improves the consolidation of
memories has been debated and studied for more
than 80 years. There is still no consensus. The
underlying hypothesis proposes that information
acquired during the day is reviewed and strength-
ened during sleep. Many different experimental
designs have shown that memory for procedures
or the ability to recognize patterns improves after
sleeping—or even just napping during the day.
However, memories for facts (declarative memory)
do not seem to improve with sleep. So, the rela-
tionship between sleep and memory depends on the
material learned.

It was discovered in the 1970s that some neurons
in the rat hippocampus fire when the animal is in
a specific location or moving toward that location.
These cells were called place cells. It was subse-
quently shown that specific patterns of activity
by the place cells during the day were reactivated
during non-REM sleep that night. That is, the syn-
chronicity established between hippocampal cells
and cortical neurons when the rat is running from
place to place is repeated again when the animal
sleeps. This suggests that the hippocampus revisits
the events of the day “off-line” and possibly orches-
trates the consolidation of memories to long-term
cortical stores.

Pierre Maquet et al. in Belgium have taken this
one step further and used functional imaging studies
to look at the activity in the human hippocampus
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FIGURE 15.13 Hippocampal reactivation during

non-REM sleep and memory consolidation. The
sagittal (A) and horizontal (B) sections show the areas
of the right hippocampus that were reactivated during
sleep and correlated with improved scores on the
task. (Adapted from Peigneux P, Laureys S, Fuchs S,
et al. Are spatial memories strengthened in the human
hippocampus during slow wave sleep? Neuron.
2004;44(3):535-545.)

the night after learning a new task. Participants were
instructed to memorize the route through a com-
plicated virtual town. It was observed that regions
of the hippocampus that were active during the
task were reactivated during subsequent non-REM
sleep. Of particular interest, everyone improved on
the task the following day. However, those with the
greatest activity expressed during SWS also showed
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the greatest improvement navigating the virtual
town the following day (Figure 15.13).

In conclusion, sleep appears to serve a number
of functions none of which explain a homeostatic
drive to sleep. A universal function, across species,
that can explain the irresistible urge to lie down on
a couch after a heinous night on call has yet to be
discovered.

MOOD DISORDERS

There is a long-standing suspicion that mood disor-
ders are initiated or at least maintained by circadian
dysfunction. Several lines of evidence suggest this
to be true for depression. For example:

1. Depression has a diurnal variation—worse in
the morning.

2. Insomnia is one of the most common
complaints.

3. Insomnia resolves with effective treatment.

4. Sleep deprivation is an effective, although
short-lived, antidepressant.

Seasonal Affective Disorder

Seasonal affective disorder (SAD), also called
winter depression, is most suggestive of circadian
changes affecting mood. Many mammals display
seasonal fluctuations in behavior that is regulated
by the change in day length. Hibernation may be
the extreme form of this seasonal change. Humans
with SAD develop symptoms of depression in the
winter, along with weight gain, increased sleep,
and decreased activity. This array of symptoms
resembles changes seen in animals preparing to
hibernate.

The changes in daylight hours are transmitted
from the retina to the SCN. The SCN activates
the paraventricular nucleus of the hypothalamus,
which indirectly (by way of the sympathetic ner-
vous system) inhibits the pineal gland. When the
SCN is inactive during darkness, the inhibition is
reduced, and the pineal gland secretes melatonin.
In other words, melatonin is secreted during the
night when the “brakes” are off. The duration of
elevated nightly melatonin provides every tissue
with information about the time of day and the
time of year. Some have called the pineal gland
both a clock and a calendar. For example, animals
that hibernate, such as the Syrian hamster, produce
more melatonin in winter and less in summer.

Recent research has examined melatonin secre-
tion in 55 patients with SAD in summer and winter.
They found that for patients with SAD the nocturnal
duration of melatonin secretion was longer in winter
than in summer, but there was no change in dura-
tion for the healthy volunteers. Other research has
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found that early morning light therapy for patients
with SAD improved their mood and produced phase
advances of the melatonin rhythm. In total, these
results suggest that the neural circuits that medi-
ate season change in mammals may be impaired in
patients with SAD.

Bipolar Disorder

Bipolar disorder is another condition associated
with circadian dysfunction. The delay in sleep
onset and reduction in sleep duration accompany-
ing a manic episode are clear examples of disrupted
circadian rhythm. Additionally, the mood stabilizer
lithium is known to lengthen the circadian period,
which may be one of its mechanisms of action.

Of particular interest is the predictive value of
sleep disruption and mania. It is well known that a
decreasing need to sleep can precede a manic epi-
sode. There is some evidence that the prevalence
of bipolar disorder, particularly the rapid cycling
subgroup, is increasing. Although the increased use
of antidepressants and/or illicit drugs is a possible
cause, another explanation may be sleep disruption
due to the modern lifestyle.

Wehr et al. believe that individuals with bipolar
disorder are predisposed to exacerbations of the ill-
ness when sleep deprived. Because manic behavior
interferes with sleep and sleep deprivation makes
mania worse, a vicious downward cycle can be
established. They describe a highly educated, suc-
cessful individual who developed bipolar disorder

Il 0] HYPERAROUSAL

Trouble in sleeping is a common complaint.
Some patients cannot turn off the arousal
networks at bedtime. Patients with anxiety
disorders, attention-deficit/hyperactivity dis-
order, and hyperthymic temperament will
often complain that they cannot stop think-
ing when trying to sleep. Patients who abuse
alcohol, opioids, and marijuana often use the
substance as a hypnotic and frequently show
rebound insomnia when substance free. Fur-
thermore, insomnia is a risk factor for relapse
with recovered alcoholics.

A recent neuroimaging study of patients
with insomnia showed that these patients had
a greater global cerebral metabolism while
awake and asleep compared with controls.
Additionally, the patients showed a smaller
decline in relative metabolism from waking
to sleep states in some of the structures
discussed earlier, for example, ascending
reticular activating system and hypothalamus.

in his mid-forties. Despite aggressive pharmaco-
logic management, he cycled between depression
and mania every 6 to 8 weeks. He also showed great
fluctuations in his sleep—wake phases across these
cycles.

The group intervened by encouraging the subject
to remain in bed rest in a dark room for 14-hours
each night. This was later tapered to 10-hours per
night. Remarkably, his mood and sleep stabilized.
Periods of hyperactivity and hypoactivity were
greatly reduced. The effects were still present after
1 year. It is worth noting that he remained on dival-
proex sodium and sertraline. The authors believe that
enforced bed rest synchronized and stabilized the
circadian rhythms, which were so easily disrupted
by his modern lifestyle. If nothing else, this case
highlights the importance of good sleep hygiene for
any patient.

Treating Insomnia

Insomnia is generally a long-term problem. Hypnotic
medications are not without risk. Nonpharma-
cologic interventions, such as cognitive behavior
therapy and stimulus control, are as effective as
medications, show enduring benefits, and have no
side effects. Such treatments should be the first-
line interventions, particularly for the young and
middle aged.

The evolution of sleep medications is a story of
searching for agents with shorter duration, more
specific mechanisms of action, and less potential
for abuse. Alcohol is perhaps the oldest sleep med-
icine. Chloral hydrate, first synthesized in 1832,
was the first medication specifically indicated for
insomnia. The development of barbiturates in the
early 1900s brought a new class of agents that
were widely used for 50 years. The introduction of
benzodiazepines in the 1960s provided a treatment
that was effective and safer.

As shown in Figure 5.3, benzodiazepines work
by sensitizing the y-aminobutyric acid (GABA)
receptor, which in turn increases the movement of
negatively charged chloride ions into the cell and
ultimately enhances the activity of the GABA neu-
rons. More GABA activity means more inhibition
of the central nervous system.

There are two benzodiazepine receptor subtypes
on the GABA receptor. The traditional benzodiaze-
pines bind to both, but the newer agents (zolpidem,
zaleplon, and eszopiclone) bind to just one subunit.
This subunit mediates the sedating and amnesic
effects, but not the anxiolytic, or myorelaxation.
Whether this selective binding translates into fewer
side effects remains to be determined.

The chronic use of sleep aids for insomnia
remains controversial. Some epidemiological data
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have documented increased mortality with chronic
hypnotic use, presumably due to residual cognitive
impairment the following day. Fortunately, a recent
placebo-controlled study with eszopiclone demon-
strated enduring benefits for sleep and improved

QUESTIONS

1. Which do you typically see in stage 2 of sleep?
a. Sleep spindles.
b. o-Waves.
c. &-Activity.
d. SWS.

2. REM latency is decreased in all of the
following, except
a. Depression.
b. Generalized anxiety.
c. Narcolepsy.
d. Sleep apnea.

3. Which of the following is true?

a. The average length of sleep is 8-hours per
night.

b. The deepest sleep occurs in the latter third
of the night.

c. Muscle tone increases during REM sleep.

d. PET scans show decreased cerebral blood
flow during SWS.

4. Which of the following is true about dolphin

sleep?

a. They never show REM sleep.

b. Newborn calves sleep the most during the
neonatal period.

c. They close their eyes and navigate by
echolocation.

d. They sleep on the surface so they can breathe.
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functional status during the day for the 6 months of
the trial. However, many patients, once started on
a sleeping pill, will take something for years. We
still do not know if such a treatment is beneficial in
the long run.

5. All of the following are true regarding sleep
and aging, except
a. We sleep less as we age.
b. Arousal after sleep onset increases with age.
¢. REM sleep increases in the latter part of life.
d. SWS decreases with aging.

6. Which of the following is active during the
night in humans?
a. The SCN.
b. Orexin neurons.
c. The ventrolateral preoptic nucleus.
d. Tuberomammillary nucleus.

7. Which of the following systems is active during
arousal and REM sleep?
a. Noradrenergic.
b. Dopaminergic.
¢. Histaminergic.
d. Cholinergic.

8. Possible functions for sleep include all of the
following, expect
a. Memory consolidation.
b. Energy conversation.
¢. Neurotransmitter reaccumulation.
d. Metabolic restoration.

See Answers section at the end of the book.
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Sex and the Brain

SEXUAL DIMORPHISM

Humans are sexually dimorphic (di, “two”; morph,
“type”). That is, we come in two styles. How one
conceptualizes these differences depends on one’s
perspective. Table 16.1 summarizes the major cat-
egories of sexual dimorphism. In this chapter, we
focus on how the hormones change the morphol-
ogy of the brain and how this affects the behavior
and sexuality.

Pink and Blue

In general, men and women behave differently
and enjoy different activities. The etiology of
this difference remains a hotly debated topic. Is
it nature or nurture—genetic or environmental?
With humans, it is almost impossible to tease out
these opposing causes. The signals a baby receives
about its sexual identity start early—in the nurs-
ery. Typically, boys favor construction and trans-
portation toys. Girls show less rough physical play

Different Ways of Conceptualizing
Sexual Dimorphism

Perspective Example

Chromosomal XX, XY

Gonadal Ovaries, testes

Hormonal Estrogen, androgens

Morphological ~ Genitalia, body size, body shape

Behavioral Nurturing, aggressive, hunter,
gatherer, etc.

Sexual Identity, orientation, preference
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and prefer toys such as dolls. Is this a product of
learned gender social roles or something more
innately wired in the brain?

A study with vervet monkeys suggests that the
choices of toys children make to play with are
more ingrained than some might think. Monkeys in
large cages at the University of California, Los
Angeles Primate Laboratory were allowed 5 minutes
of exposure to individual toys classified as “mascu-
line” (police car and ball) or “feminine” (doll and
pot). The amount of time they were in direct con-
tact with each of the toys was recorded. Figure 16.1
shows a male and female monkey playing with the
toys and the percent time that each gender spent
in contact with the toys. These results show that
even nonhuman primates who are not exposed to
social pressure regarding toy preference will choose
gender-specific toys.

If we remember the important role of plea-
sure in determining behavioral preferences, we
can speculate that the monkeys spend more time
with the toys they enjoy. Likewise, we can specu-
late that the association between an object and the
pleasure is hardwired in the brain. Furthermore,
some of this “wiring” must have arisen early in
human evolution before the emergence of our
hominid ancestors.

The Boy Who Was Raised as a Girl

One of the more remarkable stories of sexually
dimorphic behavior involves a tragic story of a boy
raised as a girl. David was 8 months old in 1966
when his entire penis was accidentally burned
beyond repair during a routine circumcision.
Dr. John Money, a psychologist at Johns Hopkins
Hospital with expertise in sexual reassignment,
convinced the family to proceed with surgical
sex change and raise the boy as a girl. Dr. Money
believed that sexual identity/orientation developed
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FIGURE 16.1 Male vervet monkeys spent more
time in contact with “masculine” toys while females spent
more time with “feminine” toys. (From Alexander GM,
Hines M. Sex differences in response to children’s toys in
nonhuman primates (Cercopithecus aethiops sabaeus).
Evol Hum Behav. 2002;23:467-479.)

after 18 months of age and children could adapt to
a new sexual identity if the procedure was started
early enough. David provided an ideal case study as
he had an identical twin brother with a normal penis.

Amazingly, Dr. Money reported in the medical
literature that the reassignment was a success, but
it was in actuality a disaster. David, whose name
was changed to Brenda, did not want to wear
dresses, or play with dolls. She preferred to play
with guns and cars. She could beat up her brother
and threw a ball like a boy. Worst of all, this unusual
behavior was not well received at school. She was
relentlessly teased for her masculine traits. Brenda
was shunned by the girls and not accepted by the
boys.

By the time Brenda was 14 years old she was
still unaware of the sexual reassignment and
remained distressed. A local psychiatrist who was
treating Brenda convinced the parents to reveal the
truth. Brenda recalls her reaction, “Suddenly it all
made sense why | felt the way | did. | wasn’t some
sort of weirdo.”

David immediately decided to revert to his
genetic sex. Within several months, he began going
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out in public as a boy. He stopped estrogen and
started testosterone. He had bilateral mastectomies
and several operations to rebuild male genitalia.
He eventually married in his twenties although he
could not have children. However, he battled with
depression and the demons from this childhood
experience. In May 2005, at the age of 38, he killed
himself.

The significant point about this case is that in
spite of being raised as a girl and in spite of the
presence of estrogen hormones and the absence
of testosterone, David continued to have male
pattern psychosocial and psychosexual devel-
opment. Larger case studies are consistent with
David’s experience. One analysis of XY individu-
als assigned female roles at birth due to a severe
pelvic defect (cloacal exstrophy) found that all
showed masculine tendencies. Slightly more than
half chose to declare themselves male when older.
These studies suggest that something permanent
happens in utero that determines sexual identity/
orientation.

Environment

It would be naive to dismiss the significance of
environment on sexually stereotypical behav-
iors. History is replete with examples of men and
women showing varying amounts of masculine
and feminine behavior that are clearly molded
by shifts in social norms. Kim Wallen reviewed
30 years of research with rhesus monkeys and
attempted to separate hormonal and social influ-
ences. For example, rough and tumble play is
one of the most robust sexually dimorphic behav-
iors. Juvenile males wrestle more frequently
than females in almost every rearing condition.
However, if reared in a group with only males, they
(males or females?) actually engage in less rough
play. Likewise, mounting behavior is seen more
with males than females. However, when reared
in isolated, same-sex environments, males display
less mounting while females display more such
behavior.

Rust et al. looked at gender development in pre-
school children and the effect of an older sibling.
They discovered that having an older brother was
associated with greater masculine and less femi-
nine behavior in boys and girls. However, boys
with older sisters were more feminine but not less
masculine, whereas girls with older sisters were
less masculine but not more feminine.

Together, these studies suggest interplay
between hormones and environment. That is,
biologic factors predispose individuals to engage
in specific behaviors, which can be modified by
social experience.
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The gonads (ovaries and testes) serve two
major functions. First, they produce eggs
or sperm to pass on DNA to the next
generation. Second, they produce the sex
hormones that not only promote the devel-
opment of secondary sexual characteristics
but also drive the behavior that increases the
chances of an egg and sperm meeting.

Behaviors

HORMONES

Figure 14.8 shows the classic experiment by
Berthold who was the first to establish that the
testes contain a substance that controls the devel-
opment of male secondary sexual characteristics. In
Chapter 7, we discussed the relationship between
the cortex, hypothalamus, pituitary gland, and
end organ. Briefly, with input from the cortex, the
hypothalamus produces gonadotropin-releasing
hormone (GnRH), which in turn stimulates the
anterior pituitary gland to produce luteinizing
hormone (LH) and follicle-stimulating hormone
(FSH). LH and FSH stimulate the gonads to produce
the sex hormones.

Cholesterol is the precursor of all steroid hor-
mones. Figure 7.7 shows the three major steroids
synthesized from cholesterol: glucocorticoids,
mineralocorticoids, and the sex steroids. The sex
steroids are synthesized in the adrenals or gonads.
Because the steroid hormones are lipid soluble and
easily pass through the cell walls, they are released
as they are synthesized.

Testosterone, as shown in Figure 16.2, is con-
verted into 17-B-estradiol (E2) and an androgen,
5-a-dihydrotestosterone (DHT). (An androgen is
a generic term for a hormone that stimulates or
maintains male characteristics.) Amazingly, much
of the androgen effects in the brain are actually
implemented by 17-B-estradiol. For example, an
injection of estrogen to a newborn rat is more mas-
culinizing than an injection of testosterone.

Why do the maternal estrogens not masculin-
ize all fetuses? One of the functions of c-fetopro-
tein during pregnancy is to bind with maternal
estrogens, which are then cleared through the
placenta. This protein, which does not bind testos-
terone effectively, prevents estrogens from reaching
the brain.

We have discussed in other chapters how the
sex steroids can work directly on synaptic recep-
tors or indirectly through gene transcription (see
Figures 5.3, 7.1, and 7.3). These different effects
are summarized in Figure 16.3. The direct effects
are fast, while the indirect effects take longer to
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FIGURE 16.2 The sex hormones are synthesized
from cholesterol. Testosterone serves as a prohormone
for 17-B-estradiol.

transpire. Because the sex hormones can influ-
ence neural function, they are sometimes called
neurosteroids in neuroscience literature.

Differentiation and Activation
The development of sexual dimorphism is depen-
dent on the sex hormones. The presence of testos-
terone at critical periods of time both masculinizes
and defeminizes the brain. Likewise, the absence
of testosterone feminizes and demasculinizes the
brain. In 1959 William C. Young et al. published
a classic paper that rivals Berthold’s work with
roosters in helping us to understand the fundamental
principles of hormones and behavior.

To understand Young’s study it is impor-
tant to be aware of the different sexual postures
males and females display at appropriate times.
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Steroids can directly affect the transmitter synthesis/release or postsynaptic transmitter

receptors. They can also indirectly influence gene transcription. (Adapted from Bear MF, Connors BW,
Paradiso MA, eds. Neuroscience: Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott Williams & Wilkins; 2007.)

Female rodents will stand immobile and arch their
backs: lordosis. Males will mount such a recep-
tive female. Females and males rarely (although
not completely) exhibit the opposite behavior.
Researchers use the presence or absence of lordo-
sis and mounting as expressions of sexual behav-
ior. For example, castration of a male stops his
mounting behavior. But this can be reinstated with
injections of testosterone.

Young’s group sought to understand the effects
of early and late exposure to sex hormones on sex-
ual behavior. Their experiment, which is shown in
Figure 16.4, started with injecting testosterone in
a pregnant female guinea pig. Their first observa-
tion (not shown in the figure) was that female pups
exposed to high doses of androgens in utero were
born with masculinized external genitalia.

The rest of the study focused on the female
pups, which were allowed to mature and were then
spayed. Later, they were all given estrogen and pro-
gesterone to stimulate female sexual behavior. Each
was paired with a normal male guinea pig. Some-
time later, the procedure was reversed. All were
injected with testosterone and paired with a recep-
tive female. The results were striking. The females
exposed to testosterone in utero failed to display

lordosis when given estrogen and progesterone.
However, they would mount other females when
given testosterone. The control group displayed the
opposite behavior.

This elegant experiment established a clear dis-
tinction between the differentiating effects of sex
hormones during development and the activating
effects during adulthood. The females exposed to
testosterone in utero had alterations in the orga-
nization of their brains that prevented the normal
activation by female sex hormones as an adult.

Human Congenital Anomalies
Occasionally, people are born with genetic altera-
tions that give us insight into the differentiation
and activation of human sexual dimorphism. One
such condition is congenital adrenal hyperplasia.
Children with this condition are exposed to exces-
sive androgens due to overactive fetal adrenal
glands. Paradoxically, the condition is caused
by an impaired ability of the fetal adrenal gland
to produce cortisol. Because the pituitary fails to
receive the appropriate negative feedback, it con-
tinues to secrete adrenocorticotropic hormone
(ACTH), which in turn induces hyperplasia of the
androgen-producing cells of the adrenal cortex.
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As we might predict from Young’s studies with
guinea pigs, human males are unaffected by the
exposure to excess adrenal androgens in utero.
Females, on the other hand, are born with mascu-
linized external genitalia. Additionally, the females
tend to exhibit more rough and tumble play as chil-
dren. As adults, they have an increased tendency to
prefer other females as partners.

An extraordinary condition in men provides a
different example of anomalous sexual develop-
ment. Androgen insensitivity syndrome (AIS) is
a condition in which XY (male) individuals are

born as normal appearing females. The problem
is caused by a mutation in the androgen recep-
tor. These individuals produce testosterone, but
the cells are unable to recognize it. Consequently,
there is no activation of the genes necessary for
male characteristics.

These individuals are born looking like normal
little girls and are raised as such (Figure 16.5).
Typically, the problem is only recognized when
they fail to menstruate in adolescence. Unfortu-
nately, they are unable to conceive as they have
failed to develop uteri, fallopian tubes, and ovaries.
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FIGURE 16.5 This person with complete
androgen insensitivity syndrome has an XY
genotype, but has developed unambiguous feminine
characteristics. (Courtesy of John Money.)

However, their behavior is unequivocally feminine.
Hines et al. examined the psychological develop-
ment of 22 XY individuals with complete AIS
compared with 22 XX normal controls and found
no differences on any measure of psychological
outcome. They concluded that these results argue
against the need for ovaries and two X chromo-
somes in the development of traditional feminine
behavior. Likewise, it reinforces the importance of
the androgen receptor in masculine development. It
is an interesting thought that all humans (both men
and women) would develop into women unless
other hormones intervene. The default model for
mankind is a woman!

NEURONAL CIRCUITRY

Nerve Growth

Gonadal steroids grow more than just testes and
breasts—they also cause selective neuronal growth.
As shown in Figure 16.3, gonadal steroids stimu-
late gene expression through the androgen and
estrogen receptors. These receptors, once bound
with the hormone, also function as transcription
factors, which, in turn, stimulate gene transcription
and protein synthesis. Ultimately, the gonadal ste-
roids can affect the nerve volume, dendritic length,
spine density, and synaptic connectivity.

Woolley etal. demonstrated this effect by admin-
istering estradiol or placebo to ovariectomized rats
and examining the structure and function of the
hippocampal cells. Figure 16.6 shows two CA1l
pyramidal cells and a closer examination of their
dendritic spines. The estradiol-exposed neurons
had 22% more spines and 30% more N-methyl-
p-aspartate glutamate receptors than the con-
trols. Furthermore, the treated neurons exhibited

CHAPTER 16

m REVEALING THE
DIAGNOSIS

In the 1950s, the standard practice was to
withhold the actual diagnosis from individu-
als with AIS. They were told that childbear-
ing was impossible, but not told they were
genetically male. It was believed that such
information would produce psychiatric disor-
ders and possibly even thoughts of suicide.
In the 1990s, the prevailing attitude shifted
to full disclosure, and now it is the standard
practice to reveal all the details to patients
with this disorder. However, there remains a
small cohort of women whose management
was started in the era of less autonomy and
who are still unaware of their diagnosis.

Many patients can sense when the truth
is being withheld. In this age of the Internet,
it is possible for curious patients to discover
their own diagnosis. Some patients have
avoided further medical care or even com-
mitted suicide when finally discovering their
true condition. When confronted with such a
patient, clinicians struggle with the appropri-
ate manner and timing of sharing the diagno-
sis, particularly with a patient who has been
kept in the dark for so long.
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FIGURE 16.6 Ovariectomized rats treated with
estradiol display greater spine formation on CA1
pyramidal cells from the hippocampus. (Adapted
from Woolley CS, Weiland NG, McEwen BS, et al.
Estradiol increases the sensitivity of hippocampal
CA1 pyramidal cells to NMDA receptor-mediated
synaptic input: correlation with dendritic spine
density. J Neurosci. 1997;17(5):1848-1859.)
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less electrical resistance to cellular input. So not
only did the estrogen change the structure of the
neuron but also the function.

Growth Factor Proteins

The astute reader might wonder about the role
of growth factor proteins with sex hormones and
nerve plasticity. Indeed, there is considerable evi-
dence linking gonadal steroids with growth factors
such as brain-derived neurotrophic factor (BDNF).
However, it is unclear if the sex hormones stimu-
late the production of the growth factor protein, or
work synergistically with them, or both. A study
looking at the rat motor neuron sheds some light
on this question.

The motor neurons projecting from the spinal
cord to the skeletal muscles in rodents are generally
similar for males and females. However, the male
requires the additional innervation of the bulbocav-
ernosus muscles around the penis, which are nec-
essary for erections and copulation (Figure 16.7).
Consequently, the motor neurons in the lumbar
region of the spinal cord of the male rat (collec-
tively called the spinal nucleus of the bulbocaver-
nosus [SNB]) are approximately four times larger
than in the female. These motor neurons regress in
the female shortly after birth. Similar regression
occurs with castrated males, although androgen
treatment will preserve the motor neurons.

The dendrites of the motor neurons have exten-
sive branchings that make connections spanning
several spinal segments. Cutting the SNB motor
neurons results in regression of the dendrites.
Previous research has shown that testosterone or
BDNF can limit the dendritic regression.

Yang et al. took this a step further. They cut
the SNB motor neurons in castrated males. Then
they put BDNF over the cut axons or administered
testosterone, or both, in different groups of rats. A
month later, the motor neurons were injected with
a marker that allows visualization of the dendrites
and axons after the animal is sacrificed. Figure 16.8
represents a computer-generated composite sec-
tion marking the presence of the SNB motor neu-
rons for the three groups of rats. The BDNF plus
testosterone group preserved substantially more
dendritic branching than seen with either alone
(similar to what would be seen in a normal con-
trol). This suggests that BDNF and testosterone
act synergistically to maintain the SNB motor
neuron morphology.

Songbirds

The study of the sexually dimorphic brain structures
of the songbirds is one of the great stories of neu-
roscience—one that transformed our recognition of
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FIGURE 16.7 A. The male rat has bulbocavernosus
muscles that are needed to control the penis for
copulation. B. Cross sections of the female and male
lumbar spinal cord show the presence of the spinal
nucleus of the bulbocavernosus for the male, but not
the female (A. Adapted from Breedlove SM, Arnold AP.
Hormonal control of a developing neuromuscular
system. Il. Sensitive periods for the androgen-
induced masculinization of the rat SNB. J Neurosci.
1983;3(2):424-432.)

the dynamic quality of the brain. The leader in this
research is Fernando Nottebohm at the Rockefeller
University in New York. He and others wanted to
understand why male songbirds sing and females
seldom do.

They initially looked at the syrinx (vocal cords)
trying to find out the differences, but without suc-
cess. Later, they focused on the neuronal mecha-
nisms that control singing: the high vocal center
(HVC), robust nucleus (RA), and area X. These
nuclei send projections to the XII cranial nerve
which controls the syrinx. Lesions of the HVC
bilaterally will silence a bird.

The big discovery came when they realized
that the song nuclei are approximately three
times larger in males (Figure 16.9). This was the
first discovery of sexual dimorphism in the brain.
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FIGURE 16.8 Composite lumbar cross
sections showing the extent of spinal nucleus of
the bulbocavernosus motor neurons that remain

1 month after surgical excision. Testosterone plus
brain-derived neurotrophic factor preserved more of
the motor neurons than either alone. (Adapted from
Yang LY, Verhovshek T, Sengelaub DR. BDNF and
androgen interact in the maintenance of dendritic
morphology in a sexually dimorphic rat spinal
nucleus. Endocrinology. 2004;145(1):161-168.)

Furthermore, they showed that the size of the HVC
correlates with the number of song syllables a male
canary sings.

Their next discovery has fundamentally altered
the way we think about the brain. Adult canaries
change their songs every year, which is accom-
plished by adding new syllable types and discarding
others. Remarkably, this occurs through the birth
and death of neurons in the song nuclei. Nottebohm
et al. were the first to show that working neurons
develop in adult warm-blooded vertebrates—
an idea that received a cool reception when first
presented in 1984,

The reason for discussing this topic in this
chapter is the fact that much of the differences in
the male canaries’ nuclei and song production are
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controlled by the testosterone. Evidence to support
this include the following:

1. The nuclei of the adult song system have high
concentrations of testosterone.

2. Adult males with higher testosterone sing
more than the adults with less testosterone.

3. Females given testosterone will sing more and
show increased volume of their HVC and RA.

4. Drops in testosterone levels at the end of the
breeding season correspond with the death of
HVC neurons.

Hypothalamus

The hypothalamus is instrumental in regulating
gonadotropin secretion. Specifically, the anterior
aspect of the hypothalamus is known to control a
wide variety of mating behaviors: desire, sexual
behavior, and parenting. Lesions in this area can
lead to alterations in sexual behavior. The preop-
tic area (POA) in the rat is an area where signifi-
cant differences between the sexes are found (see
Figure 2.8). In the male rat, the POA is five to
seven times larger than in the female. The differ-
ence is so prominent that it can be accurately iden-
tified with the naked eye. This region of the POA is
called the sexually dimorphic nucleus of the preop-
tic area (SDN-POA). Female rats given androgens
will develop an SDN-POA approximately the size
of that of a male. As with the SNB motor neurons,
it appears that the androgens preserve the nerve
cells, which otherwise waste away.

Humans

Allen et al. examined the anterior aspect of the hypo-
thalamus in a postmortem analysis of 22 human
brains: half of each sex. They focused their atten-
tion on an area that is the human equivalent of the
rat SDN-POA. They identified four cell groupings
within the anterior hypothalamus, which they called
the intergtitial nuclei of the anterior hypothalamus
(INAH). They numbered the INAH from 1 to 4 and
reported that INAH-2 and INAH-3 are approximately
twice as large in males compared with females.
Figure 16.10 shows the actual comparative micro-
graphs through the INAH of males and females.

Sexual Orientation

Simon LeVay took this work one step further and
compared the INAH for females, heterosexual males,
and homosexual males. He confirmed the work by
Allen et al., that is, two of the four interstitial nuclei
are sexually dimorphic. However, even more inter-
esting, he found that INAH-3 was twice as large
in heterosexual men as it was in homosexual men.
Although this provides compelling evidence that
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FIGURE 16.9 The difference in the song nuclei in canaries explains why males sing but females rarely
do. HVC, high vocal center; RA, robust nucleus. (Adapted from Nottebohm F. The road we travelled: discovery,
choreography, and significance of brain replaceable neurons. Ann N Y Acad Sci. 2004;1016:628-658.)

7
e

| Paraventricular
nucleus

Hypothalamus

ventricle

Optic chiasm

Paraventricular
nucleus

FIGURE 16.10 Representative micrographs showing the interstitial nuclei of the anterior hypothalamus
for women (top) and men (bottom). Note that INAH numbers 2 and 3 are less distinct in women. (From

Allen LS, Hines M, Shryne JE, et al. Two sexually dimorphic cell groups in the human brain. J Neurosci.
1989;9(2):497-506.)



sexual orientation is “hardwired,” we must be cau-
tious for there could be other explanations. For
example, almost all of the homosexual men died
of acquired immunodeficiency syndrome (AIDS),
whereas only approximately one-third of the het-
erosexual men died of AIDS. Likewise, there
was considerable overlap in the size of the nuclei
between groups, implying that it is impossible to
predict the sexual orientation of any individual
based on the measurement of his INAH-3.

Other researchers have addressed this topic in
different species. Approximately 8% of the domes-
tic male sheep display sexual preference for other
males. A group in Oregon identified a cluster of
cells within the POA of the anterior hypothalamus
(analogues to the INAH) that is significantly larger
in rams than in ewes. They compared these nuclei
for rams with different sexual preferences and
found it was twice as large in heterosexual rams
as it was in homosexual rams. Hence, an animal
model that is consistent with the work by LeVay.

More recently, a group in Amsterdam (the capi-
tal of the sex trade industry) examined the INAH-3
nucleus from the brains of individuals with and
without gonadotropin hormones compared with
male-to-female transsexual individuals with com-
pleted sex reassignment surgery. The volume of
the INAH-3 nucleus was larger in the males com-
pared with females and transsexual subjects. Fur-
thermore, they counted the neurons in the nucleus
for each group and found a similar relationship as
shown in Figure 16.11.

Taken together, the above studies suggest a
possible explanation for the continuum of human
sexual behavior. Small differences in nuclei in the
anterior hypothalamus produce significant differ-
ences in sexual identity and behavior. Early expo-
sure to sexual hormones during critical periods or
other environmental factors or genetics may alter
the development of nuclei that steer one’s sexual
orientation and preferences.

PSYCHIATRIC DISORDERS

Cognitive Decline

There is considerable evidence that estrogens (and
presumably testosterone) are neuroprotective.
Figure 16.6 shows the robust increase in spine for-
mation that can be induced by estrogen in hippocam-
pal neurons. Presumably, such an arborization of
the neurons enhances neural connections. Research
with rodents and nonhuman primates demonstrates
beneficial effects of estrogen on cognition. Multiple
observational studies in humans have found that
hormone replacement protects against the devel-
opment of Alzheimer’s disease, although there are
other risks of continued hormone replacement.
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FIGURE 16.11 Postmortem analysis of the
number of neurons in the INAH-3 nucleus for males
(M), females (F), male-to-female transsexual, and
castrated males due to prostate cancer (CAS). All
the women are separated by menopausal status in
the last two bars. One female to male transsexual
is included with the males. (Adapted from Garcia-
Falgueras A, Swaab DF. A sex difference in the
hypothalamic uncinate nucleus: relationship to
gender identity. Brain. 2008;131:3132-3146.)

Figure 16.12 is an example of one such observa-
tional study with humans. This was a study of more
than 3,000 elderly people from one county in Utah.
The objective was to test for the development of
Alzheimer’s disease and see if a history of hormone

m HOMOSEXUALITY

A few mental health professionals across the
country offer treatment for individuals who
want to be heterosexual rather than homo-
sexual. Hardly any studies exist that establish
the effectiveness of such treatment. However,
Robert Spitzer has published a survey of 200
individuals who claim to have changed their
sexual orientation. Many reported chang-
ing from predominantly or exclusively homo-
sexual to predominantly heterosexual. Few
reported complete changes. Is it possible
that some motivated individuals were able to
change their brain or were they not actually
homosexual at the start? Only prospective
studies will answer this controversial question.
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FIGURE 16.12 A prediction of the incidence of

Alzheimer’s disease calculated from data collected
about men and women over 3 years shows the
beneficial effects of sex hormones. HRT, hormone
replacement therapy. (Adapted from Zandi PP,
Carlson MC, Plassman BL, et al. HRT and incidence
of Alzheimer’s disease in older women: the Cache
County Study. JAMA. 2002;288(17):2123-2129.)

replacement therapy (HRT) was protective. Note
that the men (who presumably maintain adequate
levels of sex hormones) fare better than the women
in terms of developing Alzheimer’s disease. Like-
wise, the women who took HRT displayed a
dose-response effect. That is, the longer a woman
took HRT the less likely she was to develop
Alzheimer’s disease.

Clinical trials of HRT and cognition have not
been as uniformly positive as we would hope.
A review of the studies suggests that unopposed
estrogen improves the verbal memory in women
younger than 65 years. For older women, the
results are neutral. Janicki and Schupf, in a recent
review of hormonal influences on cognition and
Alzheimer’s progression, concluded that “overall
data from epidemiologic studies, observational
studies and clinical trials of HRT, studies of endog-
enous hormones, and evaluation of genetic vari-
ants involved in estrogen biosynthesis and receptor
activity indicate that estrogen plays an important
role in the pathogenesis of cognitive decline and
risk for Alzheimer’s Disease in both men and
women.” So while estrogen may not be the panacea
for preventing Alzheimer’s disease, it does appear
to have some neuroprotective benefits.

Sexual Dysfunction

A survey of adults between the ages of 18 and 59 in
the United States found a high prevalence of sexual
dysfunction: 31% for men and 43% for women.
The most common complaint for men was prema-
ture ejaculation, whereas for women it was lack
of interest. There are pharmacologic interventions

POINT OF INTEREST

Does pregnancy change the maternal brain?
Studies with rodents have shown that the
hormones of pregnancy trigger changes in
the POA and hippocampus of the mater-
nal brain. These changes may explain why
mother rats perform better on tests of mem-
ory (navigating a maze) than virgin rats of
similar age. Has nature developed a mecha-
nism to make mothers smarter caregivers?

available for premature ejaculation. For example,
the selective serotonin reuptake inhibitors make
it harder to have an orgasm, although they are
not U.S. Food and Drug Administration (FDA)
approved for this indication.

Lack of interest in sex, on the other hand, is
difficult to treat. Certainly, the qualities of the
relationship, secondary medical conditions, and
the presence of other psychiatric disorders have
strong influences on the joy of sex. However, some
women find sex lacking. As many as one in three
women never or infrequently achieve orgasm dur-
ing intercourse—the number is still only one in
five with masturbation. Studies with twins show a
genetic component to orgasmic ability. Estimated
heritability for difficulty achieving orgasm dur-
ing intercourse is 34%—on par with anxiety and
depressive disorders (see Table 6.1).

Dopaminergic mechanisms may play a large
role in modulating sexual drive and orgasmic
quality. As discussed in Chapter 12, the dopamine
pathways to the nucleus accumbens are active in
motivated behavior. Dopamine agonists such as
the stimulant medications and cocaine are anec-
dotally reported to enhance human sexual behav-
ior. More recently, genetic studies have shown that
different genotypes of the dopamine D4 receptor
correlate more or less closely with sexual desire
and arousal. This suggests that biology as well
as environmental signals (in close proximity to
Mr or Miss Right) interact to determine the sexual
experience.

The prospect of giving women an approved
medication to enhance sexual desire, although of
interest to the pharmaceutical industry and feared
by domineering fathers everywhere, is currently
not an option. The phosphodiesterase-5 inhibi-
tors (e.g., Viagra) have been tested in large tri-
als for female sexual dysfunction and failed to
enhance the interest any more than placebo. The
testosterone patch, although effective for some
patients, failed to win the FDA approval owing to
safety concerns.



Recent research suggests that o-melanocyte—
stimulating hormone (o-MSH) may be, what
some call, a genuine aphrodisiac. We mentioned in
Chapter 11 that a large precursor neuropeptide in
the pituitary gland, proopiomelanocortin (POMC),
is cleaved to form active neuropeptides, which
include ACTH, B-endorphin, and o-MSH (see
Figure 16.13). a-MSH is the peptide that
also causes the skin to darken in patients with
Addison’s disease and also suppresses appetite
(see Chapter 13). The story is told that a company
was testing a melanocortin product as a possible
tanning agent that did not require sun exposure.
During early testing the medication triggered erec-
tions in most of the men. Eureka! Subsequently, a
peptide analog of a-MSH called bremelanctide (a
melanocortin receptor agonist) was developed for
further study.

Research with animals has shown that bremela-
notide enhances female sexual solicitation in rats.
The female rats became overtly flirtatious in a
rodent sort of way—even climbing through little
holes in the walls to get to the males. A study
with married women in Iran (of all places) using
an intranasal spray to administer the medication
reported greater intercourse satisfaction in those
receiving the active medication. Unfortunately,
testing has been halted due to increased blood pres-
sure in a few subjects. The company is considering
subcutaneous administration as a means to elimi-
nate the hypertensive adverse effect.

It is not clear why the pituitary neuropep-
tide o-MSH enhances sexual interest. Studies in
which the medication was injected directly into
a female rat’s lateral ventricles found increased
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FIGURE 16.13 The propeptide POMC is
produced in the pituitary gland, where it is cleaved to
smaller active peptides such as ACTH, a-MSH, and
B-endorphin.
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solicitations, establishing that its effects are medi-
ated centrally. Additionally, o-MSH activated the
Fos proteins (markers of gene expression) in the
POA of the hypothalamus as well as the nucleus
accumbens—areas that would be consistent with
sexual pleasure.

Mood Disorders

The lifetime prevalence of mood disorders in
women is approximately twice that of men.
Although the cause of this difference remains
undetermined, one possible explanation is the sex
hormones—or more specifically, the fluctuation
in sex hormones. Figure 16.14 shows the altera-
tions in estrogen levels for a hypothetical woman
across her life span. The times of greatest risk for
mood disturbances are during times of fluctuating
estrogen levels: menarche, premenstrual syndrome
(PMS), postpartum, and perimenopausal.

The correlation between dropping sex hor-
mones and depressive symptoms is not limited to
women. The difference is the fluctuations. Men
typically have stable testosterone levels. However,
when testosterone drops, psychiatric symptoms
become more prevalent. In one veterans admin-
istration (VA) study, the researchers followed up
the testosterone level and emergence of depressive
illness in men older than 45 for 2 years. They found
that 22% of the hypogonadal men (total testoster-
one <200 ng/dL) experienced depression, whereas
only 7% of the eugonadal men did. Another group
looked at the emergence of psychiatric symptoms
in men treated for prostate cancer with GnRH

Clinicians can override the pulsatile nature of
a releasing hormone to effectively shut down
the production of the sex hormones and treat
problems such as endometriosis, prostate
cancer, and early-onset puberty.

This treatment has also been used with sex
offenders as a form of “chemical castration.”
In this process, a long-acting GnRH agonist,
leuprolide (Lupron Depot), inhibits the release
of LH and FSH, although it stimulates the
receptor. This effect is achieved because the
continuous stimulation—in contrast to the
usual intermittent stimulation—causes the
desensitization of receptors in the pituitary.
As a result, LH and FSH are not produced,
which subsequently reduces the production
of sex hormones.
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FIGURE 16.14 Estrogen levels fluctuate for women from puberty to menopause. The times of greatest

vulnerability for depression occur when estrogen levels are changing. (Adapted from Stahl SM. Essential
Psychopharmacology. Neuroscientific Basis of Practical Applications. 2nd ed. New York, NY: Cambridge

University Press; 2000.)

agonists (see sidebar), which causes testosterone
to plummet. They reported significant increases in
anxiety and depression while the testosterone level
was low.

Some of the most convincing data regarding the
effects of sex hormones on mood have been treat-
ment studies. With both men and women, positive
results have been shown for improving mood when
sex hormones were administered. Figure 16.15
shows two representative studies. These studies
have many differences, but they both reveal less
depression with sex hormones.

The study on the left is with perimenopausal
women who have mild or moderate depressive
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FIGURE 16.15

symptoms. One group was given placebo and the
other estradiol. No antidepressants were used.
The graph on the right was a study with men.
All the men had failed antidepressant therapy
and had low or borderline testosterone levels.
Everyone remained on his antidepressant while
half the group also received supplemental testos-
terone gel.

These are both small studies and need to be
repeated with larger numbers. Likewise, it is
important to remember that hormone replace-
ment is not without significant risks. However, the
studies demonstrate the powerful effects sex hor-
mones can have on mood.
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Two studies highlighting the mood-altering effects of sex hormones for women and men

with sluggish gonads. (Left: Adapted from Soares CN, Almeida OP, Joffe H, et al. Efficacy of estradiol for the
treatment of depressive disorders in perimenopausal women: a double-blind, randomized, placebo-controlled
trial. Arch Gen Psychiatry. 2001;58(6):529-534. Right: Adapted from Pope HG Jr, Cohane GH, Kanayama G, et al.
Testosterone gel supplementation for men with refractory depression: a randomized, placebo-controlled trial.

Am J Psychiatry. 2003;160(1):105-111.)



HOT FLASHES AND
ANTIDEPRESSANTS

Some women want treatment for the hot
flashes associated with menopause, but do
not want HRT. The newer antidepressants
have been shown to have some benefit.
In the best study, the researchers felt that
venlafaxine was clearly superior to placebo,
but not as effective as estrogen. Their study
stands as further evidence that mood and
gonadal steroids are linked in ways that we
are only beginning to understand.

Traumatic Brain Injury

Traumatic brain injury (TBI) is increasingly rec-
ognized as more than just short-term confusion.
Soldiers returning from the current wars and foot-
ball players are reporting enduring problems from
the cortical bruising and microscopic tears the brain
sustains when it is rattled around inside the hard
skull. Memory, cognition, and impulse control in
many cases never return to baseline. Although there
is currently no medical treatment for TBI, progester-
one, often thought of as the “pregnancy hormone,”
is generating considerable interest. Studies with
animals and a few humans suggest that progester-
one, administered shortly after the head injury, may
have nurturing properties that enable the brain to
repair more effectively. A large phase 111 trial called
ProTECT Il is underway in the United States with
an expected completion date in the middle of 2015.

Pregnancy and Depression
One can get the impression that sex hormones
keep people happy. However, it is not that sim-
ple. For example, pregnancy, a time of very high
estrogen and progesterone levels, has been concep-
tualized as a period of emotional well-being—even
protective against psychiatric disorders. However,
a recent study was conducted on women with a
history of depression who became pregnant. Some
women continued their antidepressants while oth-
ers stopped them during the pregnancy. The relapse
rates for depression during the pregnancy were
26% for those still on their medication and 68%
for those who discontinued their antidepressants.
Clearly, pregnancy is not protective against
depression for women with a history of depression.
Some think the high levels of progesterone during
pregnancy may have negative effects on mood.
Others speculated about the negative effects of low
BDNF during pregnancy. More research is needed
to understand this paradoxical finding.
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Summary

The sex hormones are not just for fostering the pro-
creation of the species. One focus of this chapter
has been on the nourishing capacity the neuros-
teroids have on the brain cells and subsequently on
behavior and emotions. European physicians are
more familiar with this body of research and are
more comfortable utilizing small doses of hormone
replacement to optimize the treatment of mental
problems—a perspective we may embrace as the
gonads of the baby boomers languish.

QUESTIONS

1. Female gonadal steroids include all of the
following, except
a. Testosterone.
b. Estradiol.
. Progesterone.
d. GnRH.

2. Many of the androgen effects in the brain are
triggered by
a. 17-B-Estradiol.
b. 5-a-DHT.
c. Aromatase.
d. o-Fetoprotein.

3. Which rat will display lordosis when primed
with estrogens and progesterones and paired
with a sexually active male?

a. Males of normal pregnancies.

b. Males exposed to androgens in utero.
c¢. Females of normal pregnancies.

d. Females exposed to androgens in utero.

4. Known effects of female sex hormones include
all of the following, except
a. Increased spine formation.
b. Decreased risk of stroke.
c. Increase y-aminobutyric acid inhibition.
d. Gene transcription.

5. Evidence of sexual dimorphism in the vertebrate
central nervous system include all of the
following, except
a. SNB.

b. The robust nucleus.
c. SDN-POA.
d. Paraventricular nucleus.

6. As suggested by some research, which area
is smaller in homosexual men compared with
heterosexual men?

a. INAH-1.
b. INAH-2.
c. INAH-3.
d. INAH-4.
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7. The propeptide POMC is cleaved into all the 8. Evidence of the importance of sex hormones

following active peptides, except and mood includes all of the following except
a. A-Fos. a. PMS.

b. ACTH. b. Athletes on anabolic steroids.

c. a-MSH. c. Chemical castration for prostate cancer.

d. B-Endorphin. d. Randomized controlled trials.

See Answers section at the end of the book.



PARENTAL BEHAVIOR

The goal of reproduction is successful offspring.
Parents want offspring who can survive the rigors
of the world and produce their own descendents.
Many animals produce offspring that require sus-
tained assistance to successfully reach maturity.
The particular actions that parents undertake to
ensure the growth and survival of their offspring
constitute parental behavior.

The extent of parental behavior in the ani-
mal kingdom occurs along a spectrum ranging
from none to helicopter parents. Female salmons
lay hundreds of eggs to be fertilized and then
swim away. Humans are at the other end of the
spectrum—investing many years and enormous
resources, and perhaps hoping to be surrounded by
their children until the very end.

Females in the animal kingdom do most of the
parenting, although there are some exceptions. It
is generally believed that males seek to fertilize as
many eggs as possible, whereas females seek to suc-
cessfully raise the few they sire. Parental behavior
constitutes any behavior that the parent does for the
offspring. For example, a pregnant dog will build a
nest a day or two before giving birth. After the deliv-
ery, she will lick them clean, eat the placentas, feed
them, and keep them warm (and for all this she is
called a bitch). Additionally, she will aggressively
defend the pups against any suspicious intruders.

The onset of maternal behavior is remarkably
precise. An inexperienced mother must immediately
perform a full range of new behaviors without much
room for error. How does this happen? Terkel and
Rosenblatt established that there must be something
in the blood that induces maternal behavior. They
transfused blood from a female rat that had just deliv-
ered to a virgin rat (Figure 17.1). Within 24-hours,
the virgin rat was displaying maternal behavior.

cHAPTER 17

Attachment

Hormones

Biologic endocrinologists have spent considerable
time and energy trying to tease out the maternal
molecules. Although they have gotten close, there
is still no definitive concoction of hormones that
will immediately trigger maternal behavior in a
nulliparous (virgin) rat. The leading culprits are
estrogen, progesterone, and prolactin. An important
ingredient appears to be the changing levels of the
hormones. In Figure 17.2, note how the progester-
one is seen to drop while the estrogen and prolactin
rise in a rat just before delivery.

Oxytocin also plays some important role. Tra-
ditionally, we conceptualize oxytocin as the neu-
ropeptide released from the posterior pituitary
into general circulation, which leads to uterine con-
tractions and milk ejection (see Figure 7.4). Recent
research has found receptors for oxytocin within
the brain, establishing central actions for this neu-
ropeptide. Indeed, injecting oxytocin directly into
the lateral ventricles in a rat will induce maternal
behavior in a hormone-primed virgin rat. More
recently, it has been shown that oxytocin levels in
the paraventricular nucleus (PVN) increase with
maternal aggression. Likewise, infusion of syn-
thetic oxytocin into the PVN also increases mater-
nal aggression toward an intruder.

Further complicating this picture is the fact that
hormones facilitate maternal behavior but are not
required for it. Nulliparous rats will initially avoid
new pups placed in their cage. However, if exposed
over a series of days (1 hour each day), they will
respond maternally to the pups within 5 to 6 days.
Pregnant rats will show similar avoidance until
after they have delivered. Then they will quickly
display maternal behavior to any pup for the rest of
their lives, proving that “once a mother, always a
mother” (Figure 17.3).

203
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FIGURE 17.1

When nulliparous rats are transfused with blood from a new mother, they will display

maternal behavior within 24-hours. (Adapted from Nelson RJ. An Introduction to Behavioral Endocrinology.

3rd ed. Sunderland, MA: Sinauer; 2005.)

The Brain

Taken together, these studies suggest that the hor-
monal fluctuations late in pregnancy act on the
brain to decrease fear or aversion and increase
attraction toward infants. Because maternal behav-
ior persists once it is established, it is likely that
the experience permanently changes some regions
in the brain. An area that has been intensely stud-
ied is the one that we discussed in Chapter 16:
the preoptic area (POA) located in the anterior
hypothalamus.
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FIGURE 17.2 Blood levels of progesterone,

estradiol, and prolactin in the pregnant rat. The
changes that occur prior to delivery may influence
maternal behavior. (Adapted from Rosenblatt JS,
Siegel HI, Mayer AD. Blood levels of progesterone,
estradiol and prolactin in pregnant rats. Adv Study
Behav. 1979;10:225-311.)

The POA is rich in estrogen, progesterone, pro-
lactin, and oxytocin receptors, all of which increase
during gestation. Lesions of the POA will disrupt
maternal behavior. The POA appears to be a region
that receives olfactory and somatosensory input
and has projections to midbrain and brain stem
nuclei. Numan and Sheehan describe an elegant
experiment that demonstrates the central role of
the POA with maternal behavior. Postpartum rats
were exposed to either pups or candy for 2-hours.
Then their brains were analyzed for the presence
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FIGURE 17.3 Female rats initially avoid

pups. Several days of exposure are required for

a nulliparous rat to display maternal behavior.
Pregnant rats act similarly until after they deliver.
(Adapted from Bridges RS. Endocrine regulation

of parental behavior in rodents. In: Krasnegor NA,
Bridges RS, eds. Mammalian Parenting: Biochemical,
Neurobiological and Behavioral Determinants. New
York, NY: Oxford University Press; 1990:93-117.)



of the transcription factor Fos. (Fos is used as a
general marker of gene expression.)

Figure 17.4 shows the results of the study. This is
a slice through the forebrain that includes the ante-
rior hypothalamus on either side of the ventricle.
(For a human comparison, see Figure 16.10.) Note
the increased activation in the POA as well as other
regions of the rat exhibiting maternal behavior.

Dopamine

Up to this point, we have stressed the importance of
gonadal steroids and neuropeptides in the develop-
ment of maternal behavior, but the neurotransmitter
dopamine also appears to play an important role.
We discussed in Chapter 12 the activation of the
orbitofrontal cortex (OFC) and the ventral tegmen-
tal/nucleus accumbens area (see Figure 12.3) in the
experience of pleasure. As might be expected, these
areas are active in mothers.

One study scanned new mothers while they
were looking at pictures of their own child and pic-
tures of unfamiliar children. The mothers showed
greater activation of the OFC when viewing their
own child. With rats, researchers have found that
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mother rats will press a bar for access to pups the
way they will press a bar for amphetamines or
electrical stimulation. Additionally, pup exposure
increases the release of dopamine at the nucleus
accumbens. Alternatively, dopamine blockers will
impair maternal behavior (see box). These studies
give some neurobiologic explanations for the “joys
of motherhood.”

Licking and Grooming
This brings us to a series of studies from Michael
Meaney’s laboratory in McGill University, which
may be some of the most important recent neurosci-
ence studies for mental health professionals. These
studies tie together maternal behavior with lasting
effects on the offspring’s behavior, hypothalamic-
pituitary-adrenal (HPA) axis, and even their DNA.
The story starts in the 1960s when researchers
noted that pups “handled” once a day during the
first weeks of life showed a reduced adrenocorti-
cotropic hormone and corticosterone response to
stress. Later, it was established that it was not the
“handling” per se that produced this effect, but the
mother’s increased licking of the pups when they

SCHIZOPHRENIA AND DOPAMINE BLOCKERS

Mothers who suffer from schizophrenia are
known to be less involved with their children.
They are generally more remote and less respon-
sive during mother—infant play. This could be
another example of the negative symptoms of
the disorder. Worse yet, the problem might be
exacerbated by the medications used to treat
the patients.

In a recent study, Li et al. looked at the effect
of injections of haloperidol, risperidone, and

Number
of pups
retrieved

quetiapine on maternal behavior in rats. The
antipsychotic medications inhibited maternal
behaviors, such as nest building, pup licking,
and pup retrieval. The figure shows the results
for pup retrieval. Shortly after the injections,
mothers failed to retrieve their own pups. Such
studies suggest caution when treating human
mothers with antipsychotic agents.
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Antipsychotic medications disrupt a mother rat’s tendency to retrieve her pups. (Adapted from
Nelson RJ. An Introduction to Behavioral Endocrinology. 3rd ed. Sunderland, MA: Sinauer; 2005; Li M,
Davidson P, Budin R, et al. Effects of typical and atypical antipsychotic drugs on maternal behavior in

postpartum female rats. Schizophr Res. 2004;70(1):69-

80.)
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FIGURE 17.4 Hypothalamic region of postpartum
rats exposed to candy (A) or newborn pups (B). Each
dot represents five cells labeled with Fos activity—a
measure of gene expression. VBST, ventral bed
nucleus of the terminalis; POA, preoptic area. (Adapted
from Numan M, Sheehan TP. Neuroanatomical circuitry
for mammalian maternal behavior. Ann N 'Y Acad Sci.
1997;807:101-125.)

were returned to the nest. The mothers were simply
trying to get the human odor off their pups and this
extra attention to the pups resulted in their improved
response to stress when they grew up to be adults.

Meaney discovered naturally occurring strains
of rats that licked and groomed their pups at dif-
ferent rates. This particular behavior occurs when
the mother rat enters the nest and gathers her pups
around her for nursing. She will intermittently lick
and groom the pups as they nurse. Meaney named
one group the high lick and groom (high L and G)
mothers and the other the low lick and groom (low L
and G) mothers.

In a flurry of experiments in Meaney’s labora-
tory, it was established that high L and G mothers
produced offspring with subtle but significantly
different brains. After 20 minutes of restraint (very
stressful for a rodent), the rats from high L and G
mothers secrete less corticosterone (Figure 17.5A).
They also produce less corticotropin-releasing hor-
mone messenger RNA (CRH-mRNA) in the hypo-
thalamus (Figure 17.5B). Additionally, the amount
of maternal licking and grooming correlates with
the number of glucocorticoid receptors (GRs) in the
hippocampus (Figure 17.5C). They literally produce
more GRs as a result of enhanced gene expression.

In summary, a mother’s increased attention
enhances the sensitivity of the HPA axis most likely
by turning on the appropriate DNA. Offspring of
attentive high-licking mothers demonstrate greater
feedback to the hypothalamus by way of the
increased GRs, which inhibits CRH production and
corticosterone release. Perhaps most significant, the
pups from a high L and G mother show a greater
willingness to explore novel environments as adults
and demonstrate enhanced resilience under duress.

Trading Places

In a follow-up study, Meaney et al. switched some
of the mothers and pups. That is, pups from high L
and G mothers were raised by low L and G mothers
and vice versa. The results were stunning and show
how behaviors and patterns emerge from combina-
tions of genetic predisposition and environment.
Figure 17.6 shows the behavior of the adopted
female rats raised by high L and G mothers once
they matured. They were more inclined to explore an
open area and provided greater licking and grooming
to their own pups. Note how the determining factor
is not the genetic makeup, but the nurturing behavior
of the mother that raised them. In other words, a low
L and G female will become a high L and G mother
if she is raised by a high L and G mother. So the
behavior can be passed from generation to genera-
tion, but it is not genetic—it is epigenetic.

Effect on the DNA
Meaney and his group have taken this line of
research to the next level by searching for epigene-
tic mechanisms that can explain the enduring effects
the mother’s behavior has on the pups. Briefly, epi-
genetic molecular attachments on the DNA (see
Figures 6.8 and 6.9) affect gene expression, which in
turn alters the proteins produced—in this case the GR.
Meaney’s group identified a section of the rat
DNA that encodes for hippocampal GR. Looking
specifically at the promoter region of this DNA—the
region where the transcription starts—they analyzed
methylation of the cytosine—guanine sites (CG sites).
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Rats raised by a mother with a high frequency of licking and grooming behavior show a more

modest corticosterone release in response to stress (A), less corticotropin-releasing hormone messenger RNA
(CRH-mRNA) (B), and greater glucocorticoid receptors (GR) in the hippocampus. C. The correlation between
GRs and licking and grooming by the mother. (Adapted from Liu D, Diorio J, Tannenbaum B, et al. Maternal
care, hippocampal glucocorticoid receptors, and hypothalamic-pituitary-adrenal responses to stress. Science.

1997;277(5332):1659-1662.)

They found a much greater frequency of methylation
for the low L and G group compared with the high
L and G group along the GR promoter gene (Figure
17.7). In other words, the mother’s attentive behavior
reduced the methylation of the gene and allowed for
greater production of the GR—which in turn made
the rats more resilient. This is an excellent example
of the neuroscience model (see Figure 6.13) showing
how environment, gene expression, and brain devel-
opment affect behavior.

The researchers conducted a follow-up study
with their rats that is almost unbelievable. They
administered directly into the cerebral ventricles
an inhibitor (trichostatin A) that results in demeth-
ylation of the DNA (Figure 17.8A). These rats
displayed less methylation of their DNA and, con-
sequently, greater numbers of GRs. Furthermore,
when stressed, these animals showed a modest
HPA response (Figure 17.8B); that is, their corti-
costerone levels became indistinguishable from
those of rats raised by a high L and G mother.

The implications from these studies are pro-
found. We can now trace the effects of a mother’s
behavior down to the offspring’s DNA. Further-
more, if we can find ways to cleanse the DNA, we
might be able to correct psychiatric problems, not
just treat symptoms. However, it is important to
note that although demethylation may be the treat-
ment of the future, it is not without risks. Some
cancers are believed to result from demethylation
of growth promoting genes—genes we do not want
to inadvertently turn on.

What about in humans? Meaney and his col-
leagues recently analyzed the human equivalent of

the promoter region of the glucocorticoid gene in
cells from the hippocampus in a postmortem study
of human brains. They compared suicide victims
with a history of childhood abuse to two control
groups both without a history of abuse—a control
suicide group and a control sudden death, non-
suicide group. The suicide victims with a history
of abuse had greater methylation of the glucocor-
ticoid receptor gene compared with the nonabused
controls. Additionally, as would be predicted, the
mRNA transcribed from the GR gene was reduced
in the subjects with a history of abuse. The human
findings are consistent with the rat studies.

PAIR BONDING

The attraction between men and women is a spe-
cial form of social attachment. In the short term, it
is required for sexual reproduction; in the long run,
bonded parents coordinate the rearing and protec-
tion of the offspring. Surprisingly, monogamous pair
bonds are rare among mammals: approximately 5%.
Monogamy is much more common among birds.
The unusual bonding and rebonding that is com-
mon with humans might be best described as serial
monogamy. The question for us is: what parts of the
brain drive the affiliation of men and women?

Romantic Love and Dopamine

Romantic love is a universal human experience.
The feeling of attraction that one person may feel
for another can be intense, all-consuming, and dif-
ficult to control. A person in love feels euphoric. A
spurned lover is despondent and even violent. The
obsessional thinking and the willingness to “cross
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FIGURE 17.6 ® Female rats raised by mothers
who were high lickers and groomers are less anxious
in an open area (A) and are more likely to be high
lickers and groomers when raising their own pups
(B)—regardless of their genetic lineage. L and G, lick
and groom. (Adapted from Francis D, Diorio J, Liu D,
et al. Nongenomic transmission across generations
of maternal behavior and stress responses in the rat.
Science. 1999;286(5442):1155-1158.)

mountains” to be with a lover suggest the activa-
tion of the brain’s reward system (see Figure 12.6)
when one is in love.

Anthropologist Helen Fisher at Rutgers Uni-
versity has spent her career studying the science
of love. She and her colleagues scanned the brains
of people who were “intensely in love.” While
undergoing magnetic resonance imaging (MRI),
subjects were alternatively shown pictures of their
beloved or a neutral individual and the differences
were measured. As expected, the images of the
beloved lit up the ventral tegmental area (VTA)
(Figure 17.9A). The VTA is a dopamine-rich area

with projections to the nucleus accumbens. These
are the subcortical regions that mediate motivation
and reward.

Another area activated in the study was the
caudate nucleus (CN) (Figure 17.9B). This area is
also active in obsessive-compulsive disorder (see
Figure 22.10). In the Fisher study, activity in the
CN correlated with the total score on a test of
the subject’s feelings: the Passionate Love Scale.
Therefore, in simple terms, we can conceptualize
love as both an addiction and an obsession.

Growth Factors
A group in Italy—a country that knows a thing or
two about romance—studied growth factors in sub-
jects who had recently fallen in love. They specu-
lated that nerve growth factors (NGFs) might be
activated when people experience romantic feel-
ings. They drew blood from subjects who recently
fell “in love” and couples in long-lasting relation-
ships. They measured the values of four growth fac-
tors. Only one—NGF—was significantly higher in
the subjects recently in love. Moreover, there was a
positive correlation between the level of NGF and
the subject’s score on the Passionate Love Scale.
Of particular interest, the researchers reexam-
ined the levels of NGF a year or two later in the
subjects in love. They found that the levels of NGF
had dropped back to the levels seen in the control
group (Figure 17.10). This is the neuroendocrine
equivalent of what we all know: the honeymoon
does not last. It is another example that the brain
does not tolerate euphoria for too long. However,
if the pleasure wanes, why do we stay in a rela-
tionship? In addition to psychological and practical
answers, it may be that other neuropeptides kick in.
Work with voles may shed some light on this.

Vasopressin

The vole is a rodent that looks like a plump mouse,
but is related to the lemming. They are common in
the grassy fields of North America. Voles are rel-
evant to our discussion because of their diversity
in forming pair bonds. For example, the prairie
vole will form enduring pair bonds and mutually
care for the offspring. In nature, most prairie voles
that lose a mate never take on another partner. The
closely related meadow (mountain, montagne)
vole, on the other hand, is socially promiscuous
and does not display biparental care.

In the laboratory, researchers have observed that
prairie vole males prefer to spend time next to their
partners: called huddling (see Figure 17.11A). The
meadow vole, on the other hand, is more indepen-
dent. With the proper arrangements, this behavior
can be measured and quantitated (Figure 17.11B).
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FIGURE 17.7 The presence of methyl groups attached to cytosine—guanine (CG) sites was assessed
along the DNA of the rat glucocorticoid receptor (A). Pups from mothers who were high lickers and groomers
had significantly less methylation of this section of DNA (B). (Adapted from Weaver IC, Cervoni N,
Champagne FA, et al. Epigenetic programming by maternal behavior. Nat Neurosci. 2004;7(8):847-854.)

Vasopressin has emerged as a critical neuro- prevents pair bond formation. Furthermore, dif-
peptide mediating the pair bond formation in male ferences in expressions of the vasopressin receptor
voles. Infusion of vasopressin into the male cere- can be demonstrated in the two species of voles
bral ventricles accelerated pair bond formation. (Figure 17.11C). The prairie vole has significantly
Likewise, infusion of a vasopressin antagonist more receptors in the ventral pallidum (\VP).
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FIGURE 17.8 Trichostatin A can remove the methyl groups from DNA (A). Rats from low L and G mothers
who have been treated with trichostatin A display a normal hypothalamic-pituitary-adrenal response to stress (B).
(B Adapted from Weaver IC, Cervoni N, Champagne FA, et al. Epigenetic programming by maternal behavior.
Nat Neurosci. 2004;7(8):847-854.)
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FIGURE 17.9 @ Subjects intensely in love show activity in the ventral tegmental area (VTA) and caudate
nucleus (CN) when looking at pictures of their lover (A and B). Activity in the CN correlated with scores on
the Passionate Love Scale (C). (Adapted from Aron A, Fisher H, Mashek DJ, et al. Reward, motivation, and
emotion systems associated with early-stage intense romantic love. J Neurophysiol. 2005;94(1):327-337.)

In a study that seems like something out of a
science fiction novel, Young et al., through their
experiments, have increased partner preference in
meadow voles. They used a viral vector to trans-
plant into the VP of meadow voles the segment
of DNA that encodes for the vasopressin receptor.
Thisresulted in increased expression of vasopressin
receptors. The usually solitary meadow voles now
were huddling with their partners. In essence, they
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FIGURE 17.10 @ Nerve growth factor in subjects in
long-lasting relationships, subjects actively “in love,”
and these same subjects a year or two later. The

hearts on the NGF molecule are the authors’ license.

changed a male from being promiscuous into being
monogamous. (Won’t the social conservatives be
thrilled?)

With human men, we know that the endurance
of pair bonding runs in families. In some families,
the men partner-up for life, while in other families,
the men act more like meadow voles. The role of
VP in marital commitment is of great interest, but
few studies have addressed the issue. One report in
2008 looked at variations of the vasopressin recep-
tor 1a gene in over 500 pairs of Swedish twins, all
of whom were married or living with a partner.
Everyone answered a questionnaire on the qual-
ity of their relationship, which generated a score
from 0 to 66 for each person—66 being marital
bliss. Men, but not women, with one particular
allele (called 334) had lower scores on the Part-
ner Bonding Scale as measured by self-report as
well as their wives’ score. The results were small
but statistically significant and suggest, as with the
voles, that the neuropeptide vasopressin influences
pair bonding duration in humans.

Oxytocin

Oxytocin and vasopressin are remarkably similar in
structure and size (Figure 17.12A). The body and
brain, fortunately, recognize the subtle differences
and produce distinct responses to these messengers.
They are synthesized in the hypothalamus and per-
meate out into the body and brain by three mech-
anisms. The best known of these is the release of
the molecules into the general circulation from the
posterior pituitary (Figure 17.12B). Additionally,
the molecules are released from the dendrites of the
neurons and diffuse throughout the brain (dashed
arrows; Figure 17.12C). Finally, small neurons
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project from the hypothalamus to areas such as the In the lay press, oxytocin is affectionately
anterior cingulate, nucleus accumbens, and amyg- called the “cuddle hormone” since oxytocin levels
dala, as well as others. The essential point is that are elevated with childbirth, breast-feeding, and
oxytocin and vasopressin are hormones as well as an orgasm—all circumstances in which a woman
neurotransmitters with diverse methods of trans- is prone to bond with another human. In one fre-
mission and effects on physiology and behavior. quently cited study, which may be the source of

Vasopressin
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FIGURE 17.12 @ Oxytocin and vasopressin (A) are simple proteins consisting of nine amino acids. These
neuropeptides are excreted into the pituitary circulation (B), diffuse into the brain from the dendrites of the
cells (C), and are released by small neurons at several locations around the brain.
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FIGURE 17.13 Oxytocin levels increase in

women 7 minutes after cuddling with their partner.
(Adapted from Grewen KM, Girdler SS, Amico J,

et al. Effects of partner support on resting oxytocin,
cortisol, norepinephrine, and blood pressure before
and after warm partner contact. Psychosomatic Med.
2005;67:531-538.)

the “cuddle hormone” term, oxytocin significantly
jumped in women after 10 minutes of “warm con-
tact” with her spouse or partner, but did not change
in men (Figure 17.13). Subsequent research using
intranasal oxytocin (because it cannot be adminis-
tered orally) has shown that it:

— improves positive communication between
couples,

— increases trusting behavior,

— produces more positive responses of fathers
toward toddlers,

—and in general enhances emotional recognition
and responsiveness to others.

Brain imaging studies suggest that oxytocin may;,
in part, improve social interactions by dampening
the amygdala/cingulate circuit—a circuit known to
be activated in fearful circumstances. It might be
that trust and social comfort are increased with less
social anxiety.

TEND-AND-BEFRIEND

Fight-or-flight has been the prevailing model to
describe the mammalian response to stress.
That is, stress causes a hormonal cascade that
produces secretion of catecholamines and the
organism either fights or retreats. Taylor has
proposed that this model is male centric and
does not describe how females cope in difficult
times. Taylor believes females respond to stress
by nurturing others and enhancing their social
network, which she calls “tend-and-befriend.”
Although the neuroendocrine mechanisms are
the same, the behavior is different. In fact, the
gender difference in affiliation is one of the most
robust findings in human behavioral research.

Enduring Bonds

A simple understanding of human male-female
affiliation proposes that it all starts with dopamine
and the pleasure centers of the brain. We speculate
that other neuroendocrine systems such as oxytocin
and vasopressin may then take over to ensure endur-
ing pair bond formation once “the thrill is gone.”
While there are no data to support this as yet, twin
studies suggest monogamy has biological roots. We
wonder if those individuals who are prone to stay in
one relationship are genetically more endowed with
the neuropeptides of attachment.

DISCONNECTED
Affiliation and pair bonding are on one end of
the social attachment spectrum. On the other
end are those individuals who are isolated and
disconnected—individuals who are aloof, distant,
and fail to derive pleasure from social interactions.
The Unabomber is an extreme example of this sort
of person. A graduate of Harvard, with a Ph.D. in
mathematics, he lived alone for 16 years in a 10 foot
by 12 foot cabin in the woods of Montana without
electricity or plumbing. A psychiatrist conducting
a court evaluation of the Unabomber gave him a
provisional diagnosis of schizophrenia.

The schizophrenic spectrum disorders include
the following:

¢ Schizotypal personality disorder
Schizoid personality disorder
Delusional disorder

* Schizoaffective disorder

¢ Schizophrenia

These comprise a large percentage of the cases
of socially disconnected individuals seen in most
clinical practices. The impairment in social skills
these individuals have, part of the negative signs

Engh et al. provide an example from a
free-ranging troop of baboons in Africa that
they have been following. They have observed
and recorded grooming behavior among the
females. They found that females who lost
a close relative experienced a significant
increase in glucocorticoid levels after the
death. However, they did not experience a
decrease in their grooming although they had
lost their close partner. Instead, other associa-
tions were established and the rate of groom-
ing remained stable. The authors speculated
that this social networking might modulate the
stress response.



of schizophrenia, is possibly the most troubling
aspect of the illness for unaffected family mem-
bers—something is missing and no treatment will
bring it all back. Very little is known about the
neuroanatomic deficits that contribute to the social
aspect of the illnesses. However, as we will see in
Chapter 23, it has been hard to define any biological
deficits that explain the basic condition.

Autism Spectrum

Kanner first described autism in 1943 at Johns
Hopkins University. We now envision autism as
anchoring the more extreme end of a spectrum of
disorders characterized by the following:

* Severe social dysfunctions

e Early communication failure

* Presence of repetitive, rigid, and stereotypic
behaviors

Asperger’s disorder and childhood disintegrative
disorder are other conditions in the autism spec-
trum, which are believed to share common biologic
foundations. These conditions may simply be a less
severe form of the underlying disorder.

The social dysfunctions constitute the core defi-
cits of the disorders. The inability to understand other
people’s feelings and a failure to establish recipro-
cal relationships emerge early in those with autism.
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Robert Schultz et al. at Yale have developed tech-
niques to study this aspect of autism. They used
eye tracking technology to study spontaneous
viewing patterns while watching video clips of
complex social situations. They showed clips from
the 1967 movie “Who’s Afraid of Virginia Woolf?”
to subjects with autism and to age- and 1Q-matched
normal controls.

Figure 17.14 shows a drawing of one scene from
the movie. In the foreground, two adults lean toward
each other in a flirtatious interchange. The woman’s
husband is in the background, silent, but irritated
by his wife’s behavior. The eye movements from
a control (brown) and an autistic subject (black) are
collapsed onto this one scene. Note how the healthy
control subject focuses on the eyes of the actors.
Additionally, the control’s focus moves from face to
face, literally outlining the charged social triangle.

The autistic subject, on the other hand, attends
to less relevant aspects of the scene. This subject
displays the following three findings commonly
seen in subjects with autism:

* Avoidance of the eyes
* Focus on the mouth
* Preferential attention to objects rather than people

Clearly, this method of observation fails to gather
the subtle social cues that are essential to understand
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FIGURE 17.14 @ A drawing of a scene from “Who’s Afraid of Virginia Woolf” shows the different aspects
of the movie that subjects with autism (black) and normal controls (brown) track with their eyes (A). A study
comparing 15 patients with autism and 15 controls demonstrated significant differences in time spent
observing the eyes and mouths from similar film clips (B). (Adapted from Klin A, Jones W, Schultz R, et al.
Visual fixation patterns during viewing of naturalistic social situations as predictors of social competence in
individuals with autism. Arch Gen Psychiatry. 2002;59(9):809-816; Klin A, Jones W, Schultz R, et al. Defining
and quantifying the social phenotype in autism. Am J Psychiatry. 2002;159(6):895-908.)
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the thoughts and feelings of other people. A quan-
titative assessment of the subject’s visual fixation
on the eyes and mouths is shown in the graph on
the right side of Figure 17.14. Note the dramatic
separation between the groups with regard to eye
fixation. A finding this large is seldom found in
behavioral studies.

Brain Size

The underlying neuroanatomic abnormalities of
autism remain unknown. One consistent find-
ing has been enlarged brain volume. In a meta-
analysis, Redcay and Courchesne collected studies
measuring head circumference and brain size with
MRI. They calculated the percent difference from
the normal for each study so that the measure-
ments could be compared. The results are plotted
by age in Figure 17.15. The authors noted that for
autism the brain size is initially reduced, dramati-
cally increases within the first year of life, but then
returns to the normal range by adulthood. These
findings show a period of pathologic brain growth
in autism that is largely restricted to the first 2 years
of life.

The phenomenon of abnormal growth in the
first years of life mirrors what some parents have
reported about their children, namely, that they
appeared to be developing normally for the first
15 to 24 months and then showed a regression in
social and/or communication skills. In a clever use
of technology, Werner and Dawson had blinded
observers review home video tapes of autistic chil-
dren who were reported to have regressed. Indeed,
they noted normal social attention and word bab-
ble at 12 months of age, but displayed significant
impairment by 24 months. This was in contrast to
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FIGURE 17.15 A meta-analysis of brain

measurements including head circumference and
magnetic resonance imaging scans are plotted by
percent difference from norm and age. (Adapted from
Redcay E, Courchesne E. When is the brain enlarged
in autism? A meta-analysis of all brain size reports.
Biol Psychiatry. 2005;58(1):1-9.)

the group of children with early-onset autism who
showed impairment at 12 and 24 months of age.

Medical treatments have failed to provide any
consistent benefit for the core features of autism.
This is likely true because medical interventions
fail to correct the synaptic dysregulation that is
believed to be the underlying problem of the dis-
order. However, intensive behavior modification
has been shown to be partially effective. One
recent study with children aged 18 to 30 months
found that 2 years of 20-hours a week therapist-led
treatment (plus homework with the parents on the
weekends) resulted in an increase in 1Q of almost
18 points compared with 7 for the control group.
Additionally, almost 30% in the treatment group
were reclassified to a less severe form of autism
after 2 years, while only 5% in the control group
received a similar upgrade. These results are con-
sistent with a basic tenet of this book—that envi-
ronmental interactions (in this case B-Mod) can
change the brain—possibly “rewire” some of the
synaptic errors, especially when the changes are
introduced early in life when the brain is more
plastic and developing.

Mirror Neurons

Mirror neurons were discovered in one of those beau-
tiful serendipitous scientific moments. Researchers
in Italy placed an electrode in a neuron in a mon-
key’s motor cortex and noted that it was active when
he grabbed an object. Much to their amazement,
it also became active when the monkey watched
someone else grabbing the same object. They called
these neurons mirror neurons and found that they
are not uncommon in the brain. Figure 17.16 shows
an example of a mirror neuron. Note that the neuron
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FIGURE 17.16 A neuron in the premotor cortex

of a monkey is active when it observes a food morsel
grasped by a human (A). The same neuron is active
when the monkey grasps the morsel (B). (Adapted from
Rizzolatti G, Fogassi L, Gallese V. Neurophysiological
mechanisms underlying the understanding and imitation
of action. Nat Rev Neurosci. 2001;2(9):661-670.)



is active both when a human (A) grasps the object
and when the monkey (B) grasps the same object.
However, the mirroring does not translate to all
actions. If the object is grasped with pliers, the neu-
ron does not become active.

Functional imaging studies on humans have
also demonstrated mirroring. For example, a per-
son moving a finger or observing a finger move
will show similar activity in the same region of the
motor cortex. Another study looked for mirroring
with facial expressions. In this study, subjects were
shown pictures of people displaying emotional
expressions (happy, sad, angry, etc.). The subjects
were instructed to either imitate the expression or
just observe the picture. Figure 17.17 shows that
imitating the expression and just observing it gen-
erated similar activity in the premotor region of the
cortex, as measured by the functional MRI.

Additional research by this same group has
identified a network of neurons connecting the
frontal, parietal, and temporal lobes. Furthermore,
they found that imitating emotional facial expres-
sions not only activated this network but also acti-
vated the emotional centers of the brain, such as
the insula and the amygdala. The capacity to reflect
another person’s emotions may be the neuronal
mechanism facilitating empathy. It may be this sys-
tem that is impaired in disconnected individuals.

Dysfunction of the mirror neuronal network
may underlie the lack of empathy in patients with
autism. To test this hypothesis, researchers con-
ducted similar facial imitation and observation

Imitation Observation

Brain
activity
in the
premotor

area \/\/
Blank £ Blank Blank /£ Blank
screen screen screen screen

FIGURE 17.17 @ Activity in the facial region of the
motor cortex is similar, as measured by functional
magnetic resonance imaging, when subjects are
imitating a facial expression or just observing it.
(Adapted from Carr L, lacoboni M, Dubeau MC, et al.
Neural mechanisms of empathy in humans: a relay
from neural systems for imitation to limbic areas.
Proc Natl Acad Sci U S A. 2003;100(9):5497-5502.)
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studies with high functioning autistic children and
normally developing children matched for age and
IQ. Their results showed a marked decrease in
activation of the mirror neuronal network in the
children with autism, particularly in the frontal
cortex (Figure 17.18A, B). Additional analysis
showed that activity in the frontal cortex during
the study correlated with the score on the social
subscale of the Autistic Diagnostic Interview
(Figure 17.18C).

A Normally developing group

Inferior
frontal

gyrus

B Autistic group

Activity
in inferior
frontal -o0s
gyrus

5 10 15 20 25 30
Social subscale for
Autistic Diagnostic Interview

FIGURE 17.18 @ Functional MRI studies for
normally developing preteens compared with high
functioning age-/IQ-matched subjects with autism
while imitating emotional facial expressions. The
subjects with autism show less activity of the mirror
neuronal network, particularly in the frontal cortex.
(Adapted from Dapretto M, Davies MS, Pfeifer JH,
et al. Understanding emotions in others: mirror
neuron dysfunction in children with autism spectrum
disorders. Nat Neurosci. 2006;9(1):28-30.)
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The propensity to empathize with other’s feel-

ings is one of the central features of human social
interactions. Individuals with autism are impaired
in this ability. Failing to understand the emo-
tions in others may be a result of deficient mirror

QUESTIONS

1.

Which combination of hormones is believed
to trigger maternal behavior in rats just before
delivery?

a. Rising progesterone and rising estradiol.

b. Rising progesterone and falling estradiol.

c. Falling progesterone and rising estradiol.

d. Falling progesterone and falling estradiol.

. Oxytocin receptors are found in all of the

following, except
a. Uterus.

b. PVN.

c. POA.

d. Optic chiasm.

Pups born to mothers who are high lickers and

groomers show

a. Increased reluctance to explore a novel
environment.

b. Increased GRs in the hippocampus.

c. Increased CRH during stress.

d. Increased corticosterone when restrained.

. Lightly methylated DNA

a. Allows greater access to transcription
factors.

b. Results in greater glucocorticoid response to
stress.

c. Decreases gene expression.

d. Is induced by mothers with low licking and
grooming behavior.

neurons in patients with autism spectrum disorders.
Whether this neuronal failure is the central deficit
of the disorder, a downstream effect of some other
problem, or just one of a host of deficits remains to
be determined.

. Romantic love has a strong correlation with

activity in the

a. VTA.

b. CN.

¢. Nucleus accumbens.
d. Amygdala.

. All of the following are false, except

a. Vasopressin promotes pair bonding in male
voles.

b. Meadow voles have more vasopressin.

c. Transplanting oxytocin receptors induces
monogamous behavior in male voles.

d. Tend-and-befriend behavior modulates dips
in oxytocin.

. Eye tracking studies have shown that autistic

subjects

a. Focus on the eyes.

b. Avoid looking at objects.

c. Attend to the subtle social cues.
d. Prefer to look at the lower face.

. All of the following are true about mirror

neurons, except

a. They play a role in empathy.

b. They are impaired in autism.

c. The frontosubcortical network is the most
active.

d. Frontal mirror neuron inactivity correlates
with social impairment in autism.

See Answers section at the end of the book.



he next three chapters review important aspects
of cognition. Cognition is loosely defined as
the ability to do the following:

e Attend to external or internal stimuli
* Identify the significance of the stimuli
* Respond appropriately

This complex processing takes place in the cortices
of the brain. It occurs between the arrival of sen-
sory input and the behavioral reaction. In the next
two chapters, we discuss intelligence and attention.
Here we start with memory.

The ability to store information and access it at
some future point is one of the most fascinating
aspects of the brain. Indeed, some of the first exper-
iments in psychology were research into learning
and memory, which continues to be aggressively
studied in modern neuroscience. Learning is
defined as new information acquired by the ner-
vous system and observed through behavioral
changes. Memory describes encoding, storage, and
retrieval of learned information.

TYPES OF MEMORY

Experts in memory have identified different types
and subtypes of memory. Many of these subtle
distinctions are not relevant for our purposes.
One important distinction is separating memory
of details from learning procedures. The facts we
learn in school or historic events from our lives
are called declarative memory (also called explicit
memory). This is usually what people are referring
to when they speak of memory.

Procedural memory is nondeclarative memory
(also called implicit memory or somatic memory).
It describes the process of learning a skill or mak-
ing associations. Examples include learning to ride
a bike or playing a musical instrument. This type
of memory is outside the conscious thought and
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actually can deteriorate if one concentrates too
hard. Another example includes the exaggerated
startle response seen with post-traumatic stress
disorder. This reaction is immediate and takes
place before the subject is consciously aware of
the stimulus.

The importance of separating declarative from
nondeclarative memory is that these two types of
memory are encoded through different mecha-
nisms in the brain. Likewise, they are disrupted
by different central nervous system lesions or
disorders—more on this later.

Immediate, Short, and Long

Memories begin to decay as soon as they are
formed. The temporal stages of retention are
divided into immediate, short term, and long term
(Figure 18.1). These are the stages we test in a
comprehensive mental status examination. Immedi-
ate memory describes the ability to hold a few new
facts in mind for a matter of seconds. Looking up
a new phone number and successfully dialing the
number within seconds is an example of this. We
test this function when we ask a person to repeat
three objects immediately. Another test of immedi-
ate memory is asking a patient to repeat a series
of numbers. The average maximum “digit span” is
seven numbers plus or minus two.

Short-term memory describes those memories
that exist from seconds to minutes. An example of
this process is searching the house for a lost item
and remembering where you have looked. We test
this process when we ask a patient to repeat three
objects at 5 minutes. Both immediate and short-
term memories are vulnerable to disruption.

Long-termmemoriesare enduring representations
that last for days, months, and years: the historic
events and facts of our lives. This requires the
development of a more permanent form of storage.

217



218  SECTION IlI Behaviors

100%

Immediate 3 Short-term
Recall
0% ;
Seconds Minutes
FIGURE 18.1

The process of moving information from imme-
diate and short-term into long-term memories is
called consolidation. The physical representation
of memories and the areas of the brain dedicated
to this function are the focus of this chapter—what
do memories look like in the brain, how are they
stored, and how do they fade?

CELLULAR MECHANISMS

The Canadian psychologist Donald O. Hebb pro-
posed in 1949 that some changes must take place
between two neurons for memories to develop. He
wrote as follows:

When an axon of cell A is near enough to excite a
cell B and repeatedly or persistently takes part in
firing it, some growth process or metabolic change
takes place in one or both cells such that A’s
efficacy, as one of the cells firing B is increased.

ALCOHOLIC BLACKOUTS

Alcoholic blackouts occur when someone has
consumed too much alcohol and awakens
without memories of what happened the night
before. It is believed that the high blood level
of alcohol disrupts the consolidation of short-
term memories into long-term memories. The
drinker failed to preserve lasting images of
the party because long-term memories were
never formed. This can happen with short-
acting hypnotics and benzodiazepines as well.

Amazingly, memories formed before
drinking are actually enhanced by alcohol.
That is, drinking after learning improves recall
compared with not drinking. It is possible
that memories already consolidated remain
in a more pristine state, because there is
less interference from new memories that are
never fully formed during the drinking.

Consolidation

—

Long-term

memory

IS
0,
/"g @[rln

Days—Months—Years

The temporal stages of memory superimposed on a hypothetical curve of memory retention.

This has come to be called Hebb's postulate and
can be more easily stated like this: neurons that
fire together, wire together. Almost 60 years of
research has affirmed that the brain changes with
learning and experience.

Long-Term Potentiation

In Chapter 5, we discussed long-term potentiation
(LTP), a laboratory procedure with slices of brain
tissue that serves as a model for memory forma-
tion. In summary:

e A series of rapid signals between two neurons
results in a greater stimulus in the postsynap-
tic neuron when normal activity resumes (see
Figure 5.6).

* Increased activity between two glutamate
neurons will open the N-methyl-p-aspartate
(NMDA) receptor, which results in molecular
signals to the nucleus that induce gene expres-
sion (see Figure 5.7).

* Gene expression results in structural changes
on the neuron such as spine formation on the
dendrites (see Figure 5.8).

Protein Synthesis

Real memories in mammals, like LTP, require gene
expression and protein synthesis for consolidation.
For example, arat can be taught to quickly find a sub-
merged platform in a tub of water—called a water
maze (see Figure 18.2A, B). However, if one group
of rats is given intraventricular injections of the
protein synthesis inhibitor anisomycin 20 minutes
before each test, they cannot remember the location
of the submerged platform from one session to the
next. These rats spend about the same amount of
time each day trying to find the submerged platform
(Figure 18.2C). Anisomycin inhibits the production
of proteins that are needed to consolidate short-term
memories into long-term memories.
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A rat will learn the location of a hidden platform after several sessions in a pool of water.

However, rats given a protein synthesis inhibitor fail to learn (C). (Adapted from Bear MF, Connors BW,
Paradiso MA, eds. Neuroscience: Exploring the Brain. 3rd ed. Baltimore, MD: Lippincott Williams & Wilkins;
2007; Meiri N, Rosenblum K. Lateral ventricle injection of the protein synthesis inhibitor anisomycin impairs
long-term memory in a spatial memory task. Brain Res. 1998;789(1):48-55.)

Epigenetics

A new line of research suggests that epigenetic
mechanisms may play a role in memory forma-
tion. As discussed in Chapter 6, acetylation of the
histones can open up access to the DNA and allow
greater gene expression (see Figure 6.9), and we
know gene expression is required for protein synthe-
sis. Several laboratories have shown that fear mem-
ory, for example, is associated with acetylation of
histone H3 in the hippocampus. Likewise, inhibition
of the deacetylase enzymes elevated histone acetyla-
tion and enhanced long-term memory formation.

In 2009, a group at the Massachusetts Institute
of Technology (MIT) established a link among his-
tone acetylase inhibition, memory formation, and
synaptic plasticity. They were able to show with
mice that overexpression of the inhibitor (so there
was less acetylation, more tightly closed DNA, and
less gene expression) resulted in decreased dendritic
spine density, synapse number, synaptic plasticity,
and memory formation. Conversely, deficiencies
of the acetylase inhibitor (more acetylation—more
gene expression) resulted in increased synapse num-
ber and memory facilitation. These studies establish
an epigenetic mechanism for the formation of long-
term memories and suggest possible future sites for
intervention for those with memory impairment.

Extinction
Extinction is the gradual reduction in the response
to a feared stimulus when the stimulus is repeat-
edly encountered without an adverse experience.
For example, a person who is afraid of bridges
will have a reduction in fear if they repeatedly
cross the bridge without falling off or the bridge
collapsing. Extinction is the bedrock of behavioral
therapy and one of the most effective treatments
for anxiety disorders.

Several lines of evidence suggest that extinction
is accomplished through the development of new
memories rather than erasing the old memories.

Studies have established this by looking at the effect
of anisomycin on extinction. Rats given intraven-
tricular injections of anisomycin before repeated
exposure to a stimulus (without the negative conse-
quences) fail to show extinction the following day.
In other words, the new learning did not erase the
old memories.

Faster Extinction?

Would faster learning during extinction therapy
improve the effectiveness of exposure and response
prevention therapy? A group at Emory University is
studying just this possibility. Using the understand-
ing of how memories are formed, they proposed that
an NMDA agonist might increase the signal to the
nucleus, increase the gene expression, and increase
learning. The reader should remember that the gluta-
mate neurons (the most common neurons in the brain)
have several different types of receptors. Opening the
NMDA receptor as well as the ai-amino-3-hydroxy-
5-methyl-4-isoxazole propionate receptor increases
the excitatory postsynaptic potential and the signal to
the nucleus (see Figure 5.2).

Researchers at Emory developed a virtual reality
simulator that gives participants the sensation of rid-
ing an elevator with a glass floor. Patients with fear
of heights can extinguish much of their anxiety with
many sessions in this device. p-cycloserine, an anti-
biotic used to treat tuberculosis, is also a partial ago-
nist at the NMDA receptor. p-cycloserine will open
the NMDA receptor and the postsynaptic nucleus
will receive a heightened signal (see Figure 18.3).
The Emory group gave patients p-cycloserine or
placebo before just two sessions in the virtual eleva-
tor and found a 50% reduction in fear with those on
the active medication (Figure 18.3C).

Further research after this study supports the
use of p-cycloserine as a “cognitive enhancer” for
psychological treatment of anxiety disorders. Stud-
ies with social anxiety disorder and panic disorder
have shown that p-cycloserine was superior to
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opens the NMDA receptor and can generate a strong signal to the nucleus. C. A study using p-cycloserine and
just two sessions of virtual exposure therapy showed a marked reduction in fear of heights. AMPA, o-amino-3-
hydroxy-5-methyl-4-isoxazole propionate; NMDA, N-methyl-p-aspartate. (Adapted from Ressler KJ, Rothbaum BO,
Tannenbaum L, et al. Cognitive enhancers as adjuncts to psychotherapy: use of b-cycloserine in phobic individuals
to facilitate extinction of fear. Arch Gen Psychiatry. 2004;61(11):1136-1144.)

placebo when added to cognitive-behavioral ther-
apy. The results for obsessive-compulsive disorder
were less impressive. These studies suggest that
the right medications administered in conjunction
with psychotherapy may improve the learning that
seems essential for effective psychological treat-
ment. This may lead to a whole new approach to
treating mental illness where exposure, behavior,
and cognitive and talking therapies are paired with
the appropriate medication or device to produce
faster, better, or more durable therapeutic changes.

Structural Plasticity

Some memories last an entire lifetime. These long-
term memories persist despite surgical anesthesia,
epileptic seizures, and drug abuse. Protein molecules
are not stable enough to survive these insults. There-
fore, long-term memories must be the result of more
stable formations such as structural changes (as seen
with LTP) or they might be continuously rebuilt
throughout one’s life. In Chapter 8, we discussed sev-
eral examples of cortical strengthening secondary to
learning and practicing, for example, monkeys spin-
ning a wheel (see Figure 8.13) and humans playing a

A Learning B

FIGURE 18.4

Control C

musical instrument (see Figure 8.15). These studies
show that the cortex changes with learning.

Synaptogenesis

One mechanism that could explain learning-associ-
ated changes in the cortical structure is some type of
synaptic growth. Indeed, there is considerable evi-
dence showing that learning increases branching and
synapse formation. We have already discussed that
rats living in an enriched environment show greater
branching and spine formation on their hippocampal
neurons (see Point of Interest box page 28).

Spines are the small protrusions on the shaft of
the dendrite. They are believed to represent the for-
mation of new synapses, thereby increasing com-
munication between neighboring neurons. It has
long been suggested that new spines are involved in
memory formation. Leuner et al. tested this theory
by teaching rats to blink in anticipation of a puff of
air to the eye. Twenty-four hours later, they found
that the conditioned rats showed a 27% increase
in spine formation on the pyramidal cells from the
hippocampus. The reader can perceive the struc-
tural difference in the examples in Figure 18.4.

Group data
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Rats taught to blink when a sound preceded a puff of air to their eyes showed greater

spine density 24 hours later. (From Leuner B, Falduto J, Shors TJ. Associative memory formation increases the
observation of dendritic spines in the hippocampus. J Neurosci. 2003;23(2):659-665.)



Additionally, these changes were blocked with
an NMDA antagonist. Therefore, new memories
correlate with new spines.

Neurogenesis

Another mechanism that could explain the devel-
opment of stable memories which can last a human
life span is the formation of new neurons. We
now know that new neurons are regularly devel-
oped throughout adulthood. We have seen that rats
exposed to an enriched environment, for example,
also showed greater neurogenesis (see Figure 8.5).
Avre the new neurons produced to hold memories of
the enriched environment?

Recently, Leuner et al., again teaching rats to
anticipate a puff of air, looked at learning and neuro-
genesis. They found that those animals that showed
a better performance with the task also had more
new neurons surviving several days after the instruc-
tion. In other words, the greater the mastery of the
skill, the greater the number of newly developing
neurons that survived.

Perhaps the most compelling data regarding
learning and neurogenesis come from Nottemohm
and his work with songbirds (see Figure 16.9). We
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FIGURE 18.5 The development of new

neurons correlates with the development of new

song syllables. (Adapted from Kirn J, O’Loughlin B,
Kasparian S, et al. Cell death and neuronal recruitment
in the high vocal center of adult male canaries are
temporally related to changes in song. Proc Natl Acad
Sci U S A. 1994;91(17):7844-7848.)
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hope the readers have stored in their long-term
memory from Chapter 16 that Nottemohm estab-
lished that male canaries have a sexually dimor-
phic brain region called the high vocal center
(HVC), which is directly involved in song produc-
tion. Further, the HVC fluctuates in size during
the year with seasonal changes in the reproductive
hormones.

The relevance of the HVC for this chapter has
to do with learning new songs and the changes in
the HVC. The male canary changes his song rep-
ertoire over the course of 12 months by adding
new notes and discarding others. Additionally, the
number of new neurons added to the HVC fluctu-
ates throughout the year. Of particular interest, the
addition of new song notes and new neurons corre-
lates (Figure 18.5). Although not proven, it appears
that the memory of the songs come and go with the
development and loss of neurons in the HVC.

Reconsolidation

Until recently, the prevailing belief about memo-
ries was that once consolidated they were resistant
to change. That is, convulsions, protein synthesis
inhibitors, or head trauma cannot erase long-term
memories. However, Nader et al. produced a study
suggesting that long-term memories can return
to a labile state, vulnerable to disruption, before
being consolidated again. This phenomenon is
called reconsolidation. The essential feature of
reconsolidation is that the memory must be reacti-
vated for this process to occur.

To understand reconsolidation, it is important
to understand the details of the study. First, rats
are taught to associate a sound with an adverse
stimulation, like a foot shock. When the rats hear
the sound again, they “freeze”—a sign of fear in
rodents. The researchers can quantify the percent
of time the animals spend “frozen.” Then the rats
are exposed to the sound without the foot shock,

STRESS AND MEMORY

Although not necessarily accurate, singularly
traumatic experiences are known to pro-
duce long-lasting, intense memories. Chronic
stress, on the other hand, corrupts the memory
storage process. Humans given stress levels
of cortisol demonstrate impaired declarative
memory within days. As discussed in Chapter 7,
the likely mechanism is excess glucocor-
ticoids causing atrophy of hippocampal
dendrites, shrinking the hippocampus, and
decreasing hippocampal neurogenesis.
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but this time they receive the protein synthesis
inhibitor anisomycin injected directly into their
amygdala. Amazingly, when tested again, they do
not “freeze.” In other words, they show no fear.
They appear to have forgotten what they learned.
By analogy it is as though the long-term memory
was ice, which melts to water when reactivated,
and then freezes again in the reconsolidation
process—but now in a different shape.

While there is still much to be learned about
reconsolidation, it provides a possible explanation
for some of the healing power of psychotherapy.
Do patients reactivate their memories in the course
of telling their stories? However, because the
patient is now in a safe environment, the memory
can be reconsolidated without as much negative
effect. Hopefully, this is true and can be further
understood in the future as a way to improve the
effectiveness of psychotherapy.

ORGANIZATION OF

DECLARATIVE MEMORY

One of the great mysteries of neuroscience involves
finding the location of long-term declarative mem-
ories. Where are they stored in the brain? How
are they formed and why do they decay? Unfortu-
nately, there are only basic explanations for these
intriguing questions.

Hippocampus

The hippocampus (see Figure 2.6) is crucial
for consolidation of long-term memories. The
importance of the hippocampus became pain-
fully obvious with the famous case of H.M.
H.M. had struggled with minor seizures since
the age of 10 and major seizures since the age
of 16. Despite aggressive anticonvulsant medi-
cations, the seizures increased in frequency and
ultimately the patient was unable to work. In
1953, at the age of 27, H.M. underwent a large
bilateral resection of the medial temporal lobes

in an effort to remove the nidus of the seizures.
Figure 18.6 shows the areas of the brain removed.

The surgery successfully quieted the seizures,
but unfortunately left H.M. with profound antero-
grade amnesia. Although his personality remained
the same and his 1Q even improved a bit from 104
to 112, he displayed severe and pervasive mem-
ory impairments. Specifically, he showed a nor-
mal immediate memory, but could not consolidate
those memories into enduring traces. For example,
when a person exited and reentered his room
within a few minutes, H.M. was unaware of that
person’s earlier visit. However, his remote memo-
ries remained intact. In fact, he would frequently
speak of events before the surgery, in part because
he was not developing new memories. To use a
computer metaphor, it is as though H.M. has a
“read only” hard drive for memory storage. He
can retrieve old memories but cannot write new
ones.

This unfortunate outcome for H.M. highlighted
the essential role of the medial temporal lobe in
forming long-term memories. Subsequent studies
with animals and humans have established the hip-
pocampus and the parahippocampal gyrus as cru-
cial for encoding and consolidating memories of
events and objects in time and space. For example,
numerous studies have shown that lesions of a rat’s
hippocampus impair its ability to remember the
location of the hidden platform in a water maze.

Further studies with H.M. established that the
amnesia was not as widespread as initially perceived.
For example, H.M. was asked to participate in a
mirror tracing task. While viewing his hand in a
mirror, H.M. was asked to trace a star while keeping
the pencil between the lines. H.M. improved at
this task in 10 trials on the first day (Figure 18.7).
He did even better on the second and third days.
Remarkably, when asked about the task, he stated
he had never seen the test before. This highlights
what we addressed at the beginning of the chapter:

FAULTY EYEWITNESS IDENTIFICATION AND RECONSOLIDATION

DNA technology has opened a window on
some major errors in the criminal justice sys-
tem. Hundreds of inmates have been released
from jails and prisons when the DNA evidence
showed that they could not have commit-
ted the crime. Eyewitness identification errors
account for the largest single cause of wrongful
incarcerations. Even more amazing, some eye-
witnesses refuse to accept the DNA evidence.
They persist in believing their identification.

Although there are many reasons a memory
can be wrong, reconsolidation may explain
the persistence in maintaining an inaccurate
identification. It is possible that the victim, when
confronted with the lineup, reactivates the
memory of the crime. At that moment the
memory returned to a labile state, which was
then reconsolidated, but now with the face of
the wrong culprit.
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Two views of H.M.’s brain identifying the areas that were removed in surgery, which left him

with anterograde amnesia. (Adapted from Bear MF, Connors BW, Paradiso MA, eds. Neuroscience: Exploring
the Brain. 3rd ed. Baltimore, MD: Lippincott Williams & Wilkins; 2007.)

there are different types of memory. H.M.’s explicit
memory is disrupted, but his implicit memory
remains intact. Consequently, this type of memory
must be stored through different mechanisms—
ones that are independent of the hippocampus.
H.M. died in December 2008. Studies shortly
before his death showed that his declarative mem-
ory deficit is not as absolute as previously thought.

For example, he was able to draw a reasonably
accurate floor plan of his house, although he had
moved there 5 years after his operation. Likewise,
when he looked in a mirror he was not startled by
his appearance. This suggests that some declara-
tive memories are being stored. Whether this is due
to some residual hippocampal tissue or through
other mechanisms is not known.

Day 1 Day 2 Day 3
40

Number of
errors in 30

each

attempt

FIGURE 18.7
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The mirror tracing task asks subjects to trace between two stars while watching their hand

in a mirror. The patient H.M. showed improvement at this task although he had no recollection of having taken
the test before. (Adapted from Kandel ER, Schwartz JH, Jessell TM, eds. Principles of Neural Science. 4th ed.
New York, NY: McGraw-Hill; 2000.)
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MEMORY AND PLEASURE

We discussed in Chapter 12 that memories
associated with getting high could induce
cravings in drug addicts. Conversely, it is
well documented that pleasure enhances
learning. Indeed, dopamine neurons from the
ventral tegmental area directly innervate the
medial temporal lobe. Recent brain imaging
studies have shown simultaneous activation
of the ventral tegmental area and medial
temporal lobe when subjects are remember-
ing rewarding experiences.

Behaviors

Neocortex

Sensory information comes into the brain and is
processed in specific regions of the neocortex. The
parahippocampal gyrus receives afferent projec-
tions from these cortical areas. The hippocampus
has efferent projections back to these cortical
regions, which appear to serve as storage sites for
long-term memories. Figure 18.8 is a schematic
representation of this process.

Damage to the hippocampus impairs the for-
mation of new memories, but what affects remote
memories? Bayley et al. examined eight patients
with damage to their medial temporal lobes. All
patients had problems storing new memories. Then
they studied their ability to recall remote autobio-
graphic memories. Only the three patients who
also had significant additional damage to the neo-
cortex showed impairment with remote memories.

Sensory information

Cortical processing

s~

FIGURE 18.8

However, the exact location of long-term memo-
ries remains a mystery. It appears that remote
memories are stored throughout the cortex rather
than in one specific location. Anatomic studies with
monkeys have established hippocampal projections
to the cortical regions shown in Figure 18.9. These
studies suggest that declarative memories are
stored in the dorsolateral prefrontal cortex, cingu-
late gyrus, parietal lobe, and temporal lobe.

System Consolidation
When your computer saves a file to the hard drive,
that data are placed in a specific location where it
remains unchanged until it is modified. When we
put items in our closets, they stay in the same loca-
tion until we return for them. Storage in the brain,
on the other hand, is more dynamic. There is evi-
dence that memories undergo continuing remodel-
ing even weeks and months after they are formed.
This process is called system consolidation.
Looking at which part of the brain is activated
during retrieval of recent and remote memories pro-
vides a good understanding of system consolida-
tion. Researchers in France taught mice to navigate
a maze. Placing the mice back in the maze at either
5 days or 25 days reactivated those memories.
Cerebral metabolic activity was then measured in a
functional scanner. At 5 days, the mice had greater
activity in their hippocampus. Those tested after
25 days had less activity in the hippocampus and
greater activity in the cortical regions such as the
cingulate gyrus and frontal cortex. This shows that
memories are initially dependent on hippocampus.

Long-term storage

o

C/ =Hippocampus

Experiences enter the brain through the senses and are initially processed in the cortex.

This information then goes to the hippocampus before being stored in the cortex.
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Hippocampus

FIGURE 18.9
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Lateral view

Efferent projections from the hippocampus go to the cortical areas shaded in gray. It

is thought that long-term declarative memories are physically contained within these regions. The exact
mechanism remains a mystery. (Adapted from Van Hoesen GW. The parahippocampal gyrus: new observations
regarding its cortical connections in the monkey. Trends Neurosci. 1982;5:345-350.)

Then, by some process of consolidation that occurs
over days, the memories become independent of
the hippocampus and reside in a distributed pattern
in the cortex.

The same researchers also looked at the remod-
eling of memories within layers of the cortex. As
before, they taught the mice to negotiate a maze
and then retested their memory at either 1 day or
30 days. This time they sacrificed the mice and
measured Fos (a marker of gene activation) in the
parietal cortex. They found that total Fos activity
was the same at days 1 and 30. However, the loca-
tion of activity within the layers of the parietal cor-
tex changed from days 1 to 30. Figure 18.10 shows
the change in Fos activity by layer. Note how the

A
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Y- \
Recent Remote 10 20 30 40
% FOS counts per layer
FIGURE 18.10 A. Micrographs from parietal

lobes of mice tested at day 1 (recent) and day 30
(remote). B. Percentage of Fos counts per layer.
(Micrograph from Maviel T, Durkin TP, Menzaghi F,
et al. Sites of neocortical reorganization critical for
remote spatial memory. Science. 2004;305(5680):
96-99. Reprinted with permission from the AAAS.)

recent memory activates neurons in layers V and
VI. Memory after 30 days, in comparison, shows
greater activity in layers Il and I11.

These studies show that memories in the brain
are not simply created and stored in a fixed and
static receptacle awaiting recall. Memories appear
to undergo remodeling as they become indepen-
dent of the hippocampus and possibly as they are
relocated in the layers of the cortex. And all this
is done “off-line,” without conscious recall of the
memory, possibly during sleep.

FORGETTING

From the standpoint of a mental health practitio-
ner, problems with forgetting may be more relevant
in day-to-day clinical practice than problems with
forming new memories. Sometimes patients for-
get too much, as with Alzheimer’s disease, or, at
the other extreme, cannot forget horrific traumatic
memories they wish would disappear. While the
cellular and molecular mechanisms of learning and
memory are becoming clearer, the mechanisms of
forgetting remain poorly understood.

The importance of forgetting can be understood
from a standpoint of storage. Our brains are simply
not large enough to retain all the details of our lives.
To further minimize what is retained, it is likely the
brain only stores broad outlines of the information.
An example of this can be seen in Figure 18.11.
Although the reader has seen pennies thousands of
times over the past years, it is still hard to correctly
identify the accurate drawing of the penny. This
example highlights one reason we fail to remem-
ber: detailed memories were never stored in the
first place. Likewise, any interference at the time of
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FIGURE 18.11
few details about objects, it is hard to identify which
penny is an actual representation of the 1-cent coin.
Few viewers will recognize that none of the drawings
are a good match because Lincoln is facing the
wrong direction.

Because the brain retains so

consolidation will impair future recall. However, this
is different from forgetting what was once learned.

Numerous experiments have documented a con-
tinuous decline for remote memories with the pas-
sage of time. The “forgetting curve” in Figure 18.1
shows a hypothetical drop in the ability to recall
unrehearsed information with the passage of time.
Memories simply grow weaker as we age. How
this occurs is poorly understood.

One possible mechanism assumes a passive
decay over time. If the connections holding the
memory are not used, they become weaker with
time. Alternatively, the memory could be over-
written with new information and distorted or lost.
Figuratively, it is as though an unused path through
the woods is lost as the forest grows over it.

Actively forgetting is another possible mecha-
nism that the brain could use. In this case, it would
be more like going through one’s closet and throw-
ing away items not worn in the past year or two.
Recent research suggests that active forgetting
does occur in the brain.

The reader will recall that protein kinases
phosphorylate transcription factors such as CAMP
response element binding (CREB) to promote gene
expression (see Figure 5.5). As is typical in the Yin
and Yang mechanisms of the body, different pro-
teins dephosphorylate CREB and turn off gene
expression. The proteins that dephosphorylate are
called protein phosphatases, and one of them, called

protein phosphatase 1 (PP1), has been implicated in
forgetting. First, the research group established that
inhibiting PP1 enhanced learning efficacy.

In a second experiment in a water maze, the
researchers tested memory for the location of the
hidden platform. Mice with PP1 inhibition remem-
bered equally well at 8 weeks as they did on day 1.
However, the control mice showed a decay in
memory of the platform location as early as 2
weeks and seemed to have completely forgotten
by 8 weeks. These results suggest that forgetting is
an active function perpetrated by the brain to clean
out memories not being utilized.

Electroconvulsive Therapy

One of the great controversies in psychiatry involves
electroconvulsive therapy (ECT) and memory loss.
There is no question about loss of memory around
the time of the procedure. The electrically induced
seizure disrupts formation of new memories so
patients never recall details of the treatment or
shortly afterward. However, some patient groups
have vigorously complained that ECT also erases
long-term memories (retrograde amnesia). This
was a difficult issue to tease out until the develop-
ment of autobiographical interviews, which could
be individualized to each patient and then adminis-
tered before and after the ECT.

Harold Sacheim and his group prospectively
studied the cognitive effects of ECT on 347
patients at seven hospitals in New York City.
At the 6-month follow-up exam, scores on the
Mini-Mental Status Exam (as a comparison) had
improved from baseline for almost all patients.
However, some patients showed persistent deficits
for autobiographical memories compared with the
pretreatment baseline. Further analysis showed
that retrograde amnesia correlated with electrode
placement (Figure 18.12). Patients who received
bilateral ECT forgot some of their past history,
while patients receiving unilateral ECT improved
their autobiographical recall.

If long-term memories are a stronger connec-
tion between neurons (as we discussed above),
then bilateral ECT must in some way disrupt the
connections in the cortex. How this happens is a
mystery. Some have postulated that the electricity
and convulsion induce an outpouring of biochemi-
cal molecules such as glutamate and glucocor-
ticoids, which possibly are toxic to the cortical
connections. Fortunately, the benefits found with
unilateral ECT suggest the problem is not an essen-
tial feature of successful treatment. Furthermore,
newer developments with shorter pulse widths
(ultrabrief right unilateral ECT) have reduced the
memory problems even further.
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Autobiographical
memory

Long-term autobiographical memories deteriorated after electroconvulsive therapy

(ECT) for patients who received bilateral ECT, but not for patients receiving unilateral ECT. (Adapted
from Sackiem HA, et al. The cognitive effects of electroconvulsive therapy in community settings.

Neuropsychopharmacology. 2007;32:244-254.)

Some people have extraordinary memories. One
such person was studied at length in Russia for
over 30 years during the time of Stalin. This man,
called S. by the psychologist Aleksander Luria,
had an unbelievable capacity to accurately recall
long lists of words, syllables, or numbers. For
example, when shown the nonsense formula in
the figure below, S. studied it briefly and then
after a few minutes reproduced it without error.
Even more remarkable, when spontaneously
and without warning asked to recall the formula
15 years later, he did so flawlessly.

3
N - & x 85 . M nzbzs\/lBﬁ.rzs
VX nv . 264 322

A NONSENSE mathematical formula created to test
S.’s memory. (Adapted from Luria AR. The Mind of a
Mnemonist. New York, NY: Basic Books; 1968.)

S. had an unusual ability to generate vivid
enduring images in his mind. When asked to

recall the items, he simply recalled the images
and read them as one would read symbols
on a page. While the stable quality of these
images allowed S. to earn a living as a per-
forming mnemonist, it also cluttered his mind.
He had trouble forgetting. S. was actually
encumbered by past visual images that were
activated by similar topics in conversation and
reading. The associated images led to mental
wanderings taking his mind far from the task in
front of him. His gift for details interfered with
his grasp of the “big picture.”

Was there something different about S.’s
brain? Unfortunately, S. lived before the time
of brain imaging technology, so any differ-
ences in his brain’s size or functions that
might explain his extraordinary memory remain
unknown. He also lived before the revolution in
genetics. Might he have had an unusual vari-
ant of a protein synthesis gene that allowed for
better immediate memory formation?
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QUESTIONS
1. Learning to tie shoes is what kind of memory?

a. Declarative.
b. Implicit.
c. Explicit.
d. Anterograde.

. Which of the following does not fit with the

others?

a. Short-term memory.
b. DNA — RNA.

c¢. Gene expression.

d. Protein synthesis.

Anisomycin

a. Enhances extinction.

b. Accelerates memory formation.
c¢. Limits neurogenesis.

d. Inhibits protein synthesis.

. All of the following are true about reconsolida-

tion, except

a. It was an unexpected finding.

b. Itsuggests long-term memories are malleable.

¢. Isdemonstrated with the use of b-cycloserine.

d. Helps explain errors in eyewitness
identification.

The patient H.M. is impaired with which of the
following?

a. Ability to build new long-term memories.
b. Retrieve long-term memories.

c. Develop new procedural memories.

d. Understand explicit instructions.

. Evidence of system consolidation includes

a. More mature memories are more dependent
on the hippocampus.

b. Mature memories are more prevalent in the
prefrontal cortex.

c. Cortical layers Il and Il have less remote
memories.

d. Older memories are more active in the
neocortex.

7. All of the following are true about forgetting

long-term memories, except

a. Memories decay with time.

b. Protein phosphatases have been implicated
in forgetting.

c. Forgetting can be enhanced with anisomycin.

d. Interference during consolidation increases
forgetting.

. ECT has all of the following effects on memory,

except

a. Inhibits consolidation.

b. Electrode placement does not affect remote
memories.

c. Erases recent long-term memories.

d. Some memories are completely lost.

See Answers section at the end of the book.



INTELLIGENCE

The topic of intelligence can generate strong feel-
ings. Specifically, the idea that there is one mono-
lithic kind of intelligence that is reflected by a single
number plotted on a bell-shaped curve is hard to
accept. Can one number determine a person’s
life? Other variables such as interpersonal skill,
emotional resilience, creativity, and motivation
are factors independent of intelligence, which are
critical for success in a career or in life. Likewise,
a person can show great aptitude in one area, yet
struggle in another. Having said that, it is important
to acknowledge there is considerable evidence of
a general mental ability called intelligence, which
has a predictive value.

It has been shown that all credible tests of men-
tal ability rank individuals in about the same way;
that is, people who do well on one type of test tend
to do well on the others and vice versa. Such tests
(e.g., the Wechsler Intelligence Scale, which gives
an 1Q score) are believed to measure some global
element of intellectual ability. This global element
is called “g” or fluid intelligence; g is conceptual-
ized as reasoning and novel problem-solving ability.
Others have described it as the ability to deal with
complexity. There is no pure measure of g. An 1Q
score is an approximation of g.

Some argue that g is only useful to predict
academic success or success in situations that
resemble school. Arguing against this, others point
to data showing the predictive correlates between
IQ and employment, marriage, incarceration, and
income. From our standpoint, we are interested in
the associations between g and the neural substrate
of the brain.

Genetics
Before we delve into the neuroscience of intel-
ligence, it is worth discussing some compelling

cHAPTER 19

Intelligence

studies on the heritability of cognitive skills. The
Colorado Adoption Project that started in 1975
followed up 200 adopted children from childhood
through adolescence. They compared the cognitive
ability of the children with their adoptive parents
and their biologic parents. A control group of chil-
dren raised by their biologic parents was included
for comparison.

Figure 19.1 shows the correlations for verbal
and spatial abilities over time between the children
and the parents. Note how the adopted children
have almost zero correlation between them and
their adopted parents. Their cognitive skills more
closely match their biologic parents. Another find-
ing of interest is that the correlations improve with
age. We become more like our biologic parents as
we age—at least with regard to intelligence.

Brain Size

A consistent finding in neuroscience has been the
association between brain size and intelligence;
that is, all other things being equal, bigger brains
really are better. Nottebohm in his work with song-
birds found a noteworthy example. The reader will
remember that male songbirds have an enlarged high
vocal center (HVC), which plays an essential role
in his song production. Nottebohm meticulously
recorded the diversity of song syllables that each
bird produced and then compared this with the size
of his HVC. The results are plotted in Figure 19.2
and show a robust correlation.

An extensive song repertoire is not the same
as reasoning and problem solving. It is probably
closer to having a large fund of knowledge (some-
times called crystalline intelligence). However,
for our purposes, it shows an association between
brain size and a learned task.

With humans, there is a long history of studies
comparing brain size and intelligence. In the early

229
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Il Children and
their birth parents

I Adopted children
and their birth parents

Adopted children
and their adoptive parents

Child—parent % Verbal ability 030 Spatial ability
correlation
0.20 0.20
0.10 II II 0.10 I II I
0.00 0.00 I
3yr 10yr 16 yr 3yr 10 yr 16 yr
FIGURE 19.1 The correlation between children and their biologic parents increases with age for verbal

and spatial abilities. The shared environment between adopted children and their parents had little effect on
verbal or spatial intelligence scores. (Adapted from Plomin R, DeFries JC. The genetics of cognitive abilities

and disabilities. Sci Am. 1998;278(5):62-69.)

days, they would simply compare head circumfer-
ence (hat size) with rough estimates of intelligence.
However, there is more to intelligence than just
brain size, otherwise whales and elephants would
have ruled the world. The important variable is the
relative size of the brain to the size of the body.

The Smartest Animal

Why are humans so smart? Or, to put this another
way, what features of the human brain distinguish
it from the brains of other mammals? If we are so
much smarter, one would think it would be easy
to spot the differences between our brains and that
of our closest animal relatives. Unfortunately, it is
hard to find anatomic correlates that explain the
significant leap in intelligence we see in humans.

Volume left HVC

25 30 35 40 45
Number of song syllables

FIGURE 19.2 Adult male canaries with a large
repertoire of song syllables also tend to have a
large high vocal center (HVC), while those with
small repertoire have a small HVC. (Adapted from
Nottebohm F. The road we travelled: discovery,
choreography, and significance of brain replaceable
neurons. Ann N Y Acad Sci. 2004;1016:628-658.)

There are several variables that have been sug-
gested such as brain size, relative brain weight, or
number of cortical neurons, but for almost every
variable there is some species that exceeds or is
at least equal to humans. A cat has more cortical
neurons relative to brain weight than humans and
dolphins have almost the same relative brain weight
compared with body weight as humans. Cats and
dolphins are smart animals, but they cannot design a
house, write a play, or solve algebra problems.

There is no single variable that marks the supe-
rior human intelligence. The explanation appears
to be a combination of relative size and speed of
communication:

* Relatively large brain compared with body
weight

¢ Large number of cortical neurons

* Numerous synaptic connections

¢ Thick, fast axons that transmit signals quickly

* Short distance between neurons

In other words, humans have more cortical neurons
with faster conduction velocities that make more
connections than elephants, dolphins, or the other
great apes.

Our superior intelligence is often attributed to our
large prefrontal cortex (PFC)—the locus of execu-
tive function. However, comparative studies have
found the proportional human PFC to be in line with
that of the great apes and maybe smaller than that
in elephants and whales. A better explanation may
the proportion of white matter to gray matter in the
frontal cortex. Recent magnetic resonance imaging
(MRI) studies on humans and other primates com-
pared the relative volumes of white and gray matter
in the PFC. The largest difference was found with
the PFC white matter (Figure 19.3). The authors
suggested that this difference might be a measure
of “connectional elaboration.” They postulate that
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FIGURE 19.3 Gray and white matter
comparisons in the prefrontal cortex (PFC) for
rhesus monkeys and humans (A). The proportion of
white matter in the PFC (compared with total white
matter) is larger for humans than other primates
(B). (Adapted from Schoenemann PT, Sheehan MJ,
Glotzer LD. Prefrontal white matter volume is
disproportionately larger in humans than in other
primates. Nat Neurosci. 2005;8(2):242-252.)

the superior cognitive skills in humans could be a
result of more and faster connections, not just more
neurons.

The Smartest Humans

Shortly after his death, Einstein’s brain was
removed by a pathologist at the Princeton Hospital
who assumed the world had to examine the brain
of such a genius. Almost certainly this was not
Einstein’s last wish. The journey of his brain since
1955 is an entertaining story, but not great science.
Most remarkable is the unremarkable appearance
of the brain of the man who first voiced the theory
of relativity. Einstein’s brain is just one example of
the difficulty of finding neuroanatomical correlates
for intelligence.

Modern imaging studies allow the in vivo mea-
surement of brain volume in multiple subjects.
McDaniel conducted a meta-analysis of imaging
studies comparing brain volume and intelligence.
He identified 37 high-quality studies with a total of
1,530 people. The correlation between brain vol-
ume and intelligence across the studies was 0.33.
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In other words, differences in brain volume may
explain some of the differences in 1Q, but there is
much more that remains unexplained.

Measurements of intelligence remain relatively
stable over a person’s life span. Yet, we know that
the brain is a dynamic organ with more remodel-
ing capability than we could have imagined just
a decade ago. Likewise, there is shrinking of the
gray matter starting in adolescence. It is unclear
how these fluctuations relate to intelligence.

Giedd et al. at the National Institute of Mental
Health completed a longitudinal study of cortical
thickness and intellectual ability from childhood
through adolescence in more than 300 children.
The most significant finding was that it was not the
absolute thickness of the gray matter that correlated
best with intelligence, but rather the rate of change.
This was most prominent in the PFC. Figure 19.4
shows the cortical thickness for one location on the
right superior frontal gyrus for subjects with supe-
rior intelligence and average intelligence. Note how
those with superior intelligence have less gray mat-
ter when very young, which peaks later, and then
shows a more rapid thinning compared with the
average children.

These findings are not what were expected.
Smart children do not simply have more gray mat-
ter. Rather, it is the dynamic properties (perhaps
even efficient pruning of unneeded connections)
of the cortical maturation that are somehow supe-
rior in intelligent children. The significance of this

A =3
Cortical thickness ﬂ —

measured and plotted
for this frontal location

B 5.00 *
* Superior intelligence
Cortical *™®
thickness
4.50 -
(mm) Average intelligence
4.25
4.00
7 9 11 13 15 17 19
Age (yr)
FIGURE 19.4 Measurements at the indicated

point of the right superior frontal gyrus (A).
Comparison of the cortical thickness at the point

in (A) through adolescence for those with superior
intelligence compared with those with average
intelligence (B). (Adapted from Shaw P, Greenstein D,
Lerch J, et al. Intellectual ability and cortical
development in children and adolescents. Nature.
2006;440(7084):676-679.)
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finding remains unclear, but suggests that refine-
ment, not size is the hallmark of intelligence.

Parents and their teenage children provide
an alternative way to examine the topic of intel-
ligence. We would expect parents and children to
have similar intellectual abilities, yet we would
seek out the parents if we wanted advice and
counsel—not the “know-it-all” teens. However,
with almost every anatomical measure of the brain,
the teen brain is superior: thickness of gray matter,
number of neurons, and number of synaptic con-
nections, for example. It does not make sense—the
teens have more brain matter but the adults have
more wisdom. The only brain structure that seems
to correlate with adult wisdom is frontal lobe white
matter, which peaks around 39 years of age (see
Figure 8.8). This is further evidence that connec-
tivity may be the secret to intelligence.

The study of patients with brain lesions has been
a staple in neuroscience research since the days of
Broca. Fortunately, we now have brain imaging
capabilities and do not have to wait for patients to
die to examine the lesions—which would be par-
ticularly problematic for the study of intelligence.
A group in California scanned 241 patients with
focal brain damage and looked for associations
with general intelligence. They discovered a cor-
relation with a “remarkably circumscribed” net-
work in the frontal and parietal cortex including
white matter tracts. The authors concluded, “that
general intelligence draws on connections between
regions that integrate verbal, visuospatial, working
memory, and executive processes.”

In summary, the essence of intelligence in the
brain remains a mystery. The studies mentioned
above suggest that numerous neurons, densely
packed, with rapid connections between the frontal
cortex and other regions of the brain facilitate cog-
nitive performance. More neurons, talking faster to
each other, makes for a smarter brain.

Brilliance and Mental lliness

There is a popular belief in the association between
“genius” and “madness”—a “fine line” it is often
stated. Numerous books have been written on the
topic, but these case studies are more anecdote than
science. Prospective research is needed. A recent
study out of Sweden sheds some much needed
light on the issue.

Sweden’s social policies and national registries
allow for the comparison of academic achievement
with later psychiatric hospitalization. All students
in Sweden are required to attend school until the
summer in which they turn 16. Grades from the
final year of compulsory education are normalized
based on a national distribution and an average

is calculated for each student. These scores were
compared with psychiatric diagnoses for subse-
guent hospitalization. The results are shown in
Figure 19.5.

It appears that exceptional academic achieve-
ment is a risk factor for bipolar disorder. For males
with excellent grades, there was a fourfold increase
in the risk of developing bipolar disorder com-
pared with students with average grades. Students
with the lowest grades had a modest (twofold)
increased risk compared with average students.
Schizophrenia, on the other hand, is uniformly
associated with poor school performance and high
grades are in fact protective.

The results lend some credence to the book enti-
tled “Brilliant Madness,” which was coauthored
by Patty Duke and in which she describes about
her struggle with bipolar disorder. It certainly
seems that activated bipolar patients are thinking
too fast—racing thoughts is the clinical term. Are
some racing thoughts advantageous? Is a little bit
helpful for academic performance, but too much is
called mental illness?

Performance Enhancement

There is considerable interest in medications or brain
stimulation devices that could enhance cognitive
performance. Pharmacologic or device interven-
tions to increase problem-solving skills would be
valuable tools in the treatment of such disorders as
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FIGURE 19.5 Students whose average grades
at 16 were two standard deviations above the
norm were more likely to develop bipolar disorder
and less likely to develop schizophrenia. (Adapted
from MacCabe JH, Lambe MP, Cnattingius S, et al.
Excellent school performance at age 16 and risk of
adult bipolar disorder: national cohort study. Br J
Psychiatry. 2010;196:109-115.)



INTELLIGENCE AND ANXIETY

A recent prospective study reported an
intriguing association between 1Q at the
age of 6 and posttraumatic stress disorder
(PTSD) symptoms after trauma at the age
of 17. Those children with an IQ of 115
or greater were only one-fifth as likely to
develop PTSD as similarly traumatized chil-
dren with an 1Q of 100 or less. These results
suggest that greater intelligence is in some
way protective against the development of
secondary anxiety.

traumatic brain injury, Alzheimer’s disease, and
schizophrenia. However, if they worked not only to
reverse disease-related deficits but also to enhance
healthy brains, there would be a large demand from
people without disorders who seek to enhance their
cognitive performance. The prospect of “life-
style” medications for intelligence is worrisome,
especially in a meritocracy such as ours where
profession and income are largely dependent on
school performance and intelligence as measured
in school tests.

Although there are no blockbuster treatments in
the development pipeline, there are actually sev-
eral products currently available. The best known
agents are the stimulants such as the amphetamines
and methylphenidate. Studies have repeatedly
shown that these agents will improve cognitive
skills in healthy subjects. For example, Figure 19.6
shows how methylphenidate decreased reaction
times and errors of omission in healthy subjects in
a dose-dependent manner.
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FIGURE 19.6 Healthy men (average age 22)

displayed a dose-dependent improvement with
methylphenidate, as measured on a continuous
performance test. (Adapted from Cooper NJ,
Keage H, Hermens D, et al. The dose-dependent
effect of methylphenidate on performance,
cognition and psychophysiology. J Integr Neurosci.
2005;4(1):123-144.)
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It is not uncommon in clinical practice for a
parent to try out their child’s stimulant and
experience a favorable response. The parent
will conclude that they also have attention-
deficit/hyperactivity disorder. Often such
parents will present with a request for a pre-
scription for themselves. However, improved
productivity while taking methylphenidate or
amphetamine is a normal response and does
not constitute the presence of a disorder.
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Surveys of college students have documented
the abuse and misuse of the stimulant medications.
Although the estimates vary widely, the practice
appears to be common in US colleges. In general,
students at more competitive universities, mem-
bers of fraternities, and those with lower grades
are at greater risk for misuse of the stimulants. But
misuse is not limited to college students. A recent
informal online survey by Nature readers found
that 20% of the almost 1,500 respondents reported
using performance-enhancing medications. The
most common was methylphenidate at 62%.

Other pharmacologic agents are also known
to enhance cognitive skills. Modafinil marketed
for narcolepsy and excessive fatigue has been
shown to improve cognitive performance in
healthy subjects. Readily available agents such
as caffeine and nicotine have also been shown to
improve performance. Nature’s own performance-
enhancing condition (hypomania) is well known to
increase productivity (see Figure 19.12). In general,
increased energy appears to be the common vari-
able for improved cognitive performance.

DEFICITS

It is beyond the scope of this text to review all known
cognitive deficits. However, two topics are worth
discussing: mental retardation (MR) and dyslexia.
Both have distinct abnormalities that give us greater
understanding of the brain.

Mental Retardation

Dendritic Pathology

MR is a nonprogressive developmental disorder
affecting global cognitive function. By definition,
MR is characterized by an IQ of 70 or below (two
standard deviations below the norm of 100). In the
United States, this comprises approximately 1% to
2% of the population. There are numerous causes of
MR, including genetic aberrations, toxin exposure
in utero, and malnutrition.
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Dendrite
Dendrite from a
from a mentally
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infant infant
FIGURE 19.7 Dendrites from a healthy child

and one with mental retardation (MR), highlighting
the abnormal spine morphology in the child with
MR. (Adapted from Purpura DP. Dendritic spine
“dysgenesis” and mental retardation. Science.
1974;186(4169):1126-1128.)

Severe forms of MR often have readily apparent
structural abnormalities, for example, microceph-
aly. However, most subjects with MR show little,
if any, obvious changes in brain anatomy. Their
brains look roughly normal when examined with
MRI. In the 1970s, researchers began postmortem
examination of the brains of retarded children and
discovered extensive dendritic spine abnormalities
(Figure 19.7). Subsequent studies have found aber-
rant spine morphology and/or reduced dendritic
branching as a consistent finding in MR in a vari-
ety of syndromes.

The importance of spine architecture for learn-
ing and memory has been discussed in several
chapters in this book (e.g., see Figures 8.12, 12.13,
16.6, and 18.4). It is reasonable to assert that defi-
cits in spine morphology impair the network con-
nectivity essential for information processing.
Likewise, there is only a short step to imagine that
problems with information processing play a large
role in the cognitive deficits of MR.

Deprivation

Deprivation in early infancy is a well-known cause
of cognitive impairment. Studies on animals have
established the lasting impact of early environmental

impoverishment. The fall of the totalitarian govern-
ment ruled by Nicolae Ceausescu in Romania in 1989
gave the world a group of unfortunate children who
could be systematically studied to document the long-
term effects of early deprivation.

Under the Ceausescu regime, orphaned children
were raised in institutions under conditions of severe
deprivation. When Romania was opened to the world
by the new government, the shocking condition of
these children was revealed. Most were severely mal-
nourished, with significant developmental delays.
European and American families responded by
adopting many of these children.

It is assumed that most of these children were
put into the institutions as very young babies.
Consequently, the age at which they were adopted
approximates the length of time they were raised in
a deprived environment. Likewise, it is known that
these children moved into enriched environments
after adoption.

The cognitive skills of 131 of these adopt-
ees have been studied and compared with 50 UK
adoptees who were adopted before 6 months of
age. 1Q tests have been administered to all these
children throughout their childhood. Significant
improvements were seen during the assessments
of 4-year-old and 6-year-old Romanian children.
Many children displayed an encouraging “catch
up” with the UK adoptees. Recently, the examina-
tion results of the 11-year-old Romanian adoptees
were reported and are shown in Figure 19.8.

The figure highlights the profound and lasting
effects of early institutional deprivation. Of par-
ticular interest is the dose-response relationship
between 1Q and the number of years spent in an

Within UK adoptees

Romanian institution <6 mo |

Romanian institution >24 mo

0 20 40 60 80 100 120
Avg WISC IQ at age 11

FIGURE 19.8 A dose-response effect is shown
for different amounts of institutional deprivation

on 1Q at 11 years of age. WISC, Wechsler
Intelligence Scale for Children. (Adapted from
Beckett C, Maughan B, Rutter M, et al. Do the
effects of early severe deprivation on cognition
persist into early adolescence? Findings from the
English and Romanian adoptees study. Child Dev.
2006;77(3):696-711.)



impoverished environment. Children removed from
deprivation before 6 months of age had almost no
lasting impairment. However, those children who
stayed in the institutions for more than 6 months
had 20-point reductions compared with the UK
adoptees. These results reiterate the work by Hubel
and Wiesel regarding critical periods of develop-
ment (see Figures 8.10 and 8.12).

Dyslexia

Unlike MR, dyslexia is a localized impairment.
Classified as a learning disorder, dyslexia presents
as an unexpected difficulty in reading in a person
with otherwise normal intelligence and motivation.
Dyslexia may be the most common neurobehavioral
disorder in children. Estimates of the prevalence
range from 5% to 17.5%.

While speech develops naturally, reading is an
acquired skill. Children must learn that letters on
a page represent the sounds of spoken language.
Children with dyslexia have trouble decoding the
letters into the sounds of words. Comprehension
can be normal once the word is recognized, but
sounding out the word is laborious. Reading is
effortful and slow for such children. Additionally,
the impairment does not spontaneously remit.

The Shaywitzs have been studying dyslexia for
almost 20 years at Yale. In a large study, they exam-
ined 144 children (70 with dyslexia) using func-
tional MRI (fMRI). The children read real words
and pseudowords while being scanned. Figure 19.9
shows the difference in activity in the brains of the
normal readers compared with those with dyslexia.
Note the increased activity for normal readers at
two regions in the left hemisphere: a frontal region
and a temporal/occipital region. These regions are
thought to be critical for analyzing written words.

In a remarkable application of their findings,
Shaywitz et al. conducted a treatment study to see if
the dormant regions in the dyslexic children could
be awakened. Thirty-seven children, who were
second or third graders, with dyslexia received
50 minutes of daily tutoring in their schools for
1 year. They focused on phonics: associating letters
and combinations of letters with sounds. Children
in the treatment group showed improved reading
accuracy, fluency, and comprehension after 1 year.

Of particular interest were the results of the
repeated fMRIs 1 year after the study ended (2 years
after the start of the study). The baseline scans sub-
tracted from the follow-up scans revealed regions
activated in the intervening years. The newly acti-
vated regions (Figure 19.10) correspond to the same
regions active in fluent readers: frontal and temporal/
occipital. This study is further evidence that cognitive
exercises can change the brain.
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FIGURE 19.9 Children with dyslexia and healthy
readers were scanned while reading. Normal readers
showed greater activation of the frontal region as
well as the temporal/occipital region. (Adapted from

Shaywitz SE, Shaywitz BA. Dyslexia (specific reading
disability). Biol Psychiatry. 2005;57(11):1301-1309.)

Temporal/
occipital

CREATIVITY

Creativity is conceptualized as the capacity to
generate novel approaches to a problem. However,
any fool can make a mess and call it art. The talent
comes in producing something new that is meaning-
ful and useful. Furthermore, being creative is differ-
ent from working through a problem and testing all
the available solutions. Creative moments seem to
come to us in a flash—seemingly out of nowhere—
often when the mind appears unfocused, for exam-
ple, driving in the car or taking a shower. Creative
moments feel different, but it has been difficult to
identify what happens in the brain when the creative
“juices are flowing.”

It is a popular belief that creativity is localized
to the right brain. Daniel Pink’s “A Whole New
Mind: Why Right-Brainers Will Rule the Future,”
a book that was on the New York Times bestseller
list for 101 weeks and has been translated into 24
languages, is a good example of this sort of belief.
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FIGURE 19.10 Dyslexic children who received

a phonics-based reading intervention over one
school year showed increased activation in the
regions of the brain associated with fluent reading.
(Adapted from Shaywitz SE, Shaywitz BA. Dyslexia
(specific reading disability. Biol Psychiatry.
2005;57(11):1301-1309.)

Pink argues that the future belongs to people who
can utilize their right brain—storytellers, inven-
tors, designers—in general, people who are more
creative. Pink and others purport the right brain is
the locus for art and creativity, while the left brain
is more mathematical and logical. Is this true or
just urban legend? What does the science show?

Review of the Literature

Dietrich and Kanso in 2010 reviewed the literature
on studies designed to identify the neural under-
pinnings of creative behavior and found 72 studies

reported in 63 articles. They divided the studies into
three categories (divergent thinking, artistic cre-
ativity, and insight) and looked for patterns in the
neuroimaging and neuroelectric findings. Their con-
clusion is straightforward and robust—it’s a mess!

With the possible exception of diffuse prefron-
tal activation during the creative moment, creativity
is not localized to any area of the brain. Specifi-
cally, they noted that creativity is “not particularly
associated with the right brain or any part of the
right brain.” They concluded that a variety of areas
of the brain have been identified in one study or
another, but then fail to replicate in numerous other
studies. In short, the best we can say at this time
is that the creative spirit utilizes the PFC—not a
particularly enlightening insight. The problem may
be the failure of subdividing creativity into appro-
priate categories or the limitations of our currently
imaging equipment.

Creativity and Mental lliness

Another interesting aspect of creativity is the asso-
ciation with mental illness. Individuals such as artist
Vincent Van Gogh, writer Ernest Hemingway, and
Nobel laureate John Nash are good case examples of
highly imaginative people who also struggled with
mental illness. The composer Robert Schumann
provides one of the most compelling examples of
mental illness and the creation of art (Figure 19.11).
Schumann attempted suicide twice and eventually
died in an asylum. He had two particularly produc-
tive periods of his life during which he also had
symptoms of hypomania. Graphing his musical
works by the years he created them shows a remark-
able fluctuation in productivity with mood.

A larger study supports a correlation between
creativity and mental illness. Combing results from
two older studies, from a time when people were
more likely to have taken the Minnesota Multipha-
sic Personality Inventory, the authors found that
scores for writers and highly creative writers fell
between normal controls and patients with psycho-
sis (Figure 19.12). It is important to note that the
highly creative writers were not necessarily men-
tally ill, just sharing some of the traits of the seri-
ously mentally ill.

Recent studies using the current method of
systematic structured interviews based on the
Diagnostic and Statistical Manual criteria have
replicated these findings. That is, successful art-
ists such as writers or visual artists have a high
prevalence of mental disorders. The most common
disorders are depression and bipolar disorder. It
is worth noting that whereas creative artists have
a high prevalence of mood disorders, it is likely
not the same for creative individuals in other fields
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FIGURE 19.11 @ Robert Schumann’s works graphed by opus number and year of completion provide
a visual display of the creative potential of hypomania and the devastating effects of depression. Robert
Schumann, Wien 1839, lithography by Joseph Kriehuber. (Adapted from Jamison KR. Manic-depressive

illness and creativity. Sci Am. 1995;272(2):627.)

such as science and engineering. It could be that
the moody creative individual is not attracted to the
hard core sciences.

The similarity between creativity and mental ill-
ness may be related to decreased filtering of thoughts
and sensations. A good example of unfiltered
thoughts occurs when we dream during sleep. In this
uninhibited state, we experience a wild variety of
thoughts that are—if nothing else—unique and cre-
ative. Some think dreaming is similar to psychosis.
The important point is that when the inhibitions are
off (as with sleep), the mind is open to new associa-
tions. Yet, few of the new ideas are useful.

Latent inhibition describes one cognitive mech-
anism known to filter extraneous sensations during
the awake state. Latent inhibition is defined as an
animal’s unconscious capacity to screen out and
ignore stimuli that are irrelevant. Specific tests can
measure an individual’s capacity to ignore irrel-
evant stimuli. Its significance in our discussions is

that individuals who have reduced latent inhibition
have been shown to be more creative. Additionally,
this same trait is associated with increased propen-
sity toward psychosis. In other words, a little less
inhibition may promote more creative thinking, but
too much may be problematic.

A study with Harvard undergraduate students
found an intriguing association among latent
inhibition, 1Q, and creativity. The authors catego-
rized the students by 1Q and capacity for latent
inhibition. They also determined each student’s
creative achievement. Students scored high on cre-
ative achievement if they had published a book,
recorded a musical composition, patented an inven-
tion, or won a prize for a scientific discovery. The
results of this analysis are shown in Figure 19.13.

The figure reflects that highly creative indi-
viduals have a high 1Q and are less likely to filter
out extraneous stimuli. The authors concluded
that such individuals not only have access to
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FIGURE 19.12 @ The Minnesota Multiphasic
Personality Inventory (MMPI) allows the plotting of
symptom severity across a spectrum—the upper
graph being more severe symptoms. Highly creative
writers and successful writers fall between typical
psychotic patients and healthy controls. (Adapted
from Simonton DK. Are genius and madness related?
Contemporary answers to an ancient question.
Psychiatr Times. 2005;22(7):23-23.)

more information but also have the brainpower
to handle the additional information and are conse-
quently more likely to make original connections.
However, the authors agreed with the proposition
that too much unfiltered sensory information in
lower 1Q individuals may be a feature of psychotic
thinking.
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FIGURE 19.13 @ Undergraduate students with
high 1Q and low latent inhibition (the ability to filter
out irrelevant stimuli) showed greater creative
achievement. (Adapted from Carson SH, Peterson JB,
Higgins DM. Decreased latent inhibition is
associated with increased creative achievement in
high-functioning individuals. J Pers Soc Psychol.
2003;85(3):499-506.)

Loosening the Frontal Lobes

Artistic expression may be enhanced with loosen-
ing of frontal lobe control. Three examples suggest
this is true. The first example is of an artist with
evolving frontotemporal dementia whose creative
expression blossomed as her illness progressed. The
patient was a high school art teacher who had been
painting since she was a child. In 1986, at the age
of 43, she began developing cognitive problems.
Grading papers, preparing for class, and remember-
ing students’ names became increasingly difficult.
In 1995, she took early retirement. By 2000, she
required caregiver support for her activities of daily
living. An MRI showed moderate bifrontal atrophy
along with mild left temporal atrophy.

While she was losing cognitive skills, she was
also becoming increasingly uninhibited in her
artistic expression. Her paintings, which had been
previously more traditional, were now impression-
istic, abstract, and emotional. Apparently, the inhi-
bitions within the PFC were removed as the disease
progressed and the patient became less constrained
in her art. However, when the dementia progressed
too far, she was no longer able to paint.

James C. Harris, who writes a commentary each
month about the artwork on the cover of Archives
of General Psychiatry and is also the director of
the Johns Hopkins Developmental Neuropsychia-
try Clinic, recently wrote about the remarkable
drawings discovered in the Chauvet Cave. Dated
to approximately 31,000 years ago, the animal
drawings have a realistic perspective that seems
impossible for Cro-Magnon man (Figure 19.14).

)

FIGURE 19.14 @ Drawings in the Chauvet Cave
made 31,000 years ago. Did the primitive Paleolithic
frontal cortex allow for greater artistic expression?



How could these “primitive” people produce such
expressive work? Dr. Harris speculates that there is
reciprocal relationship between artistic representa-
tion and frontal lobe development.

The final example is a longitudinal study of a
girl described as an autistic savant whose graphic
skills enabled her to draw with amazing perspec-
tive as early as 4 years old even though she vir-
tually had no language skills. However, as she

QUESTIONS

1. All of the following apply to g, except
a. Fund of knowledge.
b. Novel problem solving.
c. Fluid intelligence.
d. Ability to handle complexity.

2. All of the following are true about the male
canary’s HVC, except
a. The size is influenced by testosterone.
b. Greater volume equals greater repertoire of
songs.
c. The size is an indirect measure of g.
d. The size fluctuates with the seasons.

3. Indications that the PFC is a major site of

intelligence include all of the following, except

a. Active during problem solving.

b. Lesions produce problem-solving deficits.

c. Larger relative size in more intelligent
animals.

d. Larger proportion of gray matter in humans
compared with other primates.
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matured and her intellectual ability improved,
she lost her artistic touch. These three examples,
the onset of dementia, the cave paintings, and
the autistic savant, highlight a conflicting rela-
tionship among the frontal lobes, artistic creativ-
ity, and cognitive skills. There is some process
or connecting within the frontal lobes in which
“more” is better for cognitive skills but “less” is
superior for artistic expression.

4. Impaired spine formation on dendrites is seen
with all of the following, except
a. Opioid abuse.
b. Memory formation.
c. MR.
d. Impoverished environment.

5. All of the following are true about dyslexia,

except

a. Impaired ability to decode words.

b. Right hemisphere problem.

¢. Inactive temporal/occipital region during
reading.

d. Increased frontal
treatment.

activity with proper

6. Most creative individuals in the sciences have
the following, except
a. Active PFC.
b. Low latent inhibition.
¢. Mental illness.
d. Above average 1Q.

See Answers section at the end of the book.
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Attention

INTRODUCTION

The last aspect of cognition that we will review is
the ability to attend to external or internal stimuli.
Like memory, attention is one of the oldest and most
studied areas of cognitive science. One hundred
years ago researchers used stopwatches and psy-
chological tests to measure attention. In the latter
half of the 20th century, the placement of microelec-
trodes into the brains of monkeys opened the door
to investigating the capacity of individual neurons
to attend. Now with brain imaging studies we can
observe, in real time, the shifting focus of an awake
human solving a puzzle—with or without medica-
tion. One hundred years of research has given us
a better understanding of the power of the brain to
focus on relevant stimuli, although many aspects of
the neurobiology of attention remain mysterious.

Attention in a broad sense describes the mecha-
nism that weighs the importance of various stimuli
and selects the one that will receive the brain’s
focus. The brain has limited capacity for attention.
Numerous psychological tests have demonstrated
the brain’s finite capacity to attend as more and
more stimuli are added. A relevant example from
modern life involves driving while talking on a cell
phone. A recent study found that drivers using a
cell phone had a fourfold increase in the chance of
a serious accident. Handsfree phones were equally
problematic. Attending to a conversation detracts
the driver from attending to events on the road—
contrary to what the driver thinks.

The capacity to concentrate and maintain one’s
attention is inversely related to the ability to ignore
other stimuli. Responding to other stimuli—whether
internal or external—changes the brain’s focus.
The brain cannot attend if it is wandering from one
thought to another. The border collie in Figure 20.1
shows an example of highly selective attention.
The dog is not only focused on the frisbee but also
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actively ignoring other objects of potential inter-
est around him. In this state he will ignore female
dogs, squirrels, children, and even food. He will
not sniff the scent of other dogs or leave his own
mark on the shrubbery. He appears to focus solely
on the flying sphere.

Athletes provide another example of the intimate
relationship between attending and ignoring. The
quarterback who has dropped into the pocket and
is able to ignore all the noise and violence around
him while he searches for an open receiver is an
extraordinary example of attending and ignoring.

FIGURE 20.1
else around him while focusing on the frisbee.

A border collie ignores everything



Likewise, when the artist or the absent-minded
professor gets lost in work, they are ignoring most
sensory inputs coming into their brain. Treatments
that improve attention may be effective because
they improve the brain’s capacity to screen out the
unessential.

Measuring Attention

Continuous performance tasks (CPTs) give an objec-
tive estimate of an individual’s attention and impulsiv-
ity. Subjects watch a computer screen and hit a button
or click a mouse whenever a specified sequence of
symbols or letters appears (Figure 20.2A). Such
tests reflect the subject’s capacity to attend as well
as the ability to restrain impulsive answers. Results
are compared with normative data for individuals in
one’s age group.

Attention changes across the life span.
Figure 20.2B shows the percent errors on one CPT
(Test of Variables of Attention) for 1,590 individuals
from the ages of 4 to 80+. Note how attention improves
with age until the senior years. These findings appear
to roughly correlate with the myelination of the white
matter in the frontal lobes (see Figure 8.8).

WORKING MEMORY

Prefrontal Cortex

Working memory describes what is actively being
considered at any moment. If the conscious brain
is actually a tiny person inside a control room
orchestrating the body’s responses, working
memory would be what he sees on the monitors
in front of him. It is temporary, limited in capac-
ity, and must be continually refreshed. Tradition-
ally, working memory has been associated with the
prefrontal cortex (PFC). It most certainly resides
there, but may also include connections with the
parietal lobes.
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ADHD AND ADULTHOOD

Attention-deficit/hyperactivity disorder (ADHD)
was once considered a childhood disorder.
More recently, it has become popular for
adults to get treatment for this condition.
However, a recent meta-analysis of follow-up
studies found that most children with ADHD
fail to meet the full criteria for the disorder as
adults—only 10% to 15%.
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Trauma to the PFC impairs working memory.
Phineas Gage is the most famous case that shows the
effects of frontal brain damage on working memory.
He was the young railroad worker who had a tamp-
ing iron explode through his frontal cortex (see
Figure 14.4). He went from being responsible and
organized to impulsive and inattentive. His inability
to sustain a thought in his working memory could be
considered the root cause of his wandering attention.

Researchers developed a way to test working
memory in monkeys, called the delayed-response
task. In this task, a monkey is shown a piece of
fruit being placed in one of two randomly cho-
sen receptacles (Figure 20.3). This is called the
cue. A screen is then pulled down obscuring the
monkey’s view and lids are placed over both recep-
tacles. When the screen is lifted, the monkey gets
one chance to remove the correct lid and receive
his reward. The significance of this test is that the
monkey must hold the visual image of the loca-
tion of the fruit in his working memory during
the delay period. Healthy monkeys learn this task
quickly. Monkeys with frontal lobe lesions perform
poorly.

Y L)
20-29 30-39 40-49 50-59 60-69 70-79 80+

Age

A. A continuous performance task provides an objective measure of attention and

concentration. B. Percent errors as measured by the Test of Variables of Attention are age dependent. (Adapted
from Greenberg LM, Crosby RD. A Summary of Developmental Normative Data on the T.O.V.A. ages 4 to 80+.
Unpublished manuscript available through The TOVA company; 1992.)
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Cue Delay Response

FIGURE 20.3 The delayed-response task. A. The screen is raised and the monkey observes a piece

of fruit placed in one of the wells. B. The screen is lowered and the wells are covered. C. After a specific
period of time the screen is raised and the monkey has one chance to remember the correct location of the
fruit. (Adapted from Purves D, Augustine GJ, Fitzpatrick D, et al. Neuroscience. 5th ed. Sunderland, MA:
Sinauer; 2011.)

In the 1970s, researchers began putting micro- neurons were active only during the cue and
electrodes into individual neurons in the PFC of response periods, whereas other neurons became
monkeys while they participated in the delayed- active during the delay period (Figure 20.4B).
response task (Figure 20.4A). They found that The delay neurons start firing with the presentation
neurons reacted differently during the task. Some of the cue and stop with the response. These neurons
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FIGURE 20.4 A. Microelectrodes placed into individual neurons in the prefrontal cortex (PFC) and
monitored during the delayed-response task. B. Neuronal activity in cue neurons (top) and delay neurons
(bottom) during the delayed-response task. C. The location of the cue and delay neurons in the right PFC.
(Adapted from Fuster JM. Unit activity in prefrontal cortex during delayed-response performance: neuronal
correlates of transient memory. J Neurophysiol. 1973;36(1):61-78.)



seem to hold the memory of the task—Iliterally the
neural equivalent of working memory. When the
monkeys incorrectly responded, the delay neurons
were usually inactive. If the monkeys were dis-
tracted during the delay period, the delay neurons
would usually settle down and the monkeys would
make incorrect responses or not respond at all.

After the studies, the researchers sacrificed the
monkeys and identified the location of the micro-
electrodes. The results from several of the monkeys
from one section of their right PFC are condensed
and are shown in Figure 20.4C. The cue neurons
and delay neurons are shown in different colors.
Note how the delay neurons are more common than
the cue neurons and cluster together. It is likely the
delay neurons do not work independently but are
part of a network that holds the image in working
memory.

Catecholamines
Working memory is modulated by the catechol-
amines: dopamine (DA) and norepinephrine (NE).
Pharmacologic interventions that increase DA
and NE in the PFC enhance working memory and
improve attention. Alternatively, agents that block
DA receptors, such as haloperidol, have been shown
to degrade performance on delayed-response tasks.
Phillips et al. examined the relationship between
accuracy on a delayed-response task and DA
release in the PFC. They placed microdialysis
probes in the PFC of rats (see Figure 12.4A),
which allowed continual analysis of extracel-
lular DA concentrations while the rat performed
the task. The rats were tested using an eight-arm
radial maze (Figure 20.5A). In the training phase,
rats were given 5 minutes to explore a radial arm
maze that had four randomly chosen arms baited
with food. During the delay, the rats were confined

FIGURE 20.5
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EXECUTIVE FUNCTION VERSUS
WORKING MEMORY

The terms executive function and working
memory are often used synonymously in the
literature. Some researchers prefer one term
while others prefer the other, but they are not
synonymous. Executive function includes
working memory as well as other higher level
cognitive skills such as organizing priorities
and planning initiation strategies. Although
executive function and working memory
describe different functions in the brain, they
share the same underlying mechanisms.
Both reside in the PFC, are impaired with
frontal lobe damage, and fluctuate with cat-
echolamine modulation.
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at the center of the maze in the dark from 30 min-
utes to 6-hours. In the test phase, food was placed
on the opposite arms from the training phase and
the rats were given 5 minutes to locate the rewards.
Errors were scored as entries into unbaited arms.
Extracellular DA was analyzed at baseline and dur-
ing the testing phase.

The results show an inverse correlation
between extracellular DA in the PFC during the
testing phase and errors (Figure 20.5B). When
the delay was only 30 minutes, the efflux of DA
into the PFC increased over the baseline by 75% and
the rats made only few error journeys into unbaited
arms. However, as the delay was increased, the DA
efflux decreased and the errors mounted.

Biofeedback
Neurofeedback (also called electro encephalogram
[EEG] biofeedback) is a treatment option that

C
. . 4
% increase in Test
dopamine phase
efflux during errors
test
2
1
30min  1h 6h O 30mn 1nh 6h

Delay between training and testing

A. Radial arm maze with four arms baited. B. Percent increase in extracellular dopamine at

the testing phase. C. Errors at the testing phase. (Adapted from Phillips AG, Ahn S, Floresco SB. Magnitude
of dopamine release in medial prefrontal cortex predicts accuracy of memory on a delayed response task.
J Neurosci. 2004;24(2):547-553.)
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allows patients to exercise their brain to improve
attention and concentration. The EEG frequen-
cies are divided into four groups (see Figure 15.3).
[ waves are the frequency pattern produced when
a person is alert and concentrating. The goal of
neurofeedback is for the patient to generate more
B rhythm and less o and 6 rhythms.

Neurofeedback utilizes a computer that inter-
prets the EEG frequencies from the user and pro-
vides them with feedback through a symbol on the
computer screen. For example, the symbol will
move up with B rhythm and down with all other
EEG frequencies. The user learns to move the
image up the screen by producing  rhythms, which
in turn strengthens the neurons that focus attention.
It is the mental equivalent of lifting weights.

Although there have not been large, random-
ized controlled trials, results in the literature are
about 75% positive. Recently a group in Montreal
completed a small controlled trial with functional
imaging before and after biofeedback treatment in
children with ADHD. Treatment consisted of 40
sessions of neurofeedback, each lasting an hour,
over 15 weeks. The neurofeedback group not only
improved their scores on measures of attention but
also increased the activation of the anterior cingu-
late cortex (Figure 20.6). Once again, we see that
the brain is not a static organ and responds to exer-
cise and training.

The inverse is also true. That is, not exercising the
brain—or worse, watching “mindless” television—
seems to impair attention. Longitudinal studies have
linked childhood television viewing with subse-
guent attentional problems in adolescence—more
TV results in poorer focus. A recent study exam-
ined the immediate effects on 4-year-old children
of watching a segment of SpongeBob. Children
who watched 9 minutes of the cartoon show, as
compared with those who spent 9 minutes draw-
ing, showed impairments in executive function
(self-regulation, delay of gratification, and work-
ing memory) when tested immediately after the
intervention. The fast-paced nature of some televi-
sion fails to train the brain to focus and attend. Is
this one reason we are seeing a surge in the diagno-
sis of attentional disorders?

REWARD AND IMPULSE

CONTROL

Sustained attention to a particular task requires an
individual to ignore other appealing stimuli. Con-
trolling the impulse to take the immediate, smaller
reward and waiting for the larger, delayed reward
is essential for completing any project. People
who cannot control these impulses are at a disad-
vantage. In an amazingly simple study, a group at

A Neuropsychological testing

Test Before After
Digit span 9.8 11.6%
Continuous performance test 77.5 B5E
Conners parent rating scale 716 58.0% %%
inattention ’ ’
Conners parent rating scale 79.4 64.3%

hyperactivity
*P<0.05 *P<0005 **'P<0.001

B Imaging study

Anterior
cingulate
cortex

FIGURE 20.6 A. Neuropsychological testing
improved after 40 sessions of neurofeedback.

B. The anterior cingulate cortex showed greater
activity after the neurofeedback treatment. (Adapted
from Levesque J, Beauregard M, Mensour B.

Effect of neurofeedback training on the neural
substrates of selective attention in children with
attention-deficit/hyperactivity disorder: a functional
magnetic resonance imaging study. Neurosci Lett.
2006;394(3):216-221.)

Stanford examined the ability of children to wait
for the larger reward and then followed up their
outcome as adolescents.

In the study, 4-year-old children were seques-
tered in a room with an assistant who placed a
marshmallow on a table. The children were told that
the assistant had to run an errand and would be step-
ping out of the room. They were also told they could
eat the one marshmallow, but if they could wait until
the assistant returned, they could have two marsh-
mallows. The assistant left the room for approxi-
mately 15 minutes and the childrens’ response was
monitored. Some children ate the marshmallow as
soon as the assistant exited the room, whereas the
rest showed varying degrees of self-restraint.

The social and academic performance of these
children was reassessed in their adolescence.
The children who were better at inhibiting the
impulse to immediately eat the one marshmallow



were more resilient, confident, and dependable as
adolescents. Additionally, they were more success-
ful students and even scored higher on the SAT.
The SAT scores for the more impulsive children
are contrasted with those who showed more self-
control. The total scores of the two groups differ
by approximately 100 points.

Impulsive Eaters Patient Waiters
Verbal 524 610
Math 528 652

Clearly, the ability to suppress the desire to grab
the immediate reward was associated with behaviors
that have a profound impact on one’s life. Peo-
ple who can delay gratification and control their
impulses appear to achieve more in the long run.

Nucleus Accumbens and

Dopamine

Attention and impulsivity are opposite sides of
the same coin. Both are controlled, in part, by DA
activity in the nucleus accumbens (NAc). Pleasur-
able activities increase the release of DA in the NAC
(see Figure 12.6). People are less likely to respond
to other stimuli if they are engaged in activities they
enjoy. Stimulant medications also increase the DA
released at the NAc and increase impulse control.
People report that stimulants enable them to block
out irrelevant stimuli with greater ease.

Clearly, other areas of the brain influence the
NAc. For example, the orbitofrontal cortex, the hip-
pocampus, and the amygdala are three regions with
important projections to the NAc (see Figure 12.3).
However, the NAc is uniquely wired to focus atten-
tion on the more favorable rewards.

Other evidence of the role of the NAc in impul-
sive behavior comes from lesion studies on rats.
Rats can learn to choose a larger, delayed reward
over a smaller, immediate reward. Lesions of the
NAc will reverse this behavior. The rats with dam-
aged NAcs become more impulsive and choose the
immediate reward more frequently.

Impulsivity and Youth
Why are adolescents so impulsive and prone to
taking risks? One possible explanation is that the
frontal cortex has not yet matured—an issue dis-
cussed in Chapter 14, in the context of explaining
impulsive aggression. Another explanation points
to the NAc and dopaminergic tone.

The DA reuptake pump (called the DA trans-
porter) has been used as a measure of dopami-
nergic tone. New technology allows the imaging

CHAPTER 20

BOREDOM

It is no great revelation to say that peo-
ple have a hard time staying focused on
boring tasks. The stimulant medications
may improve attention (at least in part) by
increasing the level of interest perceived by
the brain. Volkow et al. gave methylpheni-
date or placebo to normal young men and
imaged their brains while they solved math
problems. When taking methylphenidate,
the men found math less boring and more
exciting (see figure).
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Changes in extracellular dopamine at the
striatum correlated with interest in normal adults
solving math problems. (Adapted from

Volkow ND, Wang GJ, Fowler JS, et al. Evidence
that methylphenidate enhances the saliency of a
mathematical task by increasing dopamine in
the human brain. Am J Psychiatry. 2004;161(7):
1173-1180.)

of the DA transporter density. Studies have exam-
ined the DA transporter density at the striatum (the
region that contains the NAc). Figure 20.7 shows
the decline in the DA transporter with age. Note
the more precipitous drop in early adulthood.

Other researchers have shown that drug-naive
patients with ADHD have, on average, a slightly
higher density in DA transporter at equivalent
ages. For example, a 30-year-old patient with
ADHD has the DA transporter density of a normal
22-year-old. Therefore, it appears that high DA
transporter density (seen with younger individu-
als and patients with ADHD) correlates with more
impulsive behavior, while lower density correlates
with better impulse control.

Drug Addiction

The cravings that drug addicts experience at times
for their drug of choice might be the most extreme
example of seeking immediate gratification. When
a drug addict gets this kind of urge, there are few
concerns about long-term consequences. Every cli-
nician knows about horror stories of addicts who
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FIGURE 20.7 A. The density of the dopamine

transporter at the striatum as a function of age.

B. Distribution of DA transporter in the human brain.
(Adapted from Mozley PD, Acton PD, Barraclough ED,
et al. Effects of age on dopamine transporters in
healthy humans. J Nucl Med. 1999;40(11):1812-1817.)

have squandered the family savings just to get high.
What is the role of the NAc in addictive behavior?

We know that chronic cocaine use downregu-
lates the DA receptors at the NAc (see Figure 12.11).
Likewise, we have shown that amphetamines and
opioids alter the morphology of dendritic spine
on neurons in the NAc (see Figure 12.13). These
results and the behavior of the addicts suggest that
drug abuse damages the NAc. Such an effect might
be the pharmacologic equivalent of lesioning the
NAc—an effect that enhances impulsive behavior.

ATTENTION-DEFICIT/
HYPERACTIVITY DISORDER
Genetics

ADHD travels in families. It is one of the most heri-
table psychiatric disorders we know. Pooled analy-
ses of twin studies suggest the heritable rate may be
as high as 76%, but the search to identify the spe-
cific genes has been disappointing. Pharmacologic
and neuroimaging studies suggest a dopaminergic
hypothesis for ADHD. Indeed the genes for the DA
transporter and the D4 DA receptor have been impli-
cated in numerous studies. However, not all stud-
ies are positive and meta-analysis finds only small
effects of the individual genes, which explains only
a tiny part of the genetic contribution to the disease.

Several genome-wide association studies have
been conducted in an unbiased search for candidate
genes (five studies as of 2009). Unfortunately, there is
little overlap in the findings between the studies, and
“classic” transmitters (DA, NE, and serotonin) were
not even among the top findings. Other more basic
processes such as cell adhesion, neural migration,
and neural plasticity have been implicated by the
genome-wide studies, but none are statistically signif-
icant. Franke concluded, “ADHD is a multifactorial
disorder, in which many genes, all with a small effect,
are thought to cause the disorder in the presence of
unfavorable environmental conditions.” Probably not
a bad description about the genetics of all psychiatric
disorders, as we currently understand them.

Brain Size

As discussed earlier, working memory and impulse
control are important features of attention and are
usually impaired in patients with ADHD. As would
be expected, dysfunction in the PFC and striatum is
the most common abnormal brain findings reported
for ADHD.

However, the most comprehensive neuroscien-
tific studies on children with ADHD come from
Judith Rapoport’s laboratory at the National Insti-
tute of Mental Health. They have conducted several
large prospective case—control magnetic resonance
imaging (MRI) studies of the brains of children
with ADHD. One study produced multiple MRI
scans of 150 children with ADHD and 139 age- and
sex-matched controls. Sixty percent of the partici-
pants had at least two scans.

The most interesting finding was that children
with ADHD had smaller total brain volumes by
approximately 5% compared with controls. The
difference held true for all four cerebral lobes
(including white matter and gray matter), as well
as the cerebellum. The trajectory of the total brain
volumes did not change as the children aged, nor
was it affected by the use of stimulant medication.

Gray Matter Thickness
In a follow-up study, Rapoport’s group examined
another 300 subjects, half of whom had ADHD.

MINIMAL BRAIN DYSFUNCTION

In the past, ADHD was called minimal brain
dysfunction, a term now considered deroga-
tory. The findings from Rapoport’s laboratory
suggest that those older clinicians, without
the benefits of modern imaging studies, had
a subtle but accurate understanding of the
pathophysiology of ADHD.
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FIGURE 20.8 Total gray matter thickness for

children with attention-deficit/hyperactivity disorder
(ADHD) compared with controls. (Adapted from
Shaw P, Lerch J, Greenstein D, et al. Longitudinal
mapping of cortical thickness and clinical outcome
in children and adolescents with attention-deficit/
hyperactivity disorder. Arch Gen Psychiatry.
2006;63(5):540-549.)

This time, with better technology, they measured
regional gray matter thickness. The most unique
feature of this second study was that they followed
up the clinical outcome as well as the structural
changes in the brain of the children over time.
They were able to compare the children who grew
out of the disorder with those that did not.

The results showed that children with ADHD had
global thinning of all the gray matter compared with
the controls, although it was most prominent in the
PFC. Additionally, both groups showed the usual
pruning of the total gray matter as they grew through
adolescence (Figure 20.8). However, two regions
were unique when correlated with clinical outcome:

1. Children who remained impaired at follow-up
had thinner gray matter in the medial PFC at
the beginning of the study.

2. Children who grew out of the disorder showed
a normalization of the gray matter thickness
in the right parietal cortex.

Parietal Parietal
Frontal
a = 4
.
FIGURE 20.9 Regions of significantly greater

activation in healthy subjects relative to the attention-
deficit/hyperactivity disorder group during a target
detection task. (Adapted from Tamm L, Menon V,
Reiss AL. Parietal attentional system aberrations
during target detection in adolescents with attention-
deficit/hyperactivity disorder: event-related fMRI
evidence. Am J Psychiatry. 2006;163(6):1033-1043.)
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These results imply that the normalization of
the parietal cortex may be a compensatory activa-
tion of the posterior attentional network. Indeed,
research suggests that the parietal cortex may play
a greater role in attention than previously consid-
ered. Imaging studies conducted while the subjects
attempted to detect and respond to the presence
of an infrequent stimuli (a variation on a CPT)
showed greater activation of the bilateral parietal
lobes in the controls compared with patients with
ADHD (Figure 20.9).

NEGLECT SYNDROME

There is other evidence that the parietal
lobes are important for good attention. Pari-
etal lesions can cause a neglect syndrome in
which patients ignore objects, people, and
even parts of their body that are to one side
of the center of gaze. The very existence of
parts of the body on the ignored side can be
denied. The figure shows an example of a
patient after a right parietal stroke attempting
to copy some drawings. Note how he fails to
copy details from the left side of the draw-
ings. It has been proposed that the parietal
cortex is involved in attending to objects at
different positions in extracellular space.

Model

Patient’s copy

-

M
A patient after a right parietal stroke attempts to
copy the drawings on the left. (From Springer SP,
Deutsch G. Left Brain, Right Brain. New York, NY:
Worth Publishers; 1998.)
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Timing and Cerebellum

Some researchers suggest that deficits in time
perception are an integral feature of ADHD.
Children with ADHD are known to have problems
with temporal information processing and the tim-
ing of motor tasks. Clinical tests such as estimates
of time duration or the reproduction of timed
sequences are frequently impaired in children with
ADHD. The finger tapping studies by Ben-Pazi
provide a specific example of this problem. Chil-
dren were asked to replicate the same frequency
of the presented stimuli by tapping the space bar
on a computer. Children with ADHD were less
capable of replicating the stimuli and tended to
tap faster than the stimulus presentation—getting
ahead of themselves.

Figure 20.10A, B shows a comparison between
a healthy control and one with ADHD. Note how
the healthy control accurately replicates the same
frequency of the stimuli, whereas the child with
ADHD was responding at a faster frequency. The
propensity to hasten the response is greater for
children with ADHD (Figure 20.10C). The authors
speculate that the rhythmic tapping problems
reflect an abnormal oscillatory mechanism for
those with ADHD.

These rhythmic motor abnormalities may rep-
resent a larger timing problem for patients with
ADHD. In other words, the problem is greater than
just replicating the tapping of a metronome. The
problems with timing may contribute to the impair-
ments seen with higher cognitive skills required to
plan and complete a project. Inconsistencies in
performance, responding too fast or too slow, and
procrastination are behaviors that may be impaired
due to temporal processing deficits. For example,
patients with ADHD typically overestimate the
time left to finish a project. In short, patients with
ADHD may have trouble with project planning and
completion due to problems getting into a good
rhythm and maintaining a consistent pace.

g Control . : 6
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volume
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FIGURE 20.11 Children with attention-deficit/

hyperactivity disorder (ADHD) have smaller total
cerebellar volume compared with unaffected
controls. (Adapted from Castellanos FX, Tannock R.
Neuroscience of attention-deficit/hyperactivity
disorder: the search for endophenotypes. Nat Rev
Neurosci. 2002;3(8):617-628.)

The cerebellum, traditionally conceptualized
as controlling motor coordination, has been
identified as a possible culprit in the etiology of
ADHD. Studies such as those from Rapoport’s
laboratory have documented smaller cerebellum
volumes in patients with ADHD (Figure 20.11).
Likewise, stimulant medications are known to
activate the cerebellum. Finally, the cerebellum
is believed to play an important role in timing
responses. Taken together, these findings suggest
that patients with ADHD may have impaired tim-
ing mechanisms, which may be due to cerebellar
dysfunction.

In summary, it is clear that the PFC and striatum
play large roles in the pathophysiology of ADHD.
More recent studies suggest that the parietal cortex
and cerebellum may also contribute to the prob-
lems patients experience.

Long-Term Effects of Stimulants

There are two kinds of stimulants widely used in
our society. The first, cocaine and methylphenidate,
are primarily obtained illegally on the street. The
second, methylphenidate and amphetamine, are
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FIGURE 20.10 The stimulus to replicate is represented by the black lines in (A) and (B). The responses

by an unaffected child and one with attention-deficit/hyperactivity disorder (ADHD) are shown with brown
dots. C. The percentage of children who hasten their responses by tapping too quickly. (Adapted from Ben-
Pazi H, Shalev RS, Gross-Tsur V, et al. Age and medication effects on rhythmic response in ADHD: possible
oscillatory mechanisms? Neuropsychologia. 2006;44:412-416.)
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Prospective study of cortical thickness at the left middle/inferior frontal gyrus for

43 youths with attention-deficit/hyperactivity disorder. (Adapted from Shaw PS, Sharp WS, Morrison M, et al.
Psychostimulant treatment and developing cortex in ADHD. Am J Psychiatry. 2009;166(1):58-63.)

available with a prescription. Both classes of medi-
cation produce an outpouring of DA. One of the
ironies of psychiatry is that the first group is stud-
ied by substance abuse clinicians, while the sec-
ond group of stimulants is studied by clinicians
treating ADHD. To a large extent, the two groups
are focusing on different aspects of the effects of
DA stimulation.

A recent multicriteria decision analysis of drug
harm in the United Kingdom compared harm to the
user for 20 drugs of abuse. The top three harmful
drugs were crack cocaine, heroin, and metham-
phetamine. The next three were alcohol, cocaine,
and amphetamine. Four of the top six harmful drugs
are central nervous system stimulants. On the other
side of the academic isle is research showing that
stimulant medication may actually “normalize”
some structural abnormalities in the brain. So on
the one hand, stimulants of abuse damage the brain
(see Figure 12.11), while on the other hand stimu-
lant medications seem to normalize the brain. How
can this be?

The difference appears to be this: when the
subjects are analyzed. The substance abusers are
evaluated once they are off the drugs. The stimu-
lant users—typically patients with ADHD—are
usually assessed on the medication. Almost no
studies in the ADHD literature compare the effects
on the brain of subjects who stay on the medica-
tion with those who stop it. Figure 20.12 shows the
only exception.

QUESTIONS

1. All of the following are true about continuous
performance tasks (CPTSs), except
a. They give an estimate of a subject’s ability
to attend.

Cortical thickness, which we know is thin-
ner for patients with ADHD (see Figure 20.8), is
normalized by regular stimulant use as shown
in Figure 20.12. However, those patients who
stopped the medication between the ages of 12.5
and 16.4 experienced a more rapid thinning of
their cortical thickness in the left frontal lobe—an
area of importance in ADHD. Clearly the “nor-
malization” is the result of gene expression turned
on by the stimulant medication. When the stimu-
lants are stopped, the genes too shut down and the
cortex thins. The relevant question is this: what
effect have the medications had on the brain in the
long term?

This is an important question because more
people are taking more stimulant medications for
a longer period of time, and what will their brains
look like when the medications are discontinued?
Will the brain resume the structure it would have
had without any exposure to medication—or will
it be worse—or will it be better? The importance
of this question is highlighted by recent studies
finding increased incidence of Parkinson’s disease
in addicts abusing methamphetamine. And, more
troubling is a large, but as yet unpublished analysis
looking at the use of diet pills in the sixties and
seventies and later problems in the nineties. Patients
who had taken benzedrine and/or dexedrine to
lose weight were 60% more likely to develop
Parkinson’s disease as adults. More long-term
studies are needed.

b. Scores change with age.
¢. Treatment will affect the scores.
d. Elderly subjects perform worst.
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2. A delayed-response task measures

a. The subject’s capacity to delay gratification.
b. Impulsivity.

¢. Working memory.

d. Relative DA activity at the NAc.

. The goal of neurofeedback is for the subject to
improve their attention by spending more time
in which rhythm?

a. o.

b. B.

c. 0.

d. A.

. Stimulant medications improve attention
and concentration through the following
mechanisms, except

a. Increase NE efflux in the striatum.

b. Increase NE efflux in the PFC.

c. Increase activity in the cerebellum.

d. Increase interest in new activities.

5. Activity at the NAc (or striatum) helps explain

all of the following, except
a. Drug addiction.

b. Impulsivity

¢. Working memory.

d. Adolescent behavior.

. Children who fail to grow out of ADHD show

all of the following, except

a. Thinner total gray matter.

b. Compensatory thickening of the parietal gray
matter.

c. Smaller total cerebellum volume.

d. Less prefrontal gray matter.

7. Which structure is associated with which finding

in ADHD?

1. PFC A. Compensatory gray
matter thickening

2. Cerebellum B. Temporal processing

3. NAc C. Working memory

4. Parietal cortex  D. Delay of gratification

See Answers section at the end of the book.



SECTION |V

Disorders




CHAPTER 21

Depression

INTRODUCTION

We wrap up this review of neuroscience by look-
ing closer at the pathophysiology of four com-
mon psychiatric disorders. The first will be the
depressive disorders. Although we often use the
term depression, the reader should keep in mind
that there are probably a multitude of discrete dis-
eases that all end up with the syndrome we now
call depression. For example, psychotic depres-
sion, atypical depression, bipolar depression, and
pathologic grief may be variants of the same phe-
nomena or they could be different conditions with
different mechanisms of action. We have no objec-
tive measures to distinguish between the depres-
sive disorders at this time. In the 1920s, we would
have talked about pneumonia as one disease, as
they all produced coughs and fever, although we
now know that there are many different causes
of pneumonia (e.g., tuberculosis, pneumococcus,
and H. flu).

Depression is a common condition recognized
by Hippocrates (melancholia). Yet, in spite of all
our technologic advances since the time of the
ancient Greeks, we know surprisingly little about
the pathophysiology of the disorder. We know even
less about bipolar disorder.

Monoamine Hypothesis

The accidental discovery in the 1950s that the tricy-
clic and monoamine oxidase inhibitor medications
could relieve depression symptoms transformed the
treatment of the disorder. Numerous spin-off medi-
cations have been developed since the 1950s. Most
are safer and better tolerated than the earlier medi-
cations, but none are more effective. In addition,
they all work through the same mechanism: the
monoamines. This has driven the common concep-
tualization of depression as a disorder of serotonin
or norepinephrine (NE) or both.
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Again, we see that treatment response generates
pathophysiology theories. Clinicians call this the
monoamine hypothesis, and the lay public calls it
a chemical imbalance. Unfortunately, neither is an
accurate description of the biologic mechanisms of
depression. At least two factors argue against the
monoamine hypothesis as being the only cause of
depression:

1. Medications take 6 to 10 weeks to reach full
effectiveness, although the neurotransmitter
activity at the synapse is altered within a few
doses.

2. Studies of neurotransmitter levels in the
plasma, cerebrospinal fluid, and brain tissue
have failed to find deficiencies in patients
who are depressed compared with healthy
controls.

Clearly, the depressions are more complex
than the simple replacement of an insufficient
neurotransmitter.

The Depressed Brain

If you were going to do biopsy on a patient with
depression, where would you stick the needle—
what would you look for? Structural imaging,
functional imaging, and postmortem studies have
established five regions that are consistently dys-
functional in most patients with depression. The
five regions are shown in Figure 21.1. Note the
extensive prefrontal involvement.

It is tempting to match depressive symptoms
from the Diagnostic and Statistical Manual of
Mental Disorders criteria with specific regions in
the brain. For example, anhedonia can be attrib-
uted to dysfunction of the nucleus accumbens or
cognitive deficits to the anterior cingulate cortex.
However, while a few symptoms seem to match up
with a brain region, most do not. Most symptoms
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are likely the product of simultaneous dysfunction
in several regions.

Alternatively, it is possible to envision depres-
sion as the result of overactivity in some regions
and underactivity in others. For example, the hip-
pocampus and nucleus accumbens are considered
underactive in depressed patients, whereas the
hypothalamic-pituitary-adrenal (HPA) axis and
amygdala are overactive. This is appealing because
some of the symptoms of depression appear to be
caused by loss of function (low motivation, lack of
hope, and low appetite), whereas others appear to
be caused by hyperactivity (insomnia, anxiety, and
suicidal thoughts).

Still, there is no consensus regarding the CNS
alterations in the depressed brain. Part of the prob-
lem is the manner in which functional imaging
studies analyze the brain. Studies that measure
regional blood flow such as positron emission
tomography (PET) and single photon emission
computed tomography (SPECT; see Table 1.2)
image the resting or idling brain. Blood oxygen
level-dependent functional magnetic resonance
imaging (fMRI) compares the brain’s activity
in response to different stimuli. If the brain is
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The five major regions of dysfunction in depressed brains. HPA, hypothalamic-pituitary-adrenal.

compared with a car, resting PET studies assess the
idling car, while fMRI measures the car’s perfor-
mance on the open road—during a task.

A meta-analysis in 2012 of functional neuro-
imaging studies conducted in patients with major
depression may give us the most up-to-date under-
standing of the dysfunction in the depressed brain.
The researchers looked for changes in activity at rest
(compared with healthy controls) and the response
of the brain to negative stimuli (e.g., viewing pic-
tures of sad faces). They found three differences in
the depressed patients relative to the controls:

1. Activation of the pulvinar nucleus of the
thalamus.

2. Greater response in the amygdala, insula, and
anterior cingulate to negative stimuli.

3. Lower response in the dorsal striatum and dor-
sal lateral prefrontal cortex (PFC) to negative
stimuli.

With these findings, the researchers formulated the
following model of depression—heightened activ-
ity in the thalamus enhances the response to nega-
tive stimuli, which in turn activates the amygdala,
insula, and anterior cingulate. Furthermore, there
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FIGURE 21.2 Sagittal views of PET scans on
an average group of patients after a successful
course of ECT. (Adapted from Nobler MS, Oquendo
MA, Kegeles LS, et al. Decreased regional

brain metabolism after ECT. Am J Psychiatry.
2001;158(2):305-308.)

is a failure of the dopamine pathways in the dorsal
striatum and dorsal lateral PFC (think pleasure and
reason, respectively) to mitigate the impact of the
negative stimuli. In essence, patients with depres-
sion are excessively responsive to negative infor-
mation and fail to experience/consider alternative
positive explanations.

Frontal Cortex

It all sounds good, but the studies of the prefron-
tal response to treatment suggest a more confus-
ing model for depression. Looking at just the
resting brain—using PET or SPECT scans—we
find remarkably differing responses in the PFC
to successful treatment. For example, Figure 21.2
shows the effect electroconvulsive therapy (ECT)
has on the brain. Note how a successful course of
ECT turns down the frontal cortex. A study using
cognitive-behavioral therapy showed a similar
response. However, paradoxically antidepressants,
vagus nerve stimulation (VNS), and transcranial
magnetic stimulation (TMS) have been shown to
increase the activity of the PFC.

How can these successful treatments have such
disparate effects on the frontal cortex? We think one
explanation is that depression results from dysfunc-
tion of the frontal cortex and subcortical regions.
Successful treatment restores harmony between the
regions. A frontal cortex that is organized and more
appropriately responsive (whether more active or
less active compared with pretreatment) may be less
depressed. It may not be the idling rate of activity
in the region that is pathological in depression, but
rather the relationship between the PFC and the
associated other regions in the depression or mood
regulating network.
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FIGURE 21.3 Diurnal mean plasma cortisol in

depressed patients and healthy controls. (Adapted
from Deuschle M, Schweiger U, Weber B, et al. Diurnal
activity and pulsatility of the hypothalamic-pituitary-
adrenal system in male depressed patients and healthy
controls. J Clin Endocrinol Metab. 1997;82(1):234-238.)

THE HYPOTHALAMIC-
PITUITARY-ADRENAL AXIS

Since the 1950s, it has been recognized that
depressed patients have excessive activity of the
HPA axis. Figure 21.3 shows the increased plasma
cortisol levels over 24-hours in patients with depres-
sion compared with controls. The hypercortisolemia
is stimulated by increased expression of corticotro-
pin-releasing hormone (CRH) and reduced feed-
back inhibition of the HPA axis (see Figure 7.9).
As discussed in Chapter 7, one theory of depression
postulates that chronic, unremitting stress leads to
the inability of the brain to turn down the HPA axis.

Postmortem studies of depressed patients have
shown increased neurons in the paraventricular
nucleus of the hypothalamus. The increased neu-
rons are believed to be driving the increased activ-
ity in the HPA axis. It is unclear why these patients
have more neurons in the hypothalamus. It could
be genetic or a reaction to chronic stress.

Some patients with excess cortisol—either taken
orally or generated internally—have reduced hippo-
campal volume. A meta-analysis of MRI studies has
confirmed that hippocampal volume is reduced in
patients with depression. It is believed that the excess
cortisol produced by depressed patients is toxic to
the hippocampus and causes the volume loss.

Effective treatments for depression (antidepres-
sants, ECT, and lithium) are known to restore nor-
mal HPA function in most patients. It is postulated
that this effect is due to increased glucocorticoid
receptor production stimulated by the treatments,
which has the effect of making the hypothalamus
more receptive to negative feedback from cortisol.
Finally, effective treatment of depression is believed
to preserve and possibly restore hippocampal



DEPRESSION LABORATORY TEST

The overactivation of the HPA axis is so con-
sistent in depression that there were early
efforts to use it as a laboratory test to diagnose
depression. Unfortunately, the sensitivity and
specificity of increased adrenocorticotropic
hormone (ACTH) for depression are not to
the level where it is clinically useful. Other
medical conditions also result in elevations of
ACTH and there is even a subset of depressed
patients who have low ACTH!

The dexamethasone suppression test was
piloted in the early 1980s in an alternative
attempt to develop a laboratory test for depres-
sion. Patients are given dexamethasone at
11 pm and cortisol levels are drawn the next
morning. Dexamethasone binds to the gluco-
corticoid receptors, which in turn inhibits the
secretion of ACTH and subsequently cortisol.

function (more on this later). A healthy hippocam-
pus provides more inhibitory feedback on the HPA
axis, as shown in Figure 7.9.

Consequently, depression appears to result in
the breakdown of the normal relationship between
the hippocampus and the HPA axis. Increased cor-
tisol from the adrenal gland causes hippocampal
damage, which results in decreased inhibitory
feedback on the HPA axis—which in turn causes
increased cortisol release, and so forth.

Restoring normal functioning of the HPA axis as
a treatment focus has generated considerable inter-
est. Several groups have tested CRH receptor block-
ers as novel treatments for depression. Although
the early small studies were favorable, the results
were not consistent and were associated with a risk
of hepatotoxicity. Research in this area has stalled.

NEUROGENESIS AND BRAIN-
DERIVED NEUROTROPHIC

FACTOR

As discussed in Chapter 8, the brain is more
dynamic than previously thought. The brain con-
tains undeveloped stem cells that can migrate and
mature into neurons or glial cells (see Neurogen-
esis section in Chapter 8). There is compelling evi-
dence that this process is disrupted in depression
and corrected with successful treatment.

Volume Loss

Structural imaging studies and postmortem analy-
sis of depressed patients have documented subtle
volumetric loss. The findings of a smaller hippo-
campus (mentioned above) are the best known, but
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Healthy subjects will suppress the release of
cortisol. Depressed patients will fail to suppress
the cortisol and show a bump in their cortisol
level the next morning. Unfortunately, the test
has not been sensitive or specific enough—
only 25% to 40%. It fails to detect many
patients who are truly depressed, and some
general medical conditions (such as Cushing’s
disease or even general stress of a chronic
medical iliness) also cause the HPA axis to fail
to suppress cortisol.

Subsequently, with the availability of
CRH, a new test has been developed using
both dexamethasone and CRH (dex/CRH).
Although the dex/CRH test is more accurate
(the sensitivity increases to 80%), the clinical
utility of this cumbersome test as a diagnostic
tool remains doubtful.

other findings include smaller PFC, cingulate gyrus,
and cerebellum. Additionally, microscopic exami-
nations have shown decreased cortical thickness as
well as diminished neural size. One possible expla-
nation is that HPA axis activation is neurotoxic to
the brain. Another possibility involves a disruption
of normal nerve growth.

The prospect that depression is related to prob-
lems with nerve growth factors opens a new way
to conceptualize the pathophysiology of the disor-
der. A failure of neurogenesis and growth factor
proteins, such as brain-derived neurotrophic factor
(BDNF), may cause subtle shrinkage of the brain
in depression.

BDNF is one of a family of neurotrophins that
regulate the differentiation and survival of neurons
(see Figure 8.9). Most likely, there are a multitude
of growth factor proteins maintaining and stimu-
lating nerve growth, but BDNF is the most widely
studied at this point. Figure 21.4 shows a dramatic
example of the effects of BDNF on serotonergic
neurons in the rat cortex. Saline or BDNF was
infused directly into the rat frontal cortex for 21
days. Then the animals were sacrificed and the
cortex at the site of the infusion was stained for
5-hydroxytryptamine (5-HT) neurons. Note the
remarkable arborization of the 5-HT axons in the
cortex of the rat exposed to BDNF.

Growth factor proteins such as BDNF provide
ongoing maintenance of neurons in the brain. Dis-
ruption of these nerve growth factors results in the
reduction in the size of neurons, as well as some
cell loss. Such reductions and loss may produce
psychiatric symptoms.
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Saline

FIGURE 21.4 Brain-derived neurotrophic factor
(BDNF) infused directly into the rat frontal cortex results
in a supranormal branching of 5-hydroxytryptamine
axons. (Adapted from Mamounas LA, Blue ME, Siuciak
JA, et al. Brain-derived neurotrophic factor promotes
the survival and sprouting of serotonergic axons in rat
brain. J Neurosci. 1995;15(12):7929-7939.)

It is difficult to assess the quantity and quality of
BDNF in living humans, so the evidence connect-
ing BDNF and depression is indirect. A postmor-
tem analysis of suicide subjects found a marked
decrease in BDNF in their PFC and hippocampus
compared with controls (see Figure 21.5).
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FIGURE 21.5 A. Western blots showing the

immunolabeling of brain-derived neurotrophic factor
(BDNF) in the prefrontal cortex in three control
subjects and three suicide subjects. B. Averaged
BDNF in the prefrontal cortex and hippocampus for
both groups. (Adapted from Dwivedi Y, Rizavi HS,
Conley RR, et al. Altered gene expression of brain-
derived neurotrophic factor and receptor tyrosine
kinase B in postmortem brain of suicide subjects.
Arch Gen Psychiatry. 2003;60(8):804-815.)

Psychiatric Treatment and Brain-
Derived Neurotrophic Factor

Of great interest to psychiatrists are the increases
in BDNF and neurogenesis seen with treatments
that relieve depression. In rats, the following inter-
ventions have been shown to increase BDNF:

Antidepressants

Lithium

Stimulation treatments: ECT, TMS, and VNS
Estrogen

Exercise

gkrwbdE

This is a remarkable discovery. It is the first
time that one mechanism of action has been found
that could explain how all these disparate modes
of treatments relieve depression. Presumably, psy-
chotherapy would also increase BDNF, but no one
has yet developed a credible animal model that
could be tested.

With humans, there are less data on studies fol-
lowing depression treatment and BDNF levels.
A recent study from the University of California,
San Francisco examined serum BDNF levels in
depressed patients before and after the initiation
of antidepressant treatment. The results were com-
pared with healthy control subjects. Although serum
BDNF levels are not as accurate as direct central
measurements, the results are still impressive (see
Figure 21.6). The BDNF levels in the depressed
patients before treatment were significantly less
than the levels in the healthy subjects. After 8 weeks
of antidepressant treatment, the serum BDNF levels
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FIGURE 21.6 Serum brain-derived neurotrophic
factor (BDNF) levels in depressed patients before
and 8 weeks after escitalopram or sertraline
treatment compared with healthy controls. (Adapted
from Wolkowitz OM, Wolf J, Shelly W, et al. Serum
BDNF levels before treatment predict SSRI response
in depression. Prog Neuropsychopharmacol Biol
Psychiatry. 2011;35:1623-1630.)



increased significantly and no longer differed from
those of the controls.

Neurogenesis

Numerous studies have shown that increased BDNF
leads to increased neurogenesis. Therefore, inter-
ventions that increase BDNF should also increase
the development of new nerve cells. A unique study
with rats has demonstrated that fluoxetine stimulates
neurogenesis in about the same amount of time it
takes humans to respond to the treatment. The rats
given fluoxetine did not generate new neurons at a
rate any different from placebo after 5 days, but did
separate from placebo by 28 days (see Figure 21.7).
Of particular interest, it also took 28 days for the
rats to change their behavior—demonstrate a greater
willingness to move into open, lighted areas to eat.

Scarring the DNA

Nestler et al. at the University of Texas Southwest-
ern Medical Center (he has moved back to New
York and is at Mt. Sinai) have taken these ideas one
step further. They have looked at the effect of ani-
mal models of depression on the DNA that codes
for BDNF. First, they stressed mice by placing
them in the presence of a different aggressor mouse
for 10 consecutive days. The exposed mice—called
defeated mice—were later socially avoidant with
unfamiliar mice. Such a reaction is similar to that
of humans with depression and posttraumatic
stress disorder. The messenger RNA (mRNA) that
encodes for BDNF was analyzed in the defeated
mice and comparable controls. As expected, it was
greatly reduced in the defeated mice.
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FIGURE 21.7 New neurons (neurogenesis) at

5 days and 28 days on rats given placebo and
fluoxetine. (Adapted from Santarelli L, Saxe M,
Gross C, et al. Requirement of hippocampal
neurogenesis for the behavioral effects of
antidepressants. Science. 2003;301(5634):805-809.)
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The defeated mice were given imipramine,
fluoxetine, or placebo for 30 days. The antidepres-
sants not only reversed the avoidant behavior, but
also returned the BDNF mRNA to almost normal
levels. On the basis of these results, the researchers
speculated that depression (or in this case, social
defeat) must affect the DNA. What they have found
may change the way we view depression.

We discussed in Chapter 6 how DNA must
unravel in order for the mRNA to be transcribed
(see Figure 6.7). Likewise, we discussed in
Chapter 17 the profound effect that a mother rat’s
behavior has on gene expression (see Figure 17.7).
The results from Nestler’s laboratory suggest
that depression too may be a disorder of gene
expression—or what they call gene silencing.

The DNA in the region that codes for BDNF was
examined in the defeated mice as well as healthy
controls. Figure 21.8 shows the results. In the
healthy controls, there were a few methyl groups
attached to the histones that package the DNA. In
the defeated mice, the methyl groups were greatly
increased, which had the effect of limiting access
to the DNA. The antidepressant-treated group had
the addition of many acetyl groups to the histones,
although there was no change in the number of
methyl groups. The acetyl groups have the effect of
opening up the DNA and allowing BDNF mRNA
to be transcribed.

Human studies examining methylation of the
DNA in depressed patients have not been conducted.
Although we would never biopsy the brain of a liv-
ing depressed person, it would be interesting to com-
pare methylation of the DNA in postmortem studies
of depressed patients and nondepressed controls.

In summary, these studies suggest a mecha-
nism for depression. Stress in conjunction with a
genetic vulnerability decreases growth factor pro-
teins (such as BDNF) due to “clogging” of the
DNA (see Figure 21.9). This leads to thinning of
the neuronal structures, which results in depres-
sive symptoms. These structural changes make the
prefrontal limbic governing system vulnerable to
disruption and dysregulation. Stress, loss, or other
processes cause the system to lose self-regulation.
Furthermore, it appears that effective treatments
such as antidepressants, lithium, ECT, and exercise
(and presumably psychotherapy and good social
support) will reverse the process. Presumably, the
treatment increases the production of growth factor
proteins, such as BDNF, that result in renewed neu-
ronal growth, more resilient self-regulating circuits,
and a return to healthy mood.

Clearly, this is a simplistic description of what
is a very complex and heterogenous process. Much
more remains to be discovered.
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FIGURE 21.8 A. DNA must unravel to transcribe messenger RNA (MRNA) needed for protein translation

such as brain-derived neurotrophic factor (BDNF). B. Chronic defeat (and possibly depression) caused
excessive methylation of the histones, which blocks access to the DNA. C. Antidepressant treatment renews
access to the DNA by adding acetyl groups to the histones. (Adapted from Tsankova NM, Berton O, Renthal W,
et al. Sustained hippocampal chromatin regulation in a mouse model of depression and antidepressant action.

Nat Neurosci. 2006;9(4):519-525.)

An unexpected finding in postmortem studies
of depressed patients has been the reduced
number and density of glial cells in the PFC.
Subsequent studies have shown that electro-
convulsive seizures in rats will increase prolif-
eration of new glial cells but not new neurons
in the PFC. Glial cells may play a larger role in
depression and its treatment than traditionally
believed.

Ketamine

One of the most interesting recent developments
in psychiatry has been the use of an old anesthetic
drug ketamine—an N-methyl-p-aspartate (NMDA)
blocker (see Figure 5.2)—as a rapid treatment for
depression. Not only is this a unique approach to
the treatment of depression—attacking the gluta-
mate neurons—»but also a single IV administration
can have a robust response in less than 2-hours in
upward of 75% of the subjects—Iasting several
days to weeks in some patients. There are only a
few interventions with such a hearty response—
sleep deprivation, intrathecal thyrotropin-releasing
hormone, or winning the lottery.
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C Treated state

BDNF

FIGURE 21.9

Antidepressants
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Stress and genetics cause decreased growth factor protein production, which reduces

neural substrate. Effective treatment reverses this process. BDNF, brain-derived neurotrophic factor; ECT,
electroconvulsive therapy; TMS, transcranial magnetic stimulation. (Adapted from Berton O, Nestler EJ. New
approaches to antidepressant drug discovery: beyond monoamines. Nat Rev Neurosci. 2006;7(2):137-151.)

Searching for the mechanism of this effect
has been a hot topic. Recently, an old friend has
emerged: BDNF. Using a mouse model of depres-
sion, a group at The University of Texas South-
western Medical Center found that IV ketamine
(as well as another NMDA blocker) induced a
behavioral change in the mice within 30 minutes
and increased the production of BDNF in their
hippocampi. Furthermore, BDNF-knockout mice
failed to respond to ketamine. Finally, mice pre-
treated with protein synthesis inhibitors failed to
display antidepressant-like behavioral responses
to ketamine—indicating that protein synthesis is
required for the antidepressant effect.

The reason this response is so rapid appears to
be due to a unique mechanism of action, that is,
protein synthesis without gene expression. The
ketamine does not turn on the DNA, but rather
turns off the suppression of BDNF synthesis from
existing mRNA. In other words, ketamine takes
the brakes off the mMRNA that translates BDNF. All
roads lead to Rome—at least for now.

Whether ketamine, or derivatives of it, will turn out
to be a treatment for depression is unclear. Itis hard to
double-blind the studies as the dose needed produces
amild euphoria and dissociated state, and the effects
do not appear to last longer than several days. Finally,
ketamine can be and is abused (vitamin K), making it
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potentially problematic for a widespread treatment.
Further research is ongoing and needed in this area.

GENES AND ENVIRONMENT

Some people encounter a stressful life event and
bounce back with astounding resilience. Others,
faced with the same life experience, lapse into
depression. The general consensus is that depres-
sion (and most mental illness for that matter)
results from the interaction of dubious genes and
difficult environmental events. In 2003 Avshalom
Caspi published a remarkable paper in Science that
purported to identify a gene that could explain why
people respond differently to life’s challenges.

There are two versions for the gene that produces
the serotonin transporter (the reuptake pump in the
synapse): a short one that is less effective and a long
one. Caspi and his colleagues collected information
from 26-year-old subjects—stressful life events in
the past 5 years and presence of major depression
in the past year—and correlated these data with the
genes for the serotonin transporter. The results are
graphed in Figure 21.10A. Individuals with copies
of the short allele and stressful events were predis-
posed to develop major depression.

This was one of the most famous studies in psy-
chiatry in the previous decade. A copy seemed to
appear in every PowerPoint presentation on depres-
sion. Unfortunately, a meta-analysis 6 years later
(Figure 21.10B) demonstrated that combining the
results from 14 studies “yielded no evidence that the

A Landmark study 2003

0.05
®  Short/short
_ , 0.04 B Short/long
53 Long/long
g3
EZ o003
S O
> C
£2 002
Q09
g5
& 8 0.10A
0
0 1 2 3 4+
Number of stressful life events
FIGURE 21.10

serotonin transporter genotype alone or in interaction
with stressful life events is associated with elevated
risk of depression.” These disappointing results are
probably a product of focusing on one gene (when
depression is more likely the result of numerous
genes) and another example that the serotonin hypoth-
esis of depression is too narrow. Most of us believe
depression results from the interaction of genes and
environment, but our research remains hampered by
our inability to identify the culprit genes.

BIPOLAR DISORDER

Bipolar disorder is a prevalent illness with strong
genetic links and unique clinical features. Unfor-
tunately, there is little to report about the neurosci-
ence of bipolar disorder. This may be due to the
difficultly in distinguishing the subtle differences
in bipolar patients’ brains from those with uni-
polar depression as well as healthy controls. The
essential feature of bipolar disorder—episodes of
mania—is clinically very distinctive, but no obvi-
ous structural, functional, or molecular markers
have yet been identified in the brain.

Global Activation

One would think that manic episodes would be
easy to differentiate in functional imaging stud-
ies—if the subjects could remain still enough in
the scanner. In a manic episode, the patient’s brain
appears to be revved up—going way too fast.
One would imagine that the manic brain would

Interaction of genotype and
stressful life events

B Meta-analysis 2009

Capsi et al. (2003) 845 ——
Eley et al. (2004) 328
Gillespie et al. (2005) 2,253
Grabe et al. (2005) 999
Surtees et al. (2006) 4,060
Wilhelm et al. (2006) 127
Taylor et al. (2006) 110 —
Chipman et al. (2007 1,844 =

Cervilla et al. (2007) 735 i
Chorbov et al. (2007) 120 -1
Middeldorp et al. (2007) 367 I
Kim et al. (2007) 732 T
Power et al. (2008) 1,421
Laucht et al. (2009) 309 E
Overall 14,250
0.2 1.0 5.0

Odds ratio (95 % CI)

A. Individuals with the long allele for the serotonin transporter are less likely to develop

depression when dealing with life’s stresses. B. A meta-analysis (brown triangle and line) failed to replicate
the results. (A adapted from Caspi A, Sugden K, Moffitt TE, et al. Influence of life stress on depression:
moderation by a polymorphism in the 5-HTT gene. Science. 2003;301:386-389. B adapted from Risch N,
Herrell R, Lehner T, et al. Interaction between the serotonin transporter gene (5-HTTLPR), stressful life events,
and risk of depression. JAMA. 2009;301(23):2462-2471.)



“light up” in a functional imaging study, but that
has not been the case.

The Medical University of South Carolina Func-
tional Neuroimaging Team conducted a prospective
fMRI study of six rapid cycling bipolar patients in
an effort to identify changes in the brain with differ-
ent moods. The patients were matched with appro-
priate controls and asked to call the imaging center
whenever in an altered mood. Numerous scans were
performed at many unusual hours of the day on each
patient and control. The absolute blood flow measures
did change over time and were softly, but not signifi-
cantly, associated with depression and mood. The
results from one subject are shown in Figure 21.11.
Note how the total brain activity (shown in black)
roughly follows the mood changes (shown in brown).
Unfortunately, larger studies attempting to show this
same phenomenon have been disappointing.

Lithium and Gray Matter

Some imaging studies have found decreased size
and activity in the PFC of patients with bipolar dis-
order—similar to that found in patients with uni-
polar depression. We mentioned earlier that lithium
has been shown to stimulate BDNF synthesis. A
group at Wayne State University conducted a clever
study matching these two concepts. They examined
the gray matter volume changes in bipolar patients
after initiating lithium treatment. MRI scans were
conducted at baseline and after 4 weeks of lithium.
A computer outlined and measured the gray matter
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FIGURE 21.11 @ Serial functional magnetic
resonance imaging of a rapidly cycling bipolar
patient. Total brain activity in black squares. Mood
states in brown circles. (Adapted from Kosi S,
George MS. Functional magnetic resonance imaging
investigations in mood disorders. In: Soares JC, ed.
Brain Imaging in Affective Disorders. New York, NY:
Marcel Dekker; 2003.)

volume in each scan (see Figure 21.12). Eight of
the ten patients showed significant increases in total
gray matter volume—averaging 3%.

Subsequent studies by other groups have repli-
cated these data. Of interest, valproic acid has not
been shown to have the same effect.

Bipolar Summary

Although these studies are interesting, they fail
to provide the neuroscientific basis for bipolar
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FIGURE 21.12 @ Gray matter in magnetic resonance imaging (MRI) (A) is outlined and quantified in the
computer (B). The change in gray matter volume for each subject is shown after 4 weeks of lithium (C) (Adapted
from Moore GJ, Bebchuk JM, Wilds IB, et al. Lithium-induced increase in human brain grey matter. Lancet.

2000;356(9237):1241-1242.)
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BDNF UTOPIA?

One can get the impression that nerve growth
factors such as BDNF are the solution to all
problems. Although future psychiatric treat-
ments may provide better ways to restore
nerve growth factor deficiencies in mentally ill
patients, it will not be as simple as just find-
ing ways to get more BDNF into the brain. Too
much BDNF in some regions of the brain may
be detrimental. For example, Nestler et al. using

disorder that we would like to see. Haldane and
Frangou reviewed the literature on imaging studies
in patients with bipolar disorder. They suggest that
bipolar patients share some features with unipolar
depression (reduced activity in the PFC). Yet, other
areas such as the amygdala are larger and more

QUESTIONS

1. All the following are true about the monoamine

hypothesis, except

a. It is often called a chemical imbalance.

b. Explains the delay in response seen with
depression treatments.

c. Proposes deficiencies in 5-HT and NE in
depressed patients.

d. Suffers from a lack of supporting findings.

2. Postmortem studies in depressed patients have
found all of the following, except
a. Reduced neurons in the hypothalamus.
b. Thinning of the gray matter in certain regions.
c¢. Diminished neuronal size.
d. Reduced glial cells.

3. Antidepressants may decrease depressive
symptoms and improve neural survival through
which of the following effects?

a. Increased glucocorticoids and increased
BDNF.

b. Increased glucocorticoids and decreased
BDNF.

c. Decreased glucocorticoids and increased
BDNF.

d. Decreased glucocorticoids and decreased
BDNF.

4. Goals for effective treatment of depression
include all of the following, except
a. Decrease HPA activity.
b. Protect the hippocampus.
c. Restore normal sleep architecture.
d. Awaken the PFC.

the same “defeated mouse” protocol found that
the defeated mice had increased BDNF in the
nucleus accumbens. The researchers specu-
late that the development of the social phobia
seen with the defeated mice may be related to
too much BDNF in the brain’s reward system.
Additionally, “too much growth, in an uncon-
trolled manner” is another way to describe
cancer.

active in the bipolar patients. The authors suggest
that bipolar disorder may be the result of abnor-
mal interactions between the PFC and subcortical
regions such as the amygdala—an abnormality they
claim is not seen with unipolar depression. Clearly,
more research is needed on this interesting topic.

5. Which intervention has not been shown to
increase BDNF in animal models?
a. Cognitive-behavioral therapy.
b. Exercise.
c. TMS.
d. Estrogen.

6. Possible culprits in the etiology of depression
include all of the following, except
a. Cytotoxic effects of cortisol.
b. Insufficient limbic activity.
¢. Genetic predisposition for sufficient nerve
growth factors.
d. Disorganized prefrontal activity.

7. One plausible explanation for an antidepressant’s
effectiveness is
a. Removing methyl groups from scarred
DNA.
b. Restoring 5-HT and NE to their normal
levels.
c. Restoring access to the DNA.
d. Neuroprotective effects on mRNA.

8. The pathologic mechanism of bipolar disorder

is best described as

a. Excessive prefrontal activity in manic episodes
and decreased activity during depression.

b. Too much BDNF in subcortical structures.

c. Cortisol activation of excessive electrical
activity.

d. None of the above.

See Answers section at the end of the book.



INTRODUCTION

Anxiety is part of a mechanism developed in higher
animals to handle adverse situations. The anxiety
response can be conceptualized as part of the brain’s
alarm system firing during times of perceived dan-
ger. The characteristic responses including avoid-
ance, hypervigilance, and increased arousal are
implemented to avoid harm.

The evolutionary drive to survive has invariably
enhanced a strong anxiety response. Unfortunately,
in many individuals, that mechanism is overactive.
The alarm fires too frequently. Such people cannot
seem to turn down their internal alarm even when
the coast is clear.

Diagnostic and Statistical Manual

The Diagnostic and Statistical Manual (DSM) system
categorizes anxiety into a multitude of different dis-
orders (generalized anxiety disorder [GAD], obses-
sive-compulsive disorder [OCD], post-traumatic
stress disorder [PTSD], etc.). Although each disorder
has unique clinical features, it is not clear whether
they actually describe different pathologic states. The
disorders have the following similar characteristics:

1. Most patients with an anxiety disorder will
have features of the other disorders.

2. Many of the disorders respond to similar
treatment interventions: selective serotonin
reuptake inhibitors, benzodiazepines, expo-
sure therapy, and so on.

3. There is little evidence to show that different
disorders stem from different regions of the
brain.

We believe the reaction to perceived threat is medi-
ated in similar pathways in the brain in patients
with various anxiety disorders. The one potential
exception is OCD, which has unique mechanisms
in the brain and will be reviewed separately.

CHAPTER 22

Anxiety

Acute Stress

The body’s reaction to an acutely stressful situation
is well known to all of us. The characteristic rapid
heart rate, dry mouth, and sweaty palms are the
body’s response to increased sympathetic activity
generated by a stressful situation (see Figure 2.8).
Less readily apparent are the endocrine responses
to acute stress.

In the late 1970s, Ursin et al. studied the endo-
crinologic responses of young Norwegian military
recruits during parachute training. During the exer-
cise, the recruits repeatedly jumped off a 12 m tower
and slid down a long sloping wire to learn the basic
skills of parachuting. The training was designed to
give the jumper a realistic sensation of the initial
free fall. Measures of anxiety and performance skill
as well as serum hormone levels were captured at
baseline and after each jump.

Initially, anxiety was high and performance was
poor. As the days and number of jumps progressed,
anxiety subsided and the skills improved. The endo-
crinologic measures are shown in Figure 22.1. Pre-
sumably, the anxiety induces changes in the releasing
hormones, which alter the pituitary hormones and
ultimately the peripheral hormones (see Figure 7.4).
Note how testosterone levels drop with the stress
of the jumping, while the other measures increase.
Likewise, all return to baseline as the recruits habitu-
ate to the task.

While the average individual shows a peak in
the endocrine response at the start of a difficult task,
which usually subsides as the person gains mastery,
this is not true for everyone. Some people have more
exaggerated and persistent endocrine reactions.
Kirschbaum et al. looked at salivary cortisol levels
in 20 men exposed to 5 consecutive days of public
speaking. For the total group, the average cortisol
levels jumped on the first day and then gradually
declined over the following days. However, the men
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FIGURE 22.1 @ The stress of learning to
parachute, on young recruits, results in changes

in hormones, which return to baseline as the
anxiety decreases. (Adapted from Rosenzweig MR,
Breedlove SM, Watson NV. Biological Psychology.
4th ed. Sunderland, MA: Sinauer; 2005. Graphs
adapted from Ursin H, Baade E, Levine S.
Psychobiology of Stress: A Study of Coping Men.
New York, NY: Academic Press; 1978.)

could be divided into two groups: high responders
and low responders. Figure 22.2 shows the cortisol
levels for these two groups.

Note how the cortisol in the low responders
peaked the first day, but then quickly returned
to baseline levels on the following days. These
individuals appear to adjust rapidly to the stress
of public speaking. The high responders, on the
other hand, showed higher, more persistent peaks
of cortisol. Such people appear to have a harder
time turning off the stress response. Presumably,
they have a stronger alarm response originating in
the brain, which is driving this endocrine reaction.
Alternatively, they have a weak or faulty regulatory
system that governs or turns down the response. Or
there could be elements of both in some people.

Cortisol has been implicated as a culprit in the
development of anxiety after trauma, although not
everyone agrees if it is too much or too little. Some
researchers believe excess cortisol sensitizes the
amygdala and are using mifepristone (RU-486, the
“abortion pill”) to block the glucocorticoid receptors
after a traumatic event. Other researchers believe the
traumatic consolidation of memories is enhanced
by insufficient cortisol and they are giving cortisol
to patients acutely after trauma to prevent the devel-
opment of PTSD. Both groups have produced small
pilot studies with positive results. The impending
larger trials should clear up this paradox.

NEURONAL CIRCUITRY

Multiple lines of research identify the prefrontal
cortex (PFC), amygdala, hippocampus, and hypo-
thalamic-pituitary-adrenal (HPA) axis as the regions
involved with anxiety (Figure 22.3). However, if
there is one organ that represents an alarm system in
the brain, it is the amygdala (see Figure 2.7).

35
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FIGURE 22.2 ® Men stressed by public speaking over 5 consecutive days showed different patterns of
adrenocortical response. (Graph adapted from Kirschbaum C, Prussner JC, Stone AA, et al. Persistent high
cortisol responses to repeated psychological stress in a subpopulation of healthy men. Psychosom Med.
1995;57(5):468-474. lllustration adapted from Images.com.)
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Amygdala

In their classic studies with rhesus monkeys in the
1930s, Heinrich Kliver and Paul Bucy identified
the amygdala as a structure that is essential for the
expression of numerous emotions. They removed
large segments of the temporal lobes from wild
monkeys and transformed the monkey’s tempera-
ment. Aggressive and easily frightened monkeys
were changed into docile, calm creatures.

The monkeys virtually became tame. They did
not react fearfully to strange humans or even a
snake. Of particular interest, the monkeys failed to
learn from negative experience. One monkey, bit-
ten by a snake, later approached a snake again as if
nothing had happened—a clear example of the sur-
vival value of anxiety. The entire constellation of
symptoms is called the Kliver-Bucy syndrome and
includes a host of other bizarre features, such as
hypersexuality and a tendency to transfer objects
to the mouth.

In the intervening years, it has been demon-
strated that the emotional changes of the Kluver-
Bucy syndrome can be elicited with the removal
of just the amygdala. Other evidence points to the
amygdala as an important region in the recognition
and management of fear:

1. Electric stimulation of the amygdala in animals
elicits fearful behavior, for example, freezing
and tachycardia.

2. Humans with damaged amygdala exhibit
impaired fear conditioning.

3. Functional imaging studies of humans show
activation of the amygdala during fear learning.
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Recognizing Danger

Sensory information enters the brain by way of the
thalamus. All neurons carrying auditory and visual
information synapse first in the thalamus before
being relayed to the appropriate cortical region
for analysis. Information about danger is particu-
larly important and needs to be recognized quickly.
Work by LeDoux et al. at New York University has
shown that the amygdala quickly receives some
preliminary information about dangerous events
even before it is processed in the cortex.

Figure 22.4 shows an example of a person
coming upon a rattlesnake. This life-threatening
visual information proceeds from the eyes to the
thalamus. However, the thalamus sends fast but
rudimentary signals to the amygdala at the same
time that the full information is passed back to the
visual cortex. The amygdala in turn sends respond-
ing signals to the muscles, sympathetic nervous
system, and hypothalamus. The person jumps
even before being consciously aware of what has
been seen. LeDoux has shown with rats that the
fear response is preserved even if the neural con-
nections between the thalamus and the cortex
are cut. In essence, the animal startles without
knowing why.

We all have had the experience of being fright-
ened when seeing something, only to realize that it
was just a rope or shadow—not a real threat. It is the
fast track from the thalamus directly to the amygdala
that causes the false alarm. This is considered to be
“unconscious” or preconscious. We jump before we
are aware. Patients with anxiety disorders can have
exaggerated startle responses. They are burdened
with an exaggerated, unconscious reaction to what
are actually harmless events.

Anticipatory Anxiety

Some people dread personal interactions in which
they will be the focus of attention. Typically, they
fear they will embarrass themselves. The anticipa-
tory anxiety can ultimately restrict what they do
and limit their social life and career path.

An imaging study looked at the activity in the
brain of such patients who were asked to anticipate
making a public speech. By subtracting the activity
during anticipation from that at rest, they identified
the areas of activity. Patients showed greater activ-
ity in their amygdala as well as hippocampus and
insula. Figure 22.5A shows the functional mag-
netic resonance imaging (fMRI) slice at the level
of the amygdala.

Anticipatory anxiety is not all bad. Figure 22.5B
shows the hypothetical upside down U curve that
many think represents the benefits and problems with
anticipatory anxiety. Some anxiety is beneficial and
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FIGURE 22.4 ® Two representations showing the two tracks that emotionally stimulating sensory information
takes to the amygdala after entering the brain through the thalamus. HPA, hypothalamic-pituitary-adrenal.
(Adapted from LeDoux JE. Emotion, memory and the brain. Sci Am. 1994;270(6):50-57.)

actually improves performance; however, too much
of it is overwhelming and results in a poorer outcome.

Amygdala Memories

There is evidence that primitive emotionally relevant
memories are stored in the amygdala. For example,
in rodents:

1. Long-term potentiation (LTP) can be induced
in the amygdala;

2. Protein synthesis inhibitors injected directly
into the amygdala will prevent the formation
of fear conditioning; and

3. Chronic stress will induce increased dendritic
branching in the amygdala.

These results suggest that the typical structural
changes that are observed with memory forma-
tion occur in the amygdala in reaction to fearful
circumstances. This may be one reason why trau-
matic events are so persistent. Fearful experiences
form quickly, and enduring memories then reside
in both the neocortex and the amygdala.

Prefrontal Cortex

One of the central components of anxiety is the feel-
ing that one is not in control. Patients will complain of
increased anxiety when they lose control, for exam-
ple, when the door closes on an airplane or when their
social support drives off—anytime they feel trapped.
Feeling in control, on the other hand, calms anxiety.
The ability to reappraise a difficult situation into more

ACTIVITY

A small study in Sweden looked at the
effects of cognitive-behavioral therapy (CBT)
and the antidepressant citalopram on brain
activity in patients with social phobia. Both
treatments were equally effective and both
reduced the amygdala activation after 9
weeks of treatment. The degree of amyg-
dala attenuation was associated with clinical
improvement 1 year later.
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the amygdala when patients with anxiety anticipate
making a public speech. B. Hypothetical upside
down U curve showing benefits and problems of
anticipatory anxiety. (Functional magnetic resonance
imaging from Lorberbaum JP, Kose S, Johnson

MR, et al. Neural correlates of speech anticipatory
anxiety in generalized social phobia. Neuroreport.
2004;15(18):2701-2705.)

favorable terms is a function of executive control.
Rational reappraisal is a central feature of CBT.

The ability to cognitively master difficult cir-
cumstances and gain control likely resides in the
PFC. Clearly, the PFC plays an important role in
managing anxiety. However, the exact prefrontal
regions involved (medial, lateral, or orbital) are
ill-defined, although the medial PFC gets the most
attention. The medial prefrontal cortex (mPFC),
which includes the anterior cingulate gyrus, is well
connected to the amygdala.

In a simple conceptualization, we can imagine
that the mPFC applies the brakes to the amygdala.
Several lines of evidence highlight the role of the
mPFC in anxiety:

1. Lesions of the mPFC in rats reduce the ability
to extinguish fears.

2. Stimulation of the mPFC inhibits a learned fear
response; that is, the rat does not show anxiety.
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FIGURE 22.6 In simple terms anxiety disorders
may be the result of too much activity in the amygdala
and not enough activity in the prefrontal cortex.

3. The mPFC lights up in functional imaging
studies when fear is evoked in healthy subjects.

4. Subjects with anxiety disorders have reduced
activity in the mPFC.

Taken together, these studies suggest that anxiety
in part results from the reciprocal relation between
PFC and the amygdala (Figure 22.6). This has been
shown clearly in a clever study with traumatized
combat veterans and firefighters. The subjects were
shown pictures of faces expressing various emo-
tions while in an fMRI (Figure 22.7A). The activ-
ity in the brain when the subjects were viewing the
happy face was subtracted from the brain activity
when viewing the fearful face. The subjects with
PTSD were compared with healthy controls.

Figure 22.7B-D shows the results. Note how
subjects with PTSD, under the circumstances of
the study, show increased activity in their amygdala
and decreased activity in their PFC. In essence,
their PFC is insufficiently powered and unable to
turn down the “alarm” in the amygdala.

Hippocampus

The hippocampus, an area involved with explicit
memory acquisition, appears to interact with the
amygdala during encoding of emotional memories.
Although the exact role of the hippocampus in anxi-
ety disorders remains unclear, it is an area frequently
active in imaging studies during fearful situations.

For a number of years, the reduction in volume
of the hippocampus in patients with anxiety disor-
ders has been an area of great interest. Several stud-
ies have documented smaller hippocampi in anxious
patients, presumably due to the toxic effects of an
activated HPA axis. However, a unique study with
twins provides insight into the cause and effect of
hippocampal volume.

Gilbertson et al. recruited 40 pairs of twins,
in which one of each pair was exposed to combat
in Vietnam and the other had stayed home. (Who
knew such a study was possible?) The researchers
measured the hippocampal volume of each twin in
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an MRI. Additionally, the presence and severity of
PTSD in the combat-exposed twin was assessed.
As with previous reports, the twins who were diag-
nosed with PTSD had smaller hippocampal volumes
(Figure 22.8A). However, the most remarkable
finding was that the PTSD score from the combat-
exposed twin had a similar correlation with the

hippocampal volume of the twin who had stayed
at home (Figure 22.8B). In other words, the best
prediction of a combat veteran’s level of PTSD and
hippocampal size is not his exposure to trauma, but
rather the size of his twin’s hippocampus.

This finding brings to light one of the great
discoveries in neuroscience. It is the interaction
between nature and nurture that results in men-
tal illness (Figure 22.9). In other words, those at
increased risk for developing PTSD are those indi-
viduals with a small hippocampus and exposure to
trauma. Neither alone is sufficient.
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FIGURE 22.8 @ A. The correlation between
hippocampal volume and post-traumatic stress
disorder (PTSD) score for the combat-exposed
twin. B. The correlation between the stay-at-home
twin’s hippocampal volume and the PTSD score of
his combat-exposed twin brother. (Adapted from
Gilbertson MW, Shenton ME, Ciszewski A, et al.
Smaller hippocampal volume predicts pathologic
vulnerability to psychological trauma. Nat Neurosci.
2002;5(11):1242-1247.)
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ALCOHOLISM AND ANXIETY

There is controversy about the relation between
alcoholism and anxiety. Acute alcohol intoxica-
tion reduces anxiety. Many clinicians believe
that substance abusers are self-medicating their
anxiety with alcohol and other calming agents.
Longitudinal and genetic studies support this
perception for some patients.

However, there is compelling evidence that
chronic alcohol exposure induces long-term
central nervous system adaptations that cause
anxiety. For example, the following have been
observed:

1. Withdrawal from alcohol increases
anxiety.

2. The anxiety of withdrawal decreases as
abstinence persists.

3. Studies on twins have shown that anxiety
disorders are common in the alcoholic
twin but not the sober twin.

4. Rats exposed to chronic alcohol show
alterations in y-aminobutyric acid (GABA)
receptors.
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Taken together, these findings suggest an impor-
tant role for the hippocampus in the development
of anxiety. These early preliminary data suggest
that there is something neuroprotective about a
large hippocampus that mitigates the develop-
ment of PTSD, even when someone is exposed to
unimaginable trauma. Possibly, a large hippocam-
pus is better able to limit the acquisition of haunting
memories or more efficient at extinguishing them
once they develop.

Two recent twin studies published in 2012 cor-
roborated the Gilbertson findings. In one study with
women, a smaller hippocampus correlated with a
diagnosis of GAD. In a large study with male twins,
hippocampal volume correlated with self-esteem.

NEUROTRANSMITTERS AND

CELL BIOLOGY

v-Aminobutyric Acid

GABA is the major inhibitory neurotransmitter in
the brain. Activating GABA neurons calm down
the brain. Too much GABA activation causes slug-
gishness and even coma. The GABA receptor has
several sites that bind with other substances, which
has the effect of enhancing the inhibitory activity
of the GABA neurons. Figure 5.3 shows that etha-
nol, barbiturates, and benzodiazepines are known
to bind with the GABA receptor. It is no wonder
that people use and abuse these substances to calm
down and reduce anxiety.

5. Abstaining alcoholics showed a
decreased benzodiazepine receptor
distribution (see figure).

Abstaining alcoholics show decreased benzo-
diazepine receptor distribution in frontal cortex
and cerebellum compared with controls.

Frontal
cortex

Cerebellum

Adapted from Abi-Dargham A, Krystal JH,
Anijilvel S, et al. Alterations of benzodiazepine
receptors in type Il alcoholic subjects
measured with SPECT and [123l]iomazenil.
Am J Psychiatry. 1998;155(11):1550-1555.
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Abnormalities in the benzodiazepine GABA
receptor have been implicated as a possible cause
of anxiety disorders. Results of the original imag-
ing studies and more recent genetic studies suggest
that alterations in the structure or concentration of
the benzodiazepine GABA receptor may predispose
individuals to anxiety. However, the hypotheses have
not been consistently or conclusively established.

Norepinephrine

The norepinephrine (NE) neurons with cell bodies
in the locus coeruleus (shown in Figure 4.5) are
believed to be part of the stress response system
and play an important role in anxiety. The follow-
ing evidence supports this belief:

1. NE neurons project to the amygdala.

2. Stressed rats show increases in NE release.

3. NE stimulates the release of corticotropin-
releasing hormone, which in turn activates the
HPA axis.

4. Peripheral NE (the sympathetic branch of the
autonomic nervous system) produces somatic
symptoms of anxiety: racing heart, sweating,
dry mouth, and so on.

With this in mind, blocking NE with the beta-
blocker propranolol has been proposed as a treat-
ment to prevent the development of PTSD. That
is, giving a beta-blocker in the acute aftermath of
trauma (in the ER, on the battle field, etc.) to inhibit
the NE stimulation and limit the development of
haunting memories. Early small studies reported
mild to moderate effects. Subsequent larger, con-
trolled trials have been disappointing.

Brain-Derived Neurotrophic Factor

This brings us back to a topic we first addressed
in Chapter 5—LTP. Figures 5.5 to 5.8 show how
excessive stimulation alters the signals to the
nucleus, which affects gene expression and ulti-
mately changes the structure of the neurons. LTP
is an analogy for trauma-induced anxiety (PTSD).
With anxiety, we see heightened activity in the
amygdala and reduced activity in the PFC and

hippocampus. Clearly, something changes in the
traumatized anxious brain. The missing ingre-
dient may be growth factor proteins (such as
brain-derived neurotrophic factor [BDNF]) that
can alter the structure and function of the neural
networks.

Animal studies have shown that BDNF is essen-
tial for the acquisition and extinction of anxiety:

1. BDNF transcription is increased in the amyg-
dala after fear conditioning.

2. When BDNF is selectively deleted from the
hippocampus in mice, they show impaired
ability to extinguish conditioned fear.

3. BDNF in the lateral part of the dorsolateral
prefrontal cortex (DLPFC) appears to con-
trol fear memory formation, while BDNF
in the medical DLPFC is necessary for fear
extinction.

In summary, this research implies that the devel-
opment of anxiety and the failure to extinguish
it likely occur through the production of growth
factor proteins in specific regions of the brain.
These conflicting roles for BDNF show how dif-
ficult it would be to develop an effective antianxi-
ety treatment, which manipulates the expression
of BDNF.

OBSESSIVE-COMPULSIVE
DISORDER

OCD is classified as an anxiety disorder in the
DSM nomenclature. However, some clinicians
conceptualize OCD as a different kind of disor-
der. They see OCD as one extreme of a spectrum
of repetitive behavioral problems: body dysmor-
phic disorder, certain eating disorders, gambling,
and even autism. These conditions are frequently
called OC spectrum disorders.

Regardless of the nomenclature controversy,
OCD is unique among the anxiety disorders
because it is driven by a different neural activity.
This was first noticed in the 1930s by the behav-
ioral sequela after von Economo’s encephalitis
pandemic from 1917 to 1926. Patients who had

THE PARADOX OF ANTIDEPRESSANTS AND ANXIETY

If the NE system is part of the anxiety response,
why does blocking NE reuptake, and conse-
quently increasing NE at the synapse, relieve
anxiety? How can more be less? For example,
antidepressants such as the highly noradren-
ergic imipramine and the NE reuptake inhibitor
reboxetine are known to reduce panic attacks.
This does not make sense.

This paradox highlights that our understand-
ing of anxiety and how the antidepressants
calm the nervous system are in need of further
study. Most likely, the antidepressants reduce
anxiety by growth or increased strengthening of
inhibitory networks.



EARLY ADVERSITY

Early adverse experiences have a significant
impact on the later development of anxiety.
Harry Harlow established with monkeys the pro-
found negative impact of being raised without
a mother or peer relationship. He replaced the
mother of infant rhesus monkeys with an inani-
mate surrogate object during the first months
of life. The infant monkeys displayed long-term
deficits in social adaptation as well as increased
anxiety-related behaviors.

We have discussed examples in which early
experience changes neural structures. For
example, the following have been observed:

1. Rats raised in standard wire cages
have less dendritic branching than
those raised in an enriched environment
(see Point of Interest, page 90).

2. Licking and grooming by the rat mother
effects the pup’s response to stress
(see Figure 17.5).

recovered from the original infection were often
inflicted with OCD or parkinsonism. The basal
ganglia were implicated. Symptoms of OCD are
also seen with other disorders that affect the basal
ganglia: Tourette’s syndrome, Parkinson’s disease,
Sydenham’s chorea, and so on.

Basal Ganglia

The basal ganglia are subcortical structures that
are usually associated with movement and motor
control. Disruption of the basal ganglia leads to
such disorders as Huntington’s disease, Parkin-
son’s disease, and hemiballismus. However, the
exact function of the basal ganglia in OCD remains
unclear.

The basal ganglia are made up of intercon-
nected nuclei—the caudate, putamen, and globus
pallidus (Figure 22.10). The caudate and putamen
together are called the striatum and contains the
nucleus accumbens (NAc). Many areas of the cere-
bral cortex send signals to the basal ganglia, which
are relayed to the thalamus, which in turn sends an
impulse back to the cortex. This loop is called the
cortico-striatal-thalamic-cortical circuit.

Functional imaging studies of obsessing OCD
patients have repeatedly shown increased activ-
ity in the orbitofrontal cortex, anterior cingulate
gyrus, and basal ganglia. It is presumed that these
areas light up due to looping signals within the
cortico-striatal-thalamic-cortical circuit. However,
the particular circuit may depend on the particular
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3. Children raised in Romanian orphanages
have lower IQs (see Figure 19.8).

Arecent study looked at the effect of breast-
feeding on anxiety in humans. Children whose
parents separated or divorced when the chil-
dren were between the ages of 5 and 10 years
were assessed for anxiety when they turned
10. The children who were breast-fed had less
anxiety and more resilience in response to the
difficult circumstances. Although there are no
details about the effects of breast-feeding on
the brain, the results of this study seem strik-
ingly similar to what Michael Meaney found
with his high lick and groom mother rats (see
Figure 17.8). Extra attention at an early stage
of life may be neuroprotective.

ritual: washing, checking, or hoarding seem to
activate slightly different regions. Likewise, treat-
ment interventions, whether with psychotherapy or
medications, show decreased activity in the basal
ganglia for those who respond.

Psychosurgery

There is a long and troubling history of attempts to
treat mental illness with neurosurgical interventions
(see page 166). Understandably, many are reluctant
to even consider neurosurgery as a treatment option
for psychiatric diseases. However, there is good evi-
dence that some limited procedures with treatment-
resistant patients can diminish OCD symptoms.

Different techniques are preferred in various
regions of the world. In the United States, the
popular technique is anterior cingulotomy, which
is based on the concept of interrupting the circuit
between the anterior cingulate gyrus and basal
ganglia. Figure 22.11 shows the location of the
lesions in postsurgical MRI scans.

Follow-up studies have found that approxi-
mately 30% of the anterior cingulotomy patients
have a 35% or greater reduction on the Yale-
Brown Obsessive Compulsive Scale. Complica-
tions include urinary incontinence and seizures,
but appear to be infrequent. A different tech-
nique used more regularly in Europe is anterior
capsulotomy. Although this procedure appears
to be more effective, it is also associated with
more complications, for example, cognitive and
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FIGURE 22.10 @ The structures of the basal ganglia and how they reside within the brain.

affective dysfunction. More recently, deep brain
stimulation has been studied as a way to treat
severe and intractable OCD in a manner that is
reversible and more flexible. The Food and Drug
Administration (FDA) has issued a humanitarian

Sagittal

device exemption to allow psychiatrists to treat
treatment-resistant OCD patients with deep brain
stimulation. The bilateral leads are implanted in
a manner to interrupt this pathological cortico-
subcortical circuit.

Axial Coronal

FIGURE 22.11 @ Three views of anterior cingulotomy for treatment-resistant obsessive-compulsive disorder
(OCD). The white arrows show the location of the lesions. The white rings around the lesions are secondary
edema from the procedure. (Redrawn from Richter EO, Davis KD, Hamani C, et al. Cingulotomy for psychiatric
disease: microelectrode guidance, a callosal reference system for documenting lesion location, and clinical

results. Neurosurgery. 2004;54(3):622-628.)
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DOES MEDICATING ANXIETY PREVENT LEARNING?

Medication and psychotherapy alleviate anxi-
ety through different mechanisms but with
equal effectiveness. Combining the two treat-
ment modalities is generally believed to be
more efficacious than either of them alone,
although this has not been conclusively estab-
lished. However, some clinicians wonder
whether medications limit the learning that is
essential for effective psychotherapy.

There are only three large, combined psy-
chotherapy/medication studies for the treat-
ment of anxiety disorders that have long-term
follow-up after stopping the medications:

1. Alprazolam and exposure therapy, alone
and in combination, for panic disorder

2. CBT, imipramine, or their combination for
panic disorder

3. Exposure therapy and sertraline in social
phobia

In all three trials, one outcome was the same.
When the medication was stopped, the group
that received a combination of medication
and psychotherapy deteriorated relative to the
group that received psychotherapy alone. The
figure shows the result for the CBT/imipramine
study for panic.

Studies have shown that extinction results
from the development of new memories rather

QUESTIONS

1. Which hormone initially drops owing to the
stress of parachute jumping?
a. Glucocorticoids.
b. Gonadotropins.
¢. Growth hormone.
d. Mineralocorticoids.

2. All of the following are true about Kliver-

Bucy syndrome, except

a. Made aggressive monkeys tame.

b. Induced hypersexuality.

c. Identified the hippocampus as important for
anxiety.

d. Was elicited through removal of most of the
temporal lobe.

3. Evidence that the amygdala is important for
experiencing fear
a. Ischemic damage increases fear response.

than the erasure of the old fearful memories.
Does medication limit the development of
new memories that are required for effective,
enduring psychotherapy? These studies sug-
gest that some therapeutic changes that usu-
ally occur in the brain with psychotherapy are
impeded by the presence of the psychoactive
medication.

80
0F
60
Panic  gof
d|sord_er | CBT and placebo
severity 40 CBT
scale L \
response - Imp and CBT
rate 20 TSl Imp
ok e
® Placebo
Acute 6 mo 6 mo

response maintenance follow-up

When treatment was stopped after the 6-month
maintenance period, the group receiving
imipramine (Imp) and cognitive-behavioral
therapy (CBT) failed to sustain the benefits of
psychotherapy.

1. Marks IM, et al. Brit J Psych. 1993;162:776-787.
2. Barlow DH, et al. JAMA. 2000;283:2529-2536.
3. Haug TT, et al. Brit J Psych. 2003;182:312-318.

b. Electric stimulation reduces freezing and
heart rate.

c. Emotional trauma has no effect on the
amygdala.

d. Treatment reduces activity in the amygdala.

4. The recognition of a threatening object includes

all of the following, except

a. The brain reacts once all the signals are
analyzed.

b. Signals from the amygdala stimulate heart rate.

¢. Auditory and visual information proceed to
the thalamus.

d. Memories
response.

modulate the amygdaloid

5. Stimulation of the medial PFC has what effect
on a rat’s fear response?
a. Inhibits the expression of anxiety.
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b. Impairs extinction.
c. Increases the activity in the amygdala.
d. Decreases activity in the anterior cingulate

gyrus.

. The best estimate of the volume of a combat

veteran’s hippocampus is

a. The total duration of trauma he experienced.

b. The intensity of combat trauma he experienced.

c. The level of glucocorticoids in the morning
at rest.

d. The size of his twin’s hippocampus.

. Medications decrease anxiety in all the

following ways, except

a. Increase the GABA inhibitory signal.
b. Increase BDNF production at the NAc.
c. Modulation of the NE neurons.

d. Quieting the amygdala.

. Imaging studies show increased activity in all

the following regions in OCD patients, except
a. Orbitofrontal cortex.

b. Anterior cingulate gyrus.

¢. Amygdala.

d. Basal ganglia.

See Answers section at the end of the book.



HISTORIC PERSPECTIVE

Over 100 years ago, Emil Kraepelin, a German
psychiatrist, described the syndrome now called
schizophrenia. Bleuler actually coined the term
schizophrenia. Kraepelin called it dementia praecox.
Kraepelin’s major contribution to psychiatry was
recognizing that schizophrenia and manic depres-
sion are different disorders. The patient with schizo-
phrenia has a persistent deteriorating course in
mental functioning, whereas the patient with manic
depression will experience periods of remission.
Figure 23.1 shows a modern interpretation of the
clinical course of schizophrenia.

Kraepelin was convinced that schizophrenia
was an organic disease of the brain and spent con-
siderable time and energy conducting postmortem
studies on the brains of patients with schizophrenia.
They had a good track record of identifying pathol-
ogy, as one of his colleagues was the neuropathol-
ogist Alois Alzheimer. Unfortunately, Kraepelin

Developmental
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was never able to discover a specific abnormality
in the brains of schizophrenic patients. This pattern
was to continue for a long time.

Numerous postmortem studies were conducted
over the next 70 years comparing the brains of
schizophrenic patients with healthy controls. Still
no distinguishing pathology was isolated. The
absence of gliosis in the tissue was of particular
interest. Gliosis, sometimes called the glial scar, is
considered the hallmark of neurodegenerative dis-
orders and is found with such conditions as Hun-
tington’s or Alzheimer’s diseases as well as with
trauma and ischemia.

The absence of any significant neuropathol-
ogy along with the burgeoning interest in psycho-
analytic theory led to psychosocial explanations
for schizophrenia. Terms such as the refrigera-
tor mother and the double-bind were developed
to explain the psychological turmoil that caused
schizophrenia. Some clinicians even speculated

stage Gestation Childhood Puberty Adolescence Adulthood Middle age Senior
Clinical signs n':’i':gr Nonspecific
and symptoms impairments behavioral Development of
changes positive,
negative, and o
cognitive Unremitting
symptoms positive, negative, and
cognitive symptoms

Stage of
illness Premorbid Prodromal Progressive Residual

Differentiation
Myelination =—————>

Synaptogenesis

Developmental
process

Y

>

Apoptosis

Pruning

>

FIGURE 23.1

>
>

The typical clinical course of schizophrenia includes a relatively normal childhood

interrupted in late adolescence or early adulthood by a dramatic deterioration from which few remit. (Adapted
from Lewis DA, Lieberman JA. Catching up on schizophrenia: natural history and neurobiology. Neuron.

2000;28(2):325-334.)
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that patients voluntarily chose to be psychotic to
avoid conflict in their lives.

Although the development of chlorproma-
zine (Thorazine) in the early 1950s dramatically
changed the treatment of schizophrenia, the identi-
fication of biologic abnormalities remained elusive.
In 1972, Plum summarized the frustration when he
called schizophrenia the graveyard of neuropathol-
ogists. Schizophrenia was actually dropped from
the preeminent neuropathology textbook (Green-
field’s Neuropathology) for the next two editions
and only added back in 1997. It was the emergence
of significant findings on brain imaging studies
that finally ended the debate about whether there
are quantifiable (measurable) changes in the brain
(more on this in the next section).

Although we follow convention and use the term
“schizophrenia,” many researchers are struck by
the variations between patients. For example, some
patients have no hallucinations and mostly struggle
with negative symptoms, while other patients have
chronic hallucinations and few negative symptoms.
To remind readers of this heterogeneity, some use
the term “the schizophrenias.” In this book we will
use the standard term schizophrenia.

MODERN EPIDEMIC?

E. Fuller Torrey calls schizophrenia an invisible
plague. He believes that schizophrenia is a mod-
ern illness that has increased so gradually that the
change is not perceptible during any single per-
son’s lifetime. Additionally, the changes in diag-
nostic criteria that occur over the decades make
comparisons between generations difficult. In spite

POINT OF
INTEREST

of these difficulties, there is evidence to support
Dr. Torrey’s belief.

The ancient Greeks and Romans were astute
observers of human behavior. Reviews of the writ-
ings from ancient times provide the following
descriptions of conditions that we easily recognize:

Epilepsy

Migraine headache
Melancholia
Anxiety

Chronic alcoholism
Delirium

o~ E

The ancient writers did describe psychotic
symptoms including hallucinations and delu-
sions. However, in almost every case the psycho-
sis cleared. There are no reports that describe an
initial psychotic break in late adolescence or early
adulthood with a chronic unremitting course. The
absence of a condition that looks like schizophre-
nia stands in contrast to the good clinical descrip-
tions of other neuropsychiatric syndromes. This
softly suggests that the illness was not present in
ancient Greece or Rome.

The 19th and 20th centuries saw an explosion
in the institutionalization of patients with chronic
mental illness. Many of these patients had schizo-
phrenia. Figure 23.2 shows the growth in insti-
tutionalized patients as a percentage of the total
population in four countries. There are many rea-
sons for confining the seriously mentally ill: indus-
trial revolution, changes in social norms, lack of
effective treatments, and so on. An additional expla-
nation is the emergence of a psychiatric epidemic.

There is considerable evidence that people born and/or raised in urban

settings are at greater risk for developing schizophrenia. For

* Denmark

L 3

Denmark segregated by population density.

example, a Danish study compared the diagnosis of

schizophrenia with where the patient resided
on his/her 15th birthday.

Bl Copenhagen 6.5

Copenhagen 4.1

suburb The incidence of

schizophrenia per

B Provincial city 3.5 1,000

Provincial town 3.0
Rural area 2.6

What is it about urban life that increases the risk of

developing schizophrenia?

Adapted from Pedersen CB, Mortensen PB. Urbanization and traffic related exposures as risk factors for schizophrenia. BMC Psychiatry. 2006;6:2.
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The epidemic of mental iliness in the last two centuries. (Adapted from Liberman RP,

Musgrave JG, Langlois J. Taunton State Hospital, Massachusetts. Am J Psychiatry. 2003;160(12):2098;
Torrey EF, Miller J. The Invisible Plague: The Rise of Mental lliness from 1750 to the Present. New Brunswick,

NJ: Rutgers University Press; 2001.)

Although we may never know for sure whether
schizophrenia is a modern epidemic or has been
around for ages, the topic raises the issue of eti-
ology. What causes schizophrenia? We will start
with what is known about the brain of patients with
schizophrenia.

GRAY MATTER
The development of brain imaging techniques pro-
vided a way to examine schizophrenic brains in live
people. The first computed tomography scans in
schizophrenia were published in 1976 and showed
enlarged lateral ventricles in a group of patients with
chronic schizophrenia. Others quickly replicated
this study. However, it was magnetic resonance
imaging (MRI), with its ability to differentiate gray
and white matter, that finally provided irrefutable
evidence of the biologic nature of schizophrenia.

The most famous MRI studies were the origi-
nal studies on twins. E. Fuller Torrey and Daniel
Weinberger et al. at the National Institute of Men-
tal Health recruited monozygotic twins from the
United States and Canada. They originally studied
15 sets of twins who were discordant for schizo-
phrenia: one had the illness, whereas the other was
unaffected. MRI was done in all 30 participants.
The most remarkable finding was that in 12 of the
15 sets of twins the affected individual was eas-
ily identified by visual inspection of corresponding
coronal scans (Figure 23.3).

The results of the twin study have been repli-
cated and extended. The most common finding
remains enlarged ventricles, but better technology

has allowed more detailed analysis. Patients with
schizophrenia show consistent but subtle decreases

35-year-old female identical twins

FIGURE 23.3

Coronal magnetic resonance imaging
of two sets of twins discordant for schizophrenia. The
enlarged lateral ventricles are readily apparent in the
subjects on the right. (Courtesy of Drs. E. Fuller Torrey
and Daniel Weinberger.)
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in total brain volume and total gray matter vol-
ume. These results provide an explanation for
the increased ventricle size; that is, the ventricles
expand to fill the void left by the loss of gray matter.

Judith Rapoport’s laboratory performed sequen-
tial MRI scans on children with childhood-onset
schizophrenia and compared the findings with
age-matched controls in an effort to follow up the
changes in the brain that occur during adolescence.
They found that the rate of change was greater for
those children with schizophrenia. Figure 23.4
shows that the children with schizophrenia had
striking loss of gray matter along with decreased
brain size and increased ventricles.

Adolescence is a time of remodeling of the
connections in the brain to create a more efficient
organ. Processes such as pruning, apoptosis, and
synaptogenesis are accepted features of the matur-
ing brain (see Figures 8.8, 19.4, and 20.8). Studies
such as the one described here suggest that schizo-
phrenia may be the result of overly exuberant
remodeling of the gray matter.

Certainly, the process of gray matter reduction
occurs in the same time frame as the usual onset of
schizophrenic symptoms. Although no definitive
evidence exists to prove this theory, some genetic
studies suggest that altered expression of genes
that control synaptic plasticity contributes to the
development of schizophrenia.

Reduced Neuropil Hypothesis

As stated before, traditional microscopic exami-
nation of the gray matter of schizophrenics will
not identify anything unusual. So it has been dif-
ficult to explain the gray matter loss. Investigators
at Yale utilized labor-intensive three-dimensional
analytic tools to estimate cellular densities. They
compared neuronal density in three regions of the
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FIGURE 23.4 Children with schizophrenia have

loss of brain volume and gray matter as well as
enlargement of lateral ventricles through adolescence.
(Adapted from Gogtay N, Sporn A, Rapoport J.
Structural brain MRI studies in childhood-onset
schizophrenia and childhood atypical psychosis.

In: Lawrie S, Johnstone E, Weinberger D, eds.
Schizophrenia: from Neuroimaging to Neuroscience.
New York, NY: Oxford University Press; 2004.)

brain from patients with schizophrenia and from
healthy controls. The regions were Brodmann’s
areas 9 and 46 in the prefrontal cortex (PFC) and
area 17 in the visual cortex. They found increased
density of neurons but not glial cells in the gray
matter of schizophrenic patients (Figure 23.5).

It appears that schizophrenic patients have the
same number of neurons as healthy controls, but they
are packed together in less space—called the reduced
neuropil hypothesis. The tighter packaging of the
schizophrenic neurons results from reduced cell
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Patients with schizophrenia have increased neuronal density in all three areas of the brain

tested. Glial density was no different. (Adapted from Selemon LD, Goldman-Rakic PS. The reduced neuropil
hypothesis: a circuit based model of schizophrenia. Biol Psychiatry. 1999;45(1):17-25.)



size, less branching, and decreased spine formation.
Figure 23.6 shows a drawing of this process. Figure
23.7 shows examples of actual spine formation from
schizophrenic patients and controls. The key point is
that it is not neuronal loss, but rather the loss of the
richness of the dendritic connections that causes the
reduced gray matter in schizophrenia. Presumably,
this also results in deficient information processing.

Although the underlying cause of neuronal
atrophy remains unknown, recent evidence sug-
gests a role for altered neuronal apoptosis. Apop-
tosis is usually associated with programmed cell
death (see Figure 8.9). However, sublethal apop-
totic activity may result in synaptic elimination
without frank cell death. Apoptosis is controlled
by pro- and antiapoptotic proteins, which may be
disturbed in schizophrenia.

One further point worth mentioning is that these
studies highlight the extensive whole brain involve-
ment of schizophrenia. That is, it is not a disorder
of just one region of the brain. Rather, schizophre-
nia seems to affect almost the entire cortex.

A

Healthy control gray matter
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B Healthy
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)/%“ Dendritic branching W@
q =

FIGURE 23.6 A. Schematic representation

of the increased density but decreased size of
schizophrenic gray matter. B. Suspected neuronal
atrophy of schizophrenic pyramidal neurons, which
results in defective connectivity. (A adapted from
Selemon LD. Increased cortical neuronal density in
schizophrenia. Am J Psychiatry. 2004;161(9):1564.)
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Functional Brain Imaging

Traditionally, the hallmark of schizophrenia has
been hallucinations and delusions. In actuality, the
symptoms of schizophrenia are made up of the fol-
lowing three categories of impairment.

1. Positive hallucinations and
delusions

2. Negative symptoms: lack of motivation, apa-
thy, and so on

3. Cognitive impairment

symptoms:

The cognitive dysfunction, which includes
problems with attention, memory, and executive
function, may be the most detrimental aspect of the
illness. They have a greater negative impact on the
individual than the positive symptoms. Likewise,
cognitive functioning is the best predictor of long-
term outcome from the disorder.

The pattern of cognitive impairment in schizo-
phrenia implicates the frontal cortex. Hypofron-
tality is a term sometimes used to describe this
problem. However, functional imaging studies
have given inconsistent results. Weinberger et al.
recognized that the function of the frontal lobe
must be measured when it is engaged in a cogni-
tive challenge.

To test this theory, patients and healthy
controls underwent xenon XE 133 inhalation
procedure for regional cerebral blood flow
measurements while they were performing the
Wisconsin Card Sorting test (Figure 23.8). The
control subjects showed increased activation of
their frontal lobes while performing the test, but
the schizophrenic patients did not. Furthermore,
there was a good correlation between the change
in blood flow in the frontal cortex and percent
errors on the test.
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FIGURE 23.7 A. Drawings of actual dendrites
and spines from pyramidal neurons in the dorsolateral
prefrontal cortex of controls and schizophrenic
patients. B. Mean spine density in frontal cortex

and visual cortex from controls and schizophrenic
patients. (Adapted from Glantz LA, Lewis DA.
Decreased dendritic spine density on prefrontal
cortical pyramidal neurons in schizophrenia. Arch Gen
Psychiatry. 2000;57(1):65-73.)



280 SECTION IV

Disorders

. . M
Normal Schizophrenic activity

Less
activity

C 20
15 °
% change -
in PFC °
activity

Percent error

FIGURE 23.8 A. Subjects were scanned while
performing the Wisconsin Card Sorting task.

B. Healthy subjects displayed increased blood flow
to the prefrontal cortex (PFC), whereas those with
schizophrenia did not (arrow). C. Percent errors on
the task correlated with change in PFC blood flow.
(Adapted from Weinberger DR, Berman KF, Zec RF.
Physiologic dysfunction of dorsolateral prefrontal
cortex in schizophrenia. |. Regional cerebral blood
flow evidence. Arch Gen Psychiatry. 1986;43(2):
114-124.)

In summary, these results suggest that the cog-
nitive impairment in patients with schizophrenia
comes from impaired frontal lobes. Atrophic, dis-
connected neuronal cells presumably cause the
PFC dysfunction.

Inhibitory Neurons

The activity of the large pyramidal neurons in the
gray matter is modulated by smaller local interneu-
rons (see Figure 2.3). Most of the interneurons are
y-aminobutyric acid (GABA) neurons and hence
are inhibitory. There are several types of GABA
neurons. Figure 23.9A shows two of them: parval-
bumin and calretinin. The location of their inhibi-
tory input seems to have different effects on the
pyramidal neuron.

The GABA interneurons are important in the
discussion of schizophrenia because there is evi-
dence that the parvalbumin neurons are impaired
in patients with the disorder. GABA is synthe-
sized from a number of enzymes, one of which is
called glutamic acid decarboxylase (GAD). One
form of messenger RNA (mRNA\) that encodes for
GAD (GADG67) has been shown repeatedly to be
decreased in patients with schizophrenia. It is one
of the most consistent findings in postmortem stud-
ies. Figure 23.9B, C shows the results of a study
comparing the expression of GAD67 in patients
and controls.

Of particular interest, the deficiency in GAD67
expressing interneurons seems to be limited only
to the parvalbumin neurons and is not found in
other GABA neurons. Furthermore, the number
of parvalbumin neurons is not reduced in patients
with schizophrenia. So the GABA neurons that are
implicated in schizophrenia are not limited in num-
ber, but have decreased expression of important
genes that might impair the function of the cortex.

Working memory depends on the coordinated
firing of pyramidal neurons in the PFC. The inhibi-
tory interneurons are essential for the synchroni-
zation of the output from the pyramidal neurons.
Tasks such as the delayed response task (see Fig-
ure 20.3) require inhibitory control to bridge the
time between stimulus presentation and behavioral
response. The cognitive impairment in patients
with schizophrenia may be due to a failure to prop-
erly coordinate the pyramidal neurons.

WHITE MATTER

Schizophrenia also appears to be a disorder of dis-
rupted connectivity. The white matter tracks that
connect different regions of the cortex, as well as
the cortex with the deeper brain structures, may
also play an important role in the disruption of
good connections. White matter is composed of the
myelinated axons that transport the signals gener-
ated by the neurons. Figure 23.10 shows a drawing
of some of the long and short white matter tracks.
Disruption of the integrity of the white matter
tracks leads to degradation of the neuronal signal.

Imaging

MRI studies on patients and controls have found
a small but nonsignificant trend toward reduced
white matter in schizophrenia. Other studies using
the more recently developed diffusion tensor imag-
ing (DTI) technology (see Figure 3.13) have found
abnormalities in patients with schizophrenia com-
pared with healthy controls. Some insight into
the significance of these findings can be gleaned
from comparing the result of DTI studies in other
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A. y-Aminobutyric acid (GABA) interneurons have inhibitory input on the pyramidal neurons

in the prefrontal cortex. B. Glutamic acid decarboxylase (GAD)67 expression cells from the prefrontal cortex

of a control and a patient with schizophrenia. C. Mean number of GAD67 messenger RNA (mMRNA) expression
neurons by gray matter layer. PFC, prefrontal cortex. (A Adapted from Tamminga C, Hashimoto T, Volk DW,

et al. GABA neurons in the human prefrontal cortex. Am J Psychiatry. 2004;161(10):1764. B, C Adapted from
Akbarian S, Kim JJ, Potkin SG, et al. Gene expression for glutamic acid decarboxylase is reduced without loss
of neurons in prefrontal cortex of schizophrenics. Arch Gen Psychiatry. 1995;52(4):258-266.)

demyelinating diseases. For example, multiple
sclerosis and human immunodeficiency virus (both
known to induce cognitive impairment and halluci-
nations with some patients) also produce changes
in the DTI analysis. These results suggest that all
three diseases may share some similar white matter
degradation.

Myelin

Oligodendrocytes

Oligodendrocytes are one of the glial cells that
support the neurons. Specifically, the oligoden-
drocytes provide layers of myelin that insulate the
axons and enhance the speed of transmission of
neural impulses (see Figure 3.10). Diseases that

FIGURE 23.10

A drawing of the white matter
tracks connecting various regions in the brain.
(Adapted from Gray’s Anatomy of the Human Body
as displayed at Bartleby.com.)

affect the integrity of the myelin sheath impair
the function of the brain and can cause psychotic
symptoms in some cases. One particular disease—
metachromatic leukodystrophy—usually begins
with demyelination of the frontal lobes.

The rare late-onset form of metachromatic leu-
kodystrophy occurs in about the same time frame
as schizophrenia—from adolescence to young
adulthood. Reviews of such cases have noted that
over half the individuals had psychotic symptoms
including auditory hallucinations and bizarre
delusions.

Others have looked at the oligodendrocyte pop-
ulation in patients with schizophrenia. Hof et al.
counted the number of oligodendrocytes in the white
matter of Brodmann’s area 9. They found that there
was a 27% decrease in the number of oligodendro-
cytes in patients with schizophrenia compared with
the controls (see Figure 23.11).

The application of microarray analysis (see
Figure 1.11) has further implicated the involvement
of myelin in schizophrenia. Hakak et al. applied
postmortem tissue from patients with schizophre-
nia and controls to microarray chips to identify
gene expression. In other words, they wanted to see
which genes were active in which subjects.

More than 6,000 genes were compared between
the schizophrenic and control subjects. Only 17
genes were significantly downregulated in the
schizophrenic patients. Of these, six were myelin
related. The other 11 showed no particular pat-
tern. The authors concluded that the results gave a
clear indication that deficient oligodendrocytes and
myelination are involved in schizophrenia.
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A. One oligodendrocyte can provide
the myelin covering over many axons. B. Patients with
schizophrenia have less oligodendrocytes in their white
matter. (Graph adapted from Hof PR, Haroutunian V,
Friedrich VL Jr, et al. Loss and altered spatial distribution
of oligodendrocytes in the superior frontal gyrus in
schizophrenia. Biol Psychiatry. 2003;53(12):1075-1085.)

AUDITORY HALLUCINATIONS

In 1863, Broca described lesions of the left frontal
cortex in patients with language expression deficits
(see Figure 1.3). Roughly 10 years later, Wernicke
described a different language deficit associated
with lesions of the superior temporal lobe. The
region Wernicke described was a part of what is
now called the auditory cortex. The perception of
sound starts in the ear, then proceeds through the
brain stem and thalamus before reaching the audi-
tory cortex on the superior aspect of the temporal
lobe (see Figure 23.12). White matter tracts called
the arcuate fasciculus connect the auditory cortex
with the frontal cortex.
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Wernicke and later Kraepelin both postulated
that auditory hallucinations were due to tempo-
ral lobe abnormalities since neurologic causes of
auditory hallucinations pointed in that direction.
Indeed, an auditory aura preceding a seizure sug-
gests the temporal lobe as the nidus of the electric
activity. Likewise, hallucinations can result from
strokes that involve the temporal lobes. However,
until recently the neuronal correlates of auditory
hallucinations for schizophrenia were unknown.

A group in Switzerland has done extensive
imaging studies of schizophrenic patients when
they were hallucinating. In the past, the time it
took to scan a person was so long it obscured the
difference between the hallucinating state and
the nonhallucinating state. Now with rapid func-
tional MRI scans, the differences can be detected.
Patients were asked to press a button with the
onset of hallucinations and keep it pressed for as
long as they lasted. Images during hallucinations
were compared with images when the voices were
silent. Figure 23.13A shows the activity in the gray
matter of the auditory cortex during hallucinations
for one patient.

POINT OF INTEREST

Numerous researchers have documented a
correlation between auditory hallucinations
and the size of the temporal lobe; that is, a
smaller temporal lobe predicts more hallucina-
tions. This seems counterintuitive. Why does
less brain tissue produce positive symptoms?

Arcuate
fasciculus

Auditory cortex

A. Pathways from the ear to the cortex. B. Auditory signals synapse in the thalamus before

reaching the auditory cortex. C. The Arcuate fasciculus is composed of white matter tracts that connect the

auditory cortex with the frontal cortex.
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FIGURE 23.13

A. Functional magnetic resonance imaging (fMRI) showing the gray matter regions activated

when schizophrenic patients are experiencing auditory hallucinations (arrows). B. Diffusion tensor imaging
showing the areas of altered white matter tracts for patients who hear auditory hallucinations compared to
healthy controls. (A from Dierks T, Linden DE, Jandl M, et al. Activation of Heschls gyrus during auditory
hallucinations. Neuron. 1999;22(3):615-621. B from Hubl D, Koenig T, Strik W, et al. Pathways that make voices:
white matter changes in auditory hallucinations. Arch Gen Psychiatry. 2004;61(7):658-668.)

Recently, this same research group used DTI
to look at white matter tracts in schizophrenic
patients with hallucinations compared with
patients without hallucinations and healthy con-
trols. Remarkably, they found that patients with
hallucinations have significantly more alterations
of the white matter tracts of the arcuate fasciculus
(Figure 23.13B).

Taken together, these studies suggest that audi-
tory hallucinations are derived from abnormalities
in the regions that register external sounds. The
patient with auditory hallucinations may mis-
identify inner speech as coming from an exter-
nal source due to lack of integrity of the system.
It is reminiscent of a phone or television picking
up other signals and playing more than one sound
track at a time.

These studies highlight the complexity of
schizophrenia (or the schizophrenias). For just
one symptom, abnormalities have been identi-
fied in both the gray matter and white matter for
patients with schizophrenia. Clearly, schizophrenia
is a confusing disorder with diverse and numerous
effects on multiple areas of the brain.

ETIOLOGY

We have tried to establish that schizophrenia
appears to be a disorder of disconnectedness. There
is no specific brain region affected, but rather a
dysfunction of circuits within and between regions.
Additionally, the onset of the full disorder suggests
a neurodevelopmental disruption. It is plausible to
envision that schizophrenia results from the abnor-
mal expression of genes that govern maturational

processes. However, what goes wrong and how
does all this occur?

Genetics

One of the most consistent findings in schizophre-
nia research is the heritable nature of the illness
and related illnesses. Figure 1.1 shows the striking
power of the genes with this disorder. The closer
one is related to someone with schizophrenia,
the more likely that person is to get the illness.
However, even the monozygotic twin of a person
with schizophrenia only has approximately a 50%
chance of getting the illness. Furthermore, patients
with schizophrenia are less likely to procreate. If
this is a genetic disorder with Mendelian proper-
ties, we would expect it to decline in frequency
over many generations. Clearly, there is more
involved than just genes in the traditional sense.

Environment

Prenatal Complications

Adverse environmental events are known to be
potential triggers for developing schizophrenia.
Maternal infection is one well-known risk factor
for schizophrenia. Obstetric complications are also
associated with schizophrenia. A large prospective
study that followed up children from birth through
adulthood found that the odds of schizophre-
nia increased linearly with increasing number of
hypoxia-associated obstetric complications.

Famine
Two large epidemiologic studies of in utero
exposure to maternal starvation have shown an
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increased risk of schizophrenia among the off-
spring. In October 1944, a Nazi blockade of the
western Netherlands precipitated a famine that did
not remit until liberation in May 1945. During the
blockade, daily food rations fell to <500 calories
per person per day. In follow-up studies, the risk of
developing schizophrenia in exposed children had
doubled. Additionally, there was also a significant
increase in births with neural tube defects.

The second study looked at the effects of fam-
ine caused by the Great Leap Forward in China
during 1960 to 1961. Similar results were found
(Figure 23.14). In both situations, the birth rate
dropped during the famine. Some speculate that
the lack of folate in the diet had a detrimental
effect on the developing fetal brain. Folate is
needed for DNA synthesis and repair. Its absence
can lead to chromosomal instability. (Is this why
the Irish, with their interminable famines, experi-
enced a greater epidemic of mental illness? See
Figure 23.2.)

Finnish Adoption Study

Many people conceptualize schizophrenia as
resulting from some interaction between genes
and the environment, but it has been hard to tease
out the relation between these factors. The Finnish
Adoption Study provides some interesting data to
help understand this interaction. Researchers col-
lected the names of all women who were hospital-
ized in Finland from 1960 to 1979 and diagnosed
with schizophrenia. Then they identified the chil-
dren from these women who were adopted away.
They collected a similar number of adopted chil-
dren as matched controls.

Detailed and blinded assessments were made
of the adoptive families by experienced psychia-
trists. Using specific scales, they divided families
into those that were more healthy and those that
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FIGURE 23.14 The relative rate of developing

schizophrenia doubled for those born during the
famine during 1960 to 1961 in one region of China.
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FIGURE 23.15 Children born to schizophrenic
mothers and raised in more dysfunctional family
environments were at increased risk for developing
schizophrenic spectrum disorders.

were more dysfunctional. Additionally, each child
was assessed for a schizophrenia spectrum disor-
der based on the Diagnostic and Statistical Man-
ual of Mental Disorders-Third Edition-Revised
(DSM-111-R) criteria, for example, schizophrenia,
delusional disorder, depressive disorder with
psychotic features, and schizotypal personality
disorder.

The remarkable results of this study are shown
in Figure 23.15. Only the children born to mothers
with schizophrenia and raised in an adverse family
household showed an increased risk of developing
schizophrenic spectrum disorders. This is an exam-
ple of a genetic—environment interaction. Children
at genetic risk for schizophrenia appear to be more
sensitive to problems in the environment.

Gene Expression
In several chapters of this book, we have discussed
the enduring effects that life events can have on the
DNA. Environmental events change the genes—
a cardinal feature of the neuroscience model (see
Figure 6.13). Enhancing or silencing specific genes
changes behavior. This enables animals to adapt
their behavior to their particular environment.
However, some events seem to silence important
genes and have devastating effects on behavior.
Schizophrenia may be such a condition.
Researchers are starting to look at changes in
gene expression in patients with schizophrenia
as a way to better understand the disorder. To
proceed with such an examination, an important
protein must first be identified and then the DNA
that encodes for that protein must be analyzed.



Although we imagine there are numerous such
proteins, one that has been identified is reelin, a
protein expressed by GABA interneurons. Reelin
is recognized as crucial for neuronal migration,
axonal branching, and synaptogenesis through-
out brain development. Additionally, reelin and
its MRNA have been found to be reduced in post-
mortem brains of schizophrenic patients.

We have previously discussed that the addition of
methyl groups to the DNA limits gene expression—
the methyl groups prevent the transcription factors
from “zipping” off some mRNA. Tsuang et al. at
the University of California in San Diego recently
looked at the methylation of the reelin DNA from
gray matter from postmortem brains of patients
with schizophrenia. Not surprisingly, they found
a distinct methylated signal in 73% of the schizo-
phrenic samples but only in 24% of the control
samples. To put it another way, the reelin DNA of
the schizophrenic patients was three times more
likely to be methylated.

Not only does this give a possible mechanism
to explain the failure of gene expression in patients
with schizophrenia but also fits with known envi-
ronmental events that increase the risk of develop-
ing the disorder. For example, transient ischemia
is known to increase DNA methylation. Likewise,
folate is necessary for normal DNA methylation.
This may explain why fetal hypoxia and maternal
famine predispose some individuals to develop
schizophrenia.

This is not to say that DNA methylation is
the only mechanism to explain schizophrenia.
Spontaneous mutation during spermatogenesis is
another possible cause. It is known that schizo-
phrenia is associated with increased paternal age,
and older fathers are more likely to have increased
de novo germline mutations. A recent analysis of
genome-wide sequencing of DNA from 78 Ice-
landic families (219 individuals) found that it is
the age of the father that determines the number
of de novo mutations in the child (Figure 23.16).
The important point is that changes to DNA—
particularly vulnerable DNA—can be a way for us
to understand the genetic/environmental etiology
of schizophrenia.

The take-home message is this: There are likely
to be multiple genetic vulnerabilities to schizo-
phrenia, which are rarely expressed but not uncom-
mon. Insults from the environment, such as diet,
infection, and ischemia, have detrimental and last-
ing effects on the DNA. Those individuals having
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FIGURE 23.16 As the father’s age at conception
of the child increases, the number of single nucleotide
polymorphisms (SNPs) increases. A father at 20

years passes along on average 25 mutations, while

a 40-year-old father passes on about 65. (Adapted
from Kong A, Frigge ML, Masson G, et al. Rate of de
novo mutations and the importance of father’s age to
disease risk. Nature. 2012;488:471-475.)

both genetic vulnerability and environmental insult
are the ones who develop schizophrenia.

Dopamine Hypothesis

It does not seem proper to write an entire chapter
on schizophrenia without mentioning dopamine.
The dopamine hypothesis is an old and enduring
theory purporting that overactivity of the dopamine
system is part of the pathogenesis of schizophre-
nia. It was first proposed in 1966 on the basis of
pharmacologic studies. Dopamine blocking agents
provided the first effective treatment for the posi-
tive symptoms of schizophrenia. Furthermore,
amphetamines, which increase dopamine at the
synaptic cleft, can induce psychosis.

Although the popularity of the dopamine block-
ing agents is at an all-time high, the belief that
dopamine overactivity causes schizophrenia has
dwindled. Modulation of dopamine activity may be
effective in diminishing psychotic symptoms, but
there is minimal evidence to implicate the dopa-
mine neurons in the pathogenesis of the disorder.
Howes and Kapur put it nicely in their review of
the dopamine hypothesis when they proposed that
dopamine dysregulation is the final common path-
way of psychosis that is manipulated by “upstream
factors.” Most likely it is the disconnections among
the glutamate and GABA neurons that are the etio-
pathogenesis of schizophrenia.
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ANTIPSYCHOTICS AND THE SHRINKING BRAIN

One of the foremost concerns in the treatment
of psychosis is the long-term effect of medi-
cation. Medication changes gene expression,
which can, in some instances, propagate irre-
versible adverse outcomes, for example, tardive
dyskinesia. While medications can be beneficial
in the short run, we do not know the effects on
the brain in the long run. A recent decadelong
study out of Nancy Andreasen’s lab in lowa
produced unsettling results on this issue.

MRI scans were performed every three
years on 211 first-episode patients treated with

QUESTIONS

1. Neurodevelopmental causes that could explain
schizophrenia include excessive amounts of all
of the following, except
a. Pruning.

b. Synaptogenesis.
c. Apoptosis.
d. Myelination.

2. Evidence that schizophrenia is a biologic

disorder includes all of the following, except

a. The difference in lateral ventricles in the
twin study.

b. Gliosis in the PFC.

¢. Gray matter reduction in childhood-onset
schizophrenia.

d. Hypofrontality.

3. All of the following support the reduced
neuropil hypothesis, except
a. Oligodendrocyte dysfunction.
b. Reduced neural cell size.
c. Limited spine formation on the dendrites.
d. Increased density of gray matter.

4. Evidence that GABA interneurons are impaired
in schizophrenia
a. Increased methylation of calretinin DNA.
b. Reduced parvalbumin neurons.
c. Reduced GADG67.
d. Increased reelin.

5. All of the following suggest white matter
impairment in schizophrenia, except
a. Microarray analysis.
b. DTI.

antipsychotic medication. On average, patients
had three scans over 7.2 years. The investigators
found that gray matter volumes decreased over
time in all brain regions except the cerebellum.
Patients who received the higher lifetime doses of
medication had less gray matter. These results are
consistent with controlled antipsychotic treatment
studies in animals.

The potential neurotoxicity of antipsychotic
medications reminds us to avoid unnecessary
treatment and use the lowest dose possible,
until more information is available.

c. Oligodendrocyte cell counts.
d. Significantly reduced white matter volume.

6. Auditory hallucinations have been shown to
activate which region on fMRI?
a. Superior temporal lobe.
b. Broca’s area.
c. Wernicke’s area.
d. Arcuate fasciculus.

7. All are plausible theories on the etiology of
schizophrenia, except
a. Methylation of DNA.
b. Spontaneous mutations.
c. Dopamine hypothesis.
d. Genetic/environmental interactions.

8. Match the following:

1. Bleuler A. Psychoanalytic

2. E. Fuller Torrey theory

3. Kraepelin B. Distinguished

4. Plum schizophrenia from

5. Refrigerator bipolar disorder
mother C. Hypofrontality

6. Wisconsin Card D. Invisible epidemic
Sorting E. Coined the term

schizophrenia
F. Graveyard of
neuropathologists

See Answers section at the end of the book.



CHAPTER 24

Alzheimer’s Disease

HISTORIC PERSPECTIVE

Human Longevity

Although historic records indicate that older peo-
ple have always existed, old age was once rare.
Before the 20th century, few people lived beyond
50 years. Now, 95% of the children born in devel-
oped countries live past that age (Figure 24.1).
Changes in health care, sanitation, and nutrition (to
name a few) have had a profound impact on life
expectancy. The ultimate result is that more and
more people are living to ripe old ages. With more
people living into their geriatric years, the aging-
related central nervous system (CNS) disorders are
becoming common.

All nerve cells are affected by aging. Sensory
and motor skills decline with age. Neurodegenera-
tive disorders such as Parkinson’s disease, amyo-
trophic lateral sclerosis, and Huntington’s disease
become more prevalent as people get older. Cellular
and molecular changes that accumulate over time

100
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Ancient time to
40| early 19th century

20

20 40 60 80 100
Age

FIGURE 24.1 The percentage of people living
beyond the age of 60 years has increased dramatically
in the last two centuries. (Adapted from Kandel ER,
Schwartz JH, Jessell TM, eds. Principles of Neural
Science. 4th ed. New York, NY: McGraw-Hill; 2000.)

POINT OF INTEREST

The maximum human life span is approxi-
mately 125 years and has not changed in
over 100,000 years. Cell culture studies sug-
gest that each species has a biologic clock
that influences its life span. For example,
fibroblasts will only divide a limited number of
times before dying. The number of divisions is
related to life span (see table).

Lifespan and Cell Division of
Different Species

Maximum

Maximum  Fibroblast

Species Life Span (y) Doubling
Galapagos tortoise 175 125
Man 125 60
Mouse 4 28

The important point is that life span and
age-related illnesses such as dementia are
likely to be controlled by different mechanisms.

render neurons vulnerable to damage. Most likely,
the damage results from a combination of genetic
vulnerability and environmental hits.

Dementia, the progressive deterioration of cog-
nitive skills, is perhaps the most worrisome devel-
opment for all of us. There are numerous causes
of dementia, including cerebral vascular accidents,
alcoholism, and infections. Alzheimer’s disease
(AD) is the most common cause of dementia. The
surge in dementia cases as the baby boomers age
is expected to overwhelm the health care system
unless some intervention is discovered.

287
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Alois Alzheimer

The disease we now call Alzheimer’s was first dis-
cussed when Alois Alzheimer presented a case in
1906 of a woman with the early onset of dementia.
Her symptoms started in middle age with a change
in personality and mild memory impairment. She
was institutionalized when she became paranoid
and unmanageable. Alzheimer repeatedly exam-
ined the woman as he followed up her deteriorat-
ing clinical course. Four and a half years after her
initial symptoms, she was bedridden in a fetal posi-
tion until she died.

The autopsy revealed gross atrophy of the cortex
without localized foci. With the application of the
new staining methods (see Figure 1.4), Alzheimer
found sclerotic plaques scattered throughout the
cortex, especially in the upper layers. Addition-
ally, he noted that many of the cortical neurons
were reduced to dense bundles of neurofibrils.
Alzheimer thought that his description of plaques
and neurofibrillary tangles in a patient with “pre-
senile dementia” was a new and unique condition.

In fact, Alzheimer’s finding was cognitive loss
associated with the following:

1. Cortical atrophy
2. Plaques outside the neurons
3. Tangles inside the neurons

These findings have become the description of
the dementia that bears his name. Figure 24.2 shows

a schematic representation of what Alzheimer might
have seen when he looked through his microscope.

ALZHEIMER'’S DISEASE

Surprisingly, what Alzheimer saw roughly a
100 years ago remains the focus of current research.
However, the application of modern technology
has greatly advanced the understanding of the
pathophysiology of atrophy, plaques, and tangles.

Cortical Atrophy

The most striking feature of the Alzheimer’s brain
is the dramatic shrinkage of the cortical tissue sec-
ondary to neuronal cell death. AD is a bit like los-
ing hair. It starts years before it is actually noticed
and progresses slowly. In some people, it starts
sooner and proceeds faster. Furthermore, almost
everyone experiences some hair loss with aging.

Brain volume loss is also a “normal” feature
of aging. Brain volume peaks in adolescence and
then declines as much as 0.2% to 0.5% per year.
Patients with AD experience accelerated neural
loss. Likewise, some people are genetically predis-
posed to early-onset AD.

Examination of the AD brain at autopsy shows
extensive atrophy. Figure 24.3 compares two views
of normal brains with AD brains. The enlargement
of the ventricles and sulci in combination with the
decreased tissue is easily recognized—and a bit
unsettling for those of us in middle age.

Plaques
N

Normal neuron

Diseased neuron

FIGURE 24.2

Alzheimer’s disease includes the constellation

of neuronal shrinkage, plaques, and neurofibrillary tangles.



Normal brains

Alzheimer's brains
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FIGURE 24.3
coronal slices (B) show the extensive shrinkage
of the brain from Alzheimer’s disease. (A courtesy
of George Grossberg and the St. Louis University
Alzheimer’s Brain Bank.)

Gross examination (A) and

Brain imaging, although not yet diagnostic for
early AD, can document the volume loss and con-
trast the changes for those with and without AD.
Figure 24.4 shows the results of sequential mag-
netic resonance imaging on one patient destined to
develop familial AD. Note how his brain atrophy
proceeds faster than in a healthy elderly control. It
is also of interest that the symptoms of AD did not
appear until significant brain tissue was lost.

The decrease in energy metabolism secondary to
the extensive neuronal damage can be seen in func-
tional imaging studies such as positron emission
tomography (PET). Figure 24.5 shows the marked
reduction in glucose metabolism in a patient with
AD compared with a healthy control. The differ-
ence is so prominent that some have suggested that
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FIGURE 24.5 Positron emission tomography
(PET) images showing glucose metabolism in

a normal brain compared with an Alzheimer’s
disease brain. Note the reduced activity in the
frontal and temporal regions of the AD brain.
(Adapted from Mattson MP, Magnus T. Ageing
and neuronal vulnerability. Nat Rev Neurosci.
2006;7[4]:278-294.)

PET could be used to differentiate patients with AD
from those normally aging. A large European study
including more than 500 subjects found a 93% sen-
sitivity and specificity for separating mild to moder-
ate AD from normal controls. Unfortunately, they
were not as effective at separating AD from other
forms of dementia, and PET is even less helpful
in diagnosing patients with mild cognitive impair-
ment and determining whether they will go on to
develop AD.

Amyloid Plaques

The extracellular deposits that Alzheimer saw are
called amyloid plaques, which is a bit of a misno-
mer. They are actually aggregates of fibrous protein
and not amyloid at all. It was not until 1984 that the
primary component of the plagues was found to be
a small protein called amyloid-gor A-f. (To add to
the confusion, the most common term used in the
literature is beta-amyloid or B-amyloid.) Specifi-
cally, itisalong 42-amino-acid chain called A-B-42
that seems to be the real culprit, although there
may be others that are more noxious.

4 years later

Baseline

A. Sequential magnetic resonance imaging (MRI) scans show the aggressive brain atrophy

in a patient with Alzheimer’s disease (AD) compared with healthy geriatric controls. B. MRI in a patient with AD at
baseline and 4 years later (C). Brown overlay represents tissue loss compared with baseline. (Adapted from Fox NC,
Schott JM. Imaging cerebral atrophy: normal ageing to Alzheimer’s disease. Lancet. 2004;363(9406):392-394.)
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Amyloid plagques are formed from the cleavage of amyloid-B precursor protein into smaller

proteins that clump together. (Adapted from Wolfe MS. Shutting down Alzheimer’s. Sci Am. 2006;294(5):72-79.)

A-B is cleaved from a larger molecule called
amyloid-B precursor protein (APP). APP is a
large protein protruding through the cell wall
(Figure 24.6). It is found in cells throughout the
body, but is prominent in neurons. The functions
of APP are not fully understood, but may include
regulating neuronal survival, neural neurite out-
growth, and synaptic plasticity.

APP is cleaved into smaller portions by at least
two enzymes called # and jsecretase. The final
cleavage results in the generation of A-$-42 (and
others) that coalesces into long filaments. It is the
clumping of the filaments that forms the “amyloid”
plaques. Pharmacologic inhibition of the activity
of the secretase enzymes has been of interest to
those seeking ways to slow down the development
of plaques.

Amyloid Hypothesis

Many believe that amyloid plaques are the source
of the problem with AD. Two lines of reasoning
suggest this is true. First, some people carry a
genetic predisposition for early-onset AD usually
developed before the age of 65 years. In all cases
where they have identified the gene, the genetic
abnormality causes an increased production of
A-B. The toxicity of A-f is the other evidence that
supports the amyloid hypothesis. A-B is toxic to
neurons grown in Petri dishes. Furthermore, A-B
can impair the development of long-term potentia-
tion as well as the memory for a maze in rodents.

Recently, researchers from England have
reported the results of a long-term study with mar-
moset monkeys. The monkeys received cerebral
injections of A-B or other brain tissue that did not
contain B-amyloid. Because the monkeys died,
their brains were analyzed for amyloid plaques
(Figure 24.7). Monkeys that were injected with
A- were much more likely to have cerebral amy-
loidosis at autopsy. These results not only show the
toxic effects of A-B but also imply that the pres-
ence of A-3 seeds the progression.

The exact mechanisms of the toxicity of A-8
remain murky. Some research suggests that it is the
soluble form of the protein that causes the damage.
Other research suggests that it is not the A-p-42

GENE EXPRESSION

In previous chapters we have discussed how
the addition of methyl groups to the DNA
structure can silence gene expression, which,
in turn, can produce psychiatric symptoms.
The opposite may be happening with AD; that
is, the awakening of improper gene expres-
sion through demethylation. There is some
indirect evidence that demethylation of the
DNA sequence coding for 3-secretase results
in increased production of that enzyme. This
could result in greater production of A-f and
a faster progression of the disease.
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FIGURE 24.7 Marmoset monkeys (A) can
develop cerebral amyloid plaques (B). Monkeys
injected with A- were much more likely to

develop amyloidosis in the next 3 to 4 years (C).

(Adapted from Ridley RM, Baker HF, Windle CP,
et al. Very long-term studies of the seeding of
beta-amyloidosis in primates. J Neural Transm.
2006;113:1243-1251))
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protein, but different A-B proteins as yet unidenti-
fied. Furthermore, it is not clear why the plaques
coalesce in the first place. Some evidence hints that
the genetic forms of AD result from an overproduc-
tion of APP, whereas the more common sporadic
cases result from the failure to clear the excess A-f.
Clearly, efforts to treat the disorder would benefit
from better understanding of these issues.

Imaging Amyloid

The first step in any treatment approach is an accurate
diagnosis of the condition. Historically, the gold stan-
dard for the diagnosis of AD has been at autopsy—a
bit late to start treatment. As noted earlier, imaging
studies are poor at differentiating AD from other
forms of dementia. More recently, researchers have
been looking at ways to detect the presence of amy-
loid deposits in subjects even before symptoms
appear. In 2012, the FDA approved florbetapir F18
(Amyvid) for PET imaging of the brain in cogni-
tively impaired adults. Florbetapir binds to amyloid
in the brain and gives an estimate of the density of
the plaques. Figure 24.8 shows the results of a scan
comparing a healthy control with a patient with AD.
With this scan, unlike the PET scan in Figure 24.5,
the subject with the disease lights up when the flor-
betapir attaches to the amyloid deposits.

The usefullness of a florbetapir PET scan is
to identify reversible causes of cognitive decline,
other than AD, such as depression. The ultimate
utility of such a scan—identifying early stages of
the disease so that treatment can be started prior
to substantial neural cell loss—awaits the develop-
ment of effective treatments.

Neurofibrillary Tangles
The final major pathology of AD is the intracel-
lular neurofibrillary tangles. The neurofibrillary

Healthy control

- W
o .
-

FIGURE 24.8 A positive scan (left) shows high uptake of florbetapir F18 in the cortical gray matter,

indicating the presence of amyloid plaques. A negative scan (right) is paradoxically a healthier brain.
(Images courtesy of Avid Radiopharmaceuticals, a wholly owned subsidiary of Eli Lilly and Company.
© Eli Lilly and Company.)
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tangles come from the proteins on the microtubules
of the neuron. The microtubules are the internal
cytoskeleton that provides structure for the cell and,
more importantly, transports essential molecules
and organelles from the cell body to the synapses.
Damage to the microtubules causes the peripheral
aspects of the neuron to effectively starve.

The tau proteins bind to the microtubules and
provide stability. The problem seems to start with
the hyperphosphorylation of the tau proteins
(Figure 24.9). Too many phosphates attached to the
tau proteins cause them to detach from the micro-
tubules. It is these detached proteins that clump
together and form the neurofibrillary tangles, which
in turn clog the neuron’s axons and dendrites and
cause the cell to die. What causes the hyperphos-
phorylation remains unclear but seems to be initi-
ated by B-amyloid—possibly soluble A-B that
diffuses across the cell wall.

Alzheimer’s Disease Progression

AD is a relentlessly progressive disorder. There are
no remissions. The first signs are marked by subtle
decline in memory. As the disease advances, changes
in personality and language skills develop. Eventu-
ally even motor functions are impaired. Understand-
ing the spread of the pathology of AD gives a greater
appreciation of the changing clinical picture.

The progression of the disease can be staged by
the development and progression of neurofibril-
lary tangles. In a landmark analysis of more than
2,500 brains in Germany over 10 years, Braak doc-
umented the insidious evolution of AD shown in
Figure 24.10. The initial stages start in the entorhi-
nal cortex of the hippocampus. From there the dis-
ease spreads into the temporal and frontal cortex.
The final stages involve the entire brain, with the
greatest deposits remaining in the regions where
it all started.

PREVENTION AND TREATMENT

The number of cases of AD is expected to qua-
druple in the next 40 years if nothing is done to
prevent or treat the disease. Current treatments can
temporarily improve cognition in those affected,

CEREBRAL SPINAL FLUID

Tau protein is increased in the cerebral spinal
fluid (CSF) of patients with AD. The diagnos-
tic accuracy of the disease may be enhanced
from measurements of specific proteins in
the CSF, as well as better imaging studies—
in patients with signs of cognitive decline.

( - Damaged
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Neurofibrillary
tangles
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protein

Healthy Alzheimer’s
brain brain
FIGURE 24.9 Hyperphosphorylation of the tau

proteins produces neurofibrillary tangles that damage
the microtubules. The result is impaired axonal
transport and ultimately cell death.

but do nothing to alter the underlying pathophysi-
ology of the condition. Recent studies have been
disappointing. Encouraging preliminary studies
have failed in larger trials. The optimistic predic-
tions of just a few years ago have not borne fruit.

Perhaps even more discouraging is that we do
not even know which pathology of AD is most det-
rimental: amyloid plaques, neurofibrillary tangles,
or some upstream event that precedes the develop-
ment of plaques and tangles. Those of us on the
other side of our life curve hope that the scientific
community will develop effective interventions in
the near future. We will review several of the favor-
able prospects.
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Stages | and Il

FIGURE 24.10

Stages Ill and IV

Stages V and VI

The spread of neurofibrillary tangles in Alzheimer’s disease (AD). (Adapted from Braak

H, Braak E. Frequency of stages of Alzheimer-related lesions in different age categories. Neurobiol Aging.

1997;18(4):351-357.)

Vaccine
Immunizations against childhood diseases have
transformed the risks of growing up. The possibil-
ity of using vaccines to treat and/or prevent AD
is an exciting application of this old intervention,
which could likewise revolutionize growing old.
The trick is to get the immune system to attack
the amyloid plaques without irritating other parts
of the brain or inciting an inflammatory response
in the CNS.

The basic plan is laid out in Figure 24.11.
Peripheral injections of A-B-42 are ingested by

antigen-presenting cells. A-p antigens are presented
to T cells, which in turn activate B cells. Anti-AB
antibodies produced by the B cells attack the amy-
loid plaques as well as soluble AB. Microglial cells
then clean the plagues through phagocytosis.

The vaccine was initially tested in mice geneti-
cally engineered to overexpress APP (APP mice).
Such mice will develop amyloid plaques and mem-
ory loss by the age of 12 months. They have become
the accepted animal model of AD. Immunotherapy
with APP mice has produced extraordinary results
(Figure 24.12). Clearing of amyloid plaques and
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FIGURE 24.11 A. AB is injected peripherally. B. The A molecules are ingested and presented to T cells

by the antigen-presenting cells. C. T cells activate B cells, which produce anti-AB antibodies. D. The anti-Af
antibodies attack AP in the amyloid plaques and are cleared by microglia. (Adapted from Schenk D, Hagen M,
Seubert P. Current progress in beta-amyloid immunotherapy. Curr Opin Immunol. 2004;16(5):599-606.)
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Hippocampus from APP genetically engineered mice
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FIGURE 24.12 A. Slices of amyloid-f

precursor protein (APP) mice hippocampi show the
accumulation of amyloid plaques without and with the
AP vaccination. B. Vaccinated mice display memory
similar to control mice and superior to the APP mice.
(A from Lemere CA, Maier M, Jiang L, et al. Amyloid-
beta immunotherapy for the prevention and treatment
of Alzheimer disease: lessons from mice, monkeys,
and humans. Rejuvenation Res. 2006;9(1):77-84,
courtesy of Cynthia A. Lemere. B adapted from
Morgan D, Diamond DM, Gottschall PE, et al. A

beta peptide vaccination prevents memory loss in

an animal model of Alzheimer’s disease. Nature.
2000;408(6815):982-985.)

preservation of cognitive functions have been
repeatedly documented in animal studies.

In 2001, clinical trials of a synthetic version of
the B-amyloid protein for use as a vaccine were
started in humans. Preliminary safety studies
were completed without a hitch. Unfortunately, the
larger phase Il study had to be stopped after sev-
eral months when 6% of the participants developed
an excessive inflammatory response (meningoen-
cephalitis). Further analysis has suggested that
T-cell activation may have been the problem.

Follow-up studies on the 372 subjects who were
immunized have found some encouraging results.
Those individuals who did mount an antibody
response to A-B showed subtle signs of improved
memory and cognitive skills. Furthermore, post-
mortem studies of a few patients have documented
clearing of the amyloid plaques in some regions of
their brains.

In 2012, a group in Sweden published what
appears to be the next step in the vaccine story.

The vaccine, called CAD106, is designed to
mount an antibody response against a small por-
tion of the AR molecule without activating the
T cells (humeral response but not cellular). A
small double-blind phase 1 study of 58 patients
with mild to moderate AD was conducted to
establish safety and tolerability. While almost
every patient developed minor side effects (sore
throat, headache, fatigue, etc.), none developed
meningoencephalitis. (Whew!) The ultimate effects
on cognition or amyloid deposits will need to be
measured in larger studies. Furthermore, there are
other vaccines also in development, so this excit-
ing treatment option continues to move forward.

The neuronal loss from AD might be prevented
or at least limited with appropriate stimulation
from growth factor proteins. Animal studies sug-
gest that growth factor proteins may be useful
for treating neurodegenerative diseases such as
AD. Specifically, nerve growth factor (NGF, see

ANTIPSYCHOTICS

Alzheimer’s original patient was ultimately
admitted to his ward because of her uncon-
trollable psychotic symptoms. Currently,
most clinicians would quickly place such a
patient on a new-generation antipsychotic
medication. Yet, the use of antipsychotic
medications for AD is not without prob-
lems. A meta-analysis looked at the effect
of second-generation antipsychotic medica-
tions on cognitive decline in patients with
AD. They found that the medications actually
worsened the cognitive decline when com-
pared with placebo (see table).

Meta-Analysis of Cognitive
Decline in Patients Treated with
Second-Generation Antipsychotic
Medications

Weighted Mean Differences

Aripiprazole (one study) -
Olanzapine (Three studies) e
Quetiapine (one study) .
Risperidone (two studies) .
Total (seven studies) -

-4 -2 0 2 4
Favors drug  Favors placebo

Adapted from Schneider LS, et al. Am J Ger Psych. 2006:14:19-210.



Figure 1.9) has been shown to prevent cholinergic
degeneration and improve memory in animals. The
problem arises in choosing a method to deliver the
NGF to the brain. The molecule is too large to cross
the blood-brain barrier. Likewise, direct infusion
into the ventricles results in excessive stimulation
and intolerable side effects, for example, pain and
glial cell infiltration.

An alternative method of delivery entails
hijacking the DNA in autologous fibroblasts using
retroviral vectors. Such fibroblasts can be induced
to express NGF. In turn, they can be placed directly
into the brain of the subject and deliver NGF
within a few millimeters of the nucleus basalis of
Meynert, where cholinergic neuronal degeneration
occurs. Because the fibroblasts are autologous,
they do not activate an immune response.

Researchers at the University of California in
San Diego completed a phase | trial with eight
patients with probable AD. Fibroblasts producing
NGF were injected into the subjects’ cholinergic
basal forebrain. Two patients had significant com-
plications from the surgery, but with five of the
remaining six, cognition stabilized or improved
during the 6 to 18 months after injection. PET
scans showed increased activity.

Although this treatment will not halt the develop-
ment of amyloid plaques or neurofibrillary tangles,
it does show that NGFs may play a role in reducing
the symptoms of AD. Additionally, the study high-
lights that unique mechanisms can be utilized to
deliver NGFs to specific regions of the brain.

A larger randomized, double-blind, placebo-
controlled phase 2 trial commenced in 2009
seeking to recruit 50 patients. Patients in the
placebo arm of this ambitious study are required
to undergo sham neurosurgery. As much as we
would not wish to inflict sham neurosurgery on
anyone, this is no other way to accurately assess
the efficacy of the treatment. The study should be
completed in 2014,

Brain Reserve

Postmortem studies have found that a substantial
proportion of people have the histopathology of
AD, but not the cognitive failings of dementia.
Prospective studies suggest the number may be as
high as 40%. Some believe that this is due to brain
reserve; that is, greater neural substrate buffers
against the clinical expression of the disease
(similar to starting with more adipose tissue dur-
ing times of famine). Indeed, prospective studies
have found that individuals who have the plaques
and tangles at death, but were not demented, had
greater number of neurons in the frontal, parietal,
and temporal cortices.
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One of the most remarkable studies on this
topic was the Nun Study, in which the correla-
tion between early verbal skills and later cogni-
tive impairment was determined. The researchers
completed extensive cognitive assessments of the
nuns older than 75 years in their retirement. In
their early 20s, the nuns had completed an autobio-
graphic essay when they entered the order. These
essays were blindly graded for linguistic ability.
The nuns with low idea density and low grammati-
cal complexity in their autobiographies written 50
years earlier were 15 times more likely to have low
cognitive scores in late life. In other words, cog-
nitive skills in early life prevent cognitive impair-
ment later on.

A follow-up study has taken this analysis one
step further by including postmortem brain exam-
ination. This study included 156 individuals in
whom the researchers could correlate educational
background, level of cognition before death, and
amyloid load in the brain at autopsy. The results
are shown in Figure 24.13. The individuals with
greater years of education had less cognitive
impairment even with increasing amyloidosis.
The authors concluded that education is associ-
ated with factors that somehow reduce the effect
of amyloid on cognition. They estimated that the
difference between 15 and 22 years of education
is equivalent to approximately 2.6 years of amy-
loid progression. We hope this information pro-
vides some relief for the sort of person reading
this book.

“Use it or lose it” is one of the mantras result-
ing from this line of research, the implication
being that exercising the brain is neuroprotective
against the pathology of AD. Clearly, the research

Better
N“
Global
cognitive
measure )
14 y education
Worse
0 2 4 6 8 10 12
Amyloid load
FIGURE 24.13 The cognitive impairment

associated with amyloidosis is reduced in people
with more education. (Adapted from Bennett DA,
Schneider JA, Wilson RS, et al. Education modifies
the association of amyloid but not tangles with
cognitive function. Neurology. 2005;65[6]:953-955.)
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described here shows that smarter, more educated
people have greater brain resilience. What we do
not know is whether these people were born with
a larger reserve of neural substrate or whether a
lifetime of cognitive enrichment-stimulated neu-
ronal growth protected their brains from the effects
of AD.

Caloric Restriction

Caloric restriction is known to enhance longevity
(see LONGEVITY, page 158). Dietary restriction
may also retard the effects of AD. Studies with ani-
mals suggest that low-calorie diets may protect the
brain in the following ways:

1. Limiting oxidative stress

2. Reducing DNA damage

3. Increasing brain-derived neurotrophic factor
production

A recent study shows the profound effects that
calorie restriction can have on amyloid deposits in
nonhuman primates. A colony of squirrel monkeys
was raised on a diet reduced by 30% and compared
with a freely eating control group. As the monkeys
died of natural causes, their temporal cortical tissues
were measured for B-amyloid, APP, and the secre-
tase enzymes.

The monkeys on dietary restriction showed
no change in the amount of APP molecule, but
a remarkable reduction in A-B. The activity of
B- and y-secretase enzymes (Figure 21.6) was
no different between the two groups. However,
o-secretase was almost 100% more active in the
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Alzheimer’s modeled mice showed significant
reductions in cortical B-amyloid with daily
Cabernet Sauvignon. (Adapted from Wang J,

Ho L, Zhao Z, et al. Moderate consumption

of Carernet Sauvignon attenuates AB
neuropathology in a mouse model of Alzheimer’s
disease. FASEB J. 2006;20:2313-2320.)

diet-restricted group. o-Secretase is an enzyme
that cuts the APP molecule in a manner that lim-
its the production of B-amyloid. In other words,
caloric restriction enhances the activity of an
enzyme that prevents the buildup of amyloid
plaques.

Although caloric restriction may be effective in
altering the buildup of B-amyloid, it seems unlikely
to be utilized by the large number of people at risk
for AD. Indeed, the industrial societies that are at
most risk for AD are also the ones struggling with
the obesity epidemic. However, if treatments that
reduce hunger or enhance satiety can be devel-
oped, these could be reasonable pharmacologic
approaches to forestalling AD.

Exercise

Four clinical trials presented at the Alzheimer’s
Association International Conference in 2012 sug-
gest that regular exercise can improve memory
and preserve brain functions in the elderly. One
such study from the University of Pittsburgh ran-
domized 120 sedentary elderly adults to aerobic
exercise or a stretching control group. Both groups
demonstrated improvements in spatial memory at
6 months and 1 year. However, the exercise group
had a 2% increase in their hippocampal volume
at 1 year while the stretching group showed a slight
decline.

Exercise is a low-cost, easily accessible treat-
ment intervention that may preserve brain struc-
tures and maintain memory. Apparently, what is
good for the heart is also good for the brain.

It is with great pleasure that we report the
results of a study showing the cerebral
benefits of moderate doses of red wine.
Mice altered to overexpress APP were given
daily supplements of California Cabernet
Sauvignon, ethanol, or water. The wine group
had not only superior memory function but
also less B-amyloid in their cortex (figure).

We think that anyone who has finished
reading every word of this book should
celebrate with a little California Cabernet
Sauvignon. Heck, it will give a little tweak to
the nucleus accumbens, as well as promote
B-amyloid clearance—all in moderation of
course.



QUESTIONS

1. One hundred and twenty-five years
a. Life expectancy.
b. Fibroblast duration.
¢. Maximum cell divisions.
d. Life span.

2. Alzheimer’s identified all of the following, except
a. Cortical atrophy.
b. Amyloid plaques.
c. B-Amyloid.
d. Neurofibrillary tangles.

3. All of the following are increased in AD,
except
a. Amyloid-f precursor protein (APP).
b. A-B-42.
c. Ventricular size.
d. CSF tau protein.

CHAPTER 24 Alzheimer’s Disease 297

4. Neurofibrillary tangles are composed of
a. Damaged microtubules.
b. Extracellular protein tangles.
c. Excessively phosphorylated tau.
d. Untransportable cellular products.

5. The goal of Alzheimer’s vaccine is to increase
which of the following?
a. A-p-42.
b. T-cell activation.
¢. Memory performance.
d. Anti-Ap antibodies.

6. Increases with calorie restriction
a. Amyloid-B precursor protein (APP).
b. o-Secretase.
c. B-Secretase.
d. y-Secretase.

See Answers section at the end of the book.
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