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Preface '\

THE ORIGINS OF NEUROSCIENCE: EXPLORING THE
BRAIN

For over 25 years, we have taught a course called Neuroscience 1: An
Introduction to the Nervous System. The course has been remarkably suc-
cessful—at Brown University, where the course originated, approximately
one out of every four undergraduates takes it. For a few students, this is the
beginning of a career in neuroscience; for others, it is the only science
course he or she takes in college.

The success of introductory neuroscience reflects the fascination and
curiosity everyone has for how we sense, move, feel, and think. However,
the success of our course also derives from the way it is taught and what is
emphasized. First, there are no prerequisites, so the elements of biology,
chemistry, and physics required for understanding neuroscience are covered
as the course progresses. This approach ensures that no students are left
behind as the course progresses. Second, liberal use of commonsense
metaphors, real-world examples, humor, and anecdotes remind students
that science is interesting, approachable, exciting, and fun. Third, the course
does not survey all of neurobiology. Instead, the focus is on mammalian
brains and, whenever possible, the human brain. In this sense, the course
closely resembles what is taught to most beginning medical students.
Similar courses are now offered at many colleges and universities by psy-
chology, biology, and neuroscience departments.

The first edition of Neuroscience: Exploring the Brain was written to provide
a suitable textbook for Neuro 1, incorporating the subject matter and phi-
losophy that made this course successful. Based on feedback from our stu-
dents and colleagues at other universities, we expanded the second edition
to include more topics in behavioral neuroscience and some new features to
help students understand the structure of the brain. We must have gotten it
right, because the book now ranks as one of the most popular introductory
neuroscience books in the world. It has been particularly gratifying to see
our book used as a catalyst for the creation of new courses in introductory
neuroscience.

NEW IN THE THIRD EDITION

Our main goals for the third edition were to incorporate the many discov-
eries of the past five years without increasing the length of the text, to short-
en chapters when possible by emphasizing principles more and details less,
and to make the book even more user-friendly by improving the layout and
clarity of the illustrations.

Writing the third edition gave us the opportunity to review the
research accomplishments of the past five years, and they are truly aston-
ishing. Perhaps the most significant development has been the sequenc-
ing of the human genome, suggesting new avenues for understanding the
neural basis of individuality, as well as neurological and psychiatric dis-
eases. The book has been revised to incorporate these and many other
new findings.

vii
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PREFACE

We authors are all active neuroscientists, and we want our readers to
understand the allure of research. A unique feature of our book is the Path
of Discovery boxes, in which famous neuroscientists tell stories about their
own research. These essays serve several purposes: to give a flavor of the
thrill of discovery; to show the importance of hard work and patience, as
well as serendipity and intuition; to reveal the human side of science; and
to entertain and amuse. We have continued this tradition in the third edi-
tion, with new contributions from 24 esteemed scientists. Included in this
illustrious group are recent Nobel laureates Roderick MacKinnon and Arvid
Carlsson.

AN OVERVIEW OF THE BOOK

Neuroscience: Exploring the Brain surveys the organization and function of the
human nervous system. We present material at the cutting edge of neuro-
science, in a way that is accessible to both science and nonscience students
alike. The level of the material is comparable to an introductory college text
in general biology.

The book is divided into four parts: Part I, Foundations; Part II, Sensory
and Motor Systems; Part III, The Brain and Behavior; and Part IV, The
Changing Brain. We begin Part I by introducing the modern field of neu-
roscience and tracing some of its historical antecedents. Then we take a
close look at the structure and function of individual neurons, how they
communicate chemically, and how these building blocks are arranged to
form a nervous system. In Part II, we go inside the brain to examine the
structure and function of the systems that serve the senses and command
voluntary movements. In Part III, we explore the neurobiology of human
behavior, including motivation, sex, emotion, sleep, language, attention,
and mental illness. Finally, in Part IV, we look at how the environment
modifies the brain, both during development and in adult learning and
memory.

The human nervous system is examined at several different scales, rang-
ing from the molecules that determine the functional properties of neurons
to the large systems in the brain that underlie cognition and behavior. Many
disorders of the human nervous system are introduced as the book pro-
gresses, usually within the context of the specific neural system under dis-
cussion. Indeed, many insights into the normal functions of neural systems
have come from the study of diseases that cause specific malfunctions of
these systems. In addition, we discuss the actions of drugs and toxins on the
brain, using this information to illustrate how different brain systems con-
tribute to behavior and how drugs may alter brain function.

Organization of Part I: Foundations (Chapters 1-7)

The goal of Part I is to build a strong base of general knowledge in neurobi-
ology. The chapters should be covered sequentially, although Chapters 1
and 6 can be skipped without a loss of continuity.

In Chapter 1, we use a historical approach to review some basic principles
of nervous system function and then turn to the topic of how neuroscience
research is conducted today. We directly confront the ethics of neuroscience
research, particularly that which involves animals.

In Chapter 2, we focus mainly on the cell biology of the neuron. This is
essential information for students inexperienced in biology, and we find that
even those with a strong biology background find this review helpful. After
touring the cell and its organelles, we go on to discuss the structural features
that make neurons and their supporting cells unique, emphasizing the cor-
relation of structure and function.



Chapters 3 and 4 are devoted to the physiology of the neuronal mem-
brane. We cover the essential chemical, physical, and molecular properties
that enable neurons to conduct electrical signals. Throughout, we appeal to
students’ intuition by using a commonsense approach, with a liberal use of
metaphors and real-life analogies.

Chapters 5 and 6 cover interneuronal communication, particularly
chemical synaptic transmission. Chapter 5 presents the general principles of
chemical synaptic transmission, and Chapter 6 discusses the neurotrans-
mitters and their modes of action in greater detail. We also describe many
of the modern methods for studying the chemistry of synaptic transmission.
Later chapters do not assume an understanding of synaptic transmission at
the depth of Chapter 6, however, so this chapter can be skipped at the
instructor’s discretion. Most coverage of psychopharmacology appears in
Chapter 15, after the general organization of the brain and its sensory and
motor systems has been presented. In our experience, students wish to
know where, in addition to how, drugs act on the nervous system and
behavior.

Chapter 7 covers the gross anatomy of the nervous system. Here we focus
on the common organizational plan of the mammalian nervous system by
tracing the brain’s embryological development. (Cellular aspects of devel-
opment are covered in Chapter 23.) We show that the specializations of the
human brain are simple variations on the basic plan that applies to all mam-
mals.

Chapter 7’s appendix, An Illustrated Guide to Human Neuroanatomy, cov-
ers the surface and cross-sectional anatomy of the brain, the spinal cord, the
autonomic nervous system, the cranial nerves, and the blood supply. A self-
quiz will help students learn the terminology. We recommend that students
become familiar with the anatomy in the Guide before moving on to Part II.

Organization of Part ll: Sensory and Motor Systems
(Chapters 8-14)

Part II surveys the systems within the brain that control conscious sensation
and voluntary movement. In general, these chapters do not need to be cov-
ered sequentially, except for Chapters 9 and 10 on vision and Chapters 13
and 14 on the control of movement.

We chose to begin Part II with a discussion of the chemical senses—smell
and taste—in Chapter 8. These are good systems for illustrating the gener-
al principles and problems in the encoding of sensory information, and the
transduction mechanisms have strong parallels with other systems.

Chapters 9 and 10 cover the visual system, an essential topic for all intro-
ductory neuroscience courses. Many details of visual system organization
are presented, illustrating not only the depth of current knowledge, but also
the principles that apply across sensory systems.

Chapter 11 explores the auditory system, and Chapter 12 introduces the
somatic sensory system. Audition and somatic sensation are such important
parts of everyday life, it is hard to imagine teaching introductory neuro-
science without discussing them. The vestibular sense of balance is covered
in a separate section of Chapter 11. This placement offers instructors the
option to skip the vestibular system at their discretion.

In Chapters 13 and 14, we discuss the motor systems of the brain.
Considering how much of the brain is devoted to the control of movement,
this more extensive treatment is clearly justified. However, we are well
aware that the complexities of the motor systems are daunting to students
and instructors alike. We have tried to keep our discussion sharply focused,
using numerous examples to connect with personal experience.

PREFACE
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PREFACE

Organization of Part Ill: The Brain and Behavior (Chapters
15-22)

Part III explores how different neural systems contribute to different behav-
iors, focusing on the systems where the connection between the brain and
behavior can be made most strongly. We cover the systems that control vis-
ceral function and homeostasis, simple motivated behaviors (such as eating
and drinking), sex, mood, emotion, sleep, consciousness, language, and
attention. Finally, we discuss what happens when these systems fail during
mental illness.

Chapters 15-19 describe a number of neural systems that orchestrate
widespread responses throughout the brain and the body. In Chapter 15,
we focus on three systems that are characterized by their broad influence
and their interesting neurotransmitter chemistry: the secretory hypothala-
mus, the autonomic nervous system, and the diffuse modulatory systems of
the brain. We discuss how the behavioral manifestations of various drugs
may result from disruptions of these systems.

In Chapter 16, we look at the physiological factors that motivate specific
behaviors, focusing mainly on recent research on the control of eating
habits. Chapter 17 investigates the influence of sex on the brain and the
influence of the brain on sexual behavior. Chapter 18 examines the neural
systems believed to underlie emotional experience and expression, specifi-
cally emphasizing fear and anxiety, anger and aggression.

In Chapter 19, we investigate the systems that give rise to the rhythms of
the brain, ranging from the rapid electrical rhythms of the brain during
sleep and wakefulness to the slow circadian rhythms controlling hormones,
temperature, alertness, and metabolism. Part III ends with a discussion of
the neuroscience of language and attention in Chapters 20 and 21 and of
mental illness in Chapter 22.

Organization of Part IV:The Changing Brain (Chapters
23-25)

Part IV explores the cellular and molecular basis of brain development, and
learning and memory. These subjects represent two of the most exciting
frontiers of modern neuroscience.

Chapter 23 examines the mechanisms used during brain development
to ensure that the correct connections are made between neurons. The
cellular aspects of development are discussed here rather than in Part I
for several reasons. First, by this point in the book, students fully appre-
ciate that normal brain function depends on its precise wiring. Because
we use the visual system as a concrete example, the chapter also must
follow a discussion of the visual pathways in Part II. Second, we survey
aspects of experience-dependent development of the visual system that
are regulated by the diffuse modulatory systems of the brain, so this
chapter is placed after the early chapters of Part III. Finally, an explo-
ration of the role of the sensory environment in brain development in
Chapter 23 is followed in the next two chapters by discussions of how
experience-dependent modifications of the brain form the basis for learn-
ing and memory. We see that many of the mechanisms are similar, illus-
trating the unity of biology.

Chapters 24 and 25 cover learning and memory. Chapter 24 focuses on
the anatomy of memory, exploring how different parts of the brain con-
tribute to the storage of different types of information. Chapter 25 takes a
deeper look into the molecular and cellular mechanisms of learning and
memory, focusing on changes in synaptic connections.



PREFACE

HELPING STUDENTS LEARN

Neuroscience: Exploring the Brain is not an exhaustive study. It is intended to
be a readable textbook that communicates to students the important prin-
ciples of neuroscience clearly and effectively. To help students learn neuro-
science, we include a number of features designed to enhance comprehen-
sion:

Chapter Outlines, and Introductory and Concluding Remarks.
These elements preview the organization of each chapter, set the stage,
and place the material into broader perspective.

Key Terms and Glossary. Neuroscience has a language of its own,
and to comprehend it, one must learn the vocabulary. In the text of
each chapter, important terms are highlighted in boldface type. To facili-
tate review, these terms appear in a list at the end of each chapter, in
the order in which they appeared in the text, along with page refer-
ences. The same terms are assembled at the end of the book, with defi-
nitions, in a glossary.

Review Questions. At the end of each chapter, a brief set of questions
for review are specifically designed to provoke thought and help stu-
dents integrate the material.

Internal Reviews of Neuroanatomical Terms. In Chapter 7, where
nervous system anatomy is discussed, the narrative is interrupted peri-
odically with brief self-quiz vocabulary reviews to enhance understand-
ing. In Chapter 7’s appendix, an extensive self-quiz is provided in the
form of a workbook with labeling exercises.

Further Reading. New to the third edition, we include a list of several
recent review articles at the end of each chapter to guide study beyond
the scope of the textbook.

References and Resources. At the end of the book, we provide
selected readings and online resources that will lead students into the
research literature associated with each chapter. Rather than including
citations in the body of the chapters, where they would compromise
the readability of the text, we have organized the references and
resources by chapter and listed them at the end of the book.
Full-Color Ilustrations. We believe in the power of illustrations—not
those that “speak a thousand words,” but those that each make a single
point. The first edition of this book set a new standard for illustrations
in a neuroscience text. The third edition reflects improvements in the
pedagogical design of many figures from earlier editions and includes
many superb new illustrations as well.
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The Nernst Equation

The equilibrium potential for an ion can be calculated
using the Nernst equation:

_ RT [ion],
Eion = 2.303 o log Tond,

where
Eion = ionic equilibrium potential
R = gas constant
T = absolute temperature
z = charge of the ion
F = Faraday’s constant
log = base 10 logarithm
[ion], = ionic concentration outside the cell
[ion]; = ionic concentration inside the cell

The Nernst equation can be derived from the basic prin-
ciples of physical chemistry. Let’s see if we can make some
sense of it.

Remember that equilibrium is the balance of two influ-
ences: diffusion, which pushes an ion down its concentra-
tion gradient, and electricity, which causes an ion to be
attracted to opposite charges and repelled by like charges.
Increasing the thermal energy of each particle increases
diffusion and will therefore increase the potential differ-
ence achieved at equilibrium. Thus, E;o, is proportional to
T. On the other hand, increasing the electrical charge of
each particle will decrease the potential difference needed
to balance diffusion. Therefore, Ejo, is inversely propor-
tional to the charge of the ion (z). We need not worry
about R and F in the Nernst equation because they are
constants.

At body temperature (37°C), the Nernst equation for
the important ions—K*, Na*, CI~, and Ca?*—simpli-
fies to:

ation
K*] RGENCE IN NEUROTRANSMITTER SYSTEMS
Ex = 61.54 mV log =—=°
[K i
Ena = 61,54V log LN2 )=
Na = 61.54 mV log [Na™];
CI ],
Ecj= —61.54 mV log [[CI’]]i
C; 2+ L
Eca = 30.77 mV log % C‘ZZ }]i

Therefore, in order to calculate the equilibrium potential
for a certain type of ion at body temperature, all we need
to know is the ionic concentrations on either side of the
membrane. For instance, in the example we used in Fig-
ure 3.12, we stipulated that K™ was twentyfold more con-
centrated inside the cell:

K'lo_ |
f K] - 20
I o
and log 0 1.3
then Ex = 61.54 mV X —1.3
=80 mV. Brain Food Boxes

Notice that there is no term in the Nernst equation
for permeability or ionic conductance. Thus, calculating
the value of Ejo, does not require knowledge of the se-
lectivity or the permeability of the membrane for the
ion. There is an equilibrium potential for each ion in the
intracellular and extracellular fluid. E;o, is the membrane
potential that would just balance the ion’s concentration
gradient, so that no net ionic current would flow if the
membrane were permeable to that ion.

These boxes highlight optional
advanced material, allowing for
flexibility in the classroom.
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Box 17.1

To our ears, the singing of birds may be simply a pleasant
harbinger of spring, but for birds, it is part of the serious
business of sex and reproduction. Singing is strictly a male
function for many species, performed for the purpose of
attracting and keeping a mate and for warning off poten-
tial rivals. Studies of two bird species with different habits
of reproduction and singing have revealed some fascinating
clues about the control and diversity of sexual dimor-
phisms in the brain.

Zebra finches are popular pets, but their wild habitat is
the harsh Australian desert. To breed successfully, birds
require dependable sources of food, but in the desert,
food comes only with sporadic and unpredictable rains.
Zebra finches must therefore be ready and willing to
breed whenever food and a mate are available, in any sea-
son. Wild canaries, on the other hand, live in the more
predictable environment of the Azores and (where else?)
the Canary Islands. They breed seasonally during spring
and summer, and do not reproduce during fall and winter.
The males of both species are passionate singers, but they
differ greatly in the size of their repertoires. Zebra finches
belt out one simple ditty all their lives, and cannot learn
new ones. Canaries learn many elaborate songs, and they
add new ones each spring. The different behaviors of zebra
finches and canaries require different mechanisms of neural
control.

The birds’ sexually dimorphic behavior— singing—is
generated by dramatically dimorphic neural structures.
Birds sing by forcing air past a special muscularized organ
called the syrinx, which encircles the air passage. The
muscles of the syrinx are activated by motor neurons of
the nucleus of cranial nerve XII, which are in turn con-
trolled by a set of higher nuclei collectively called the vocal

Cranial

nerve XIl —<

Syrinx

FIGURE A

Blue circles represent the vocal control regions in male and female zebra finches.

INTEREST

Bird Songs and Bird Brains

control regions, or VCRs (Figure A). In zebra finches and
canaries, VCR size is five or more times larger in males
than in females.

The development of VCRs and singing behavior is under
the control of steroid hormones. However, the very differ-
ent seasonal requirements of zebra finches and canaries
are paralleled by distinctly different modes of steroidal
control. Zebra finches apparently require early doses of
steroids to organize their VCRs, and later androgens to
activate them. If a hatchling female zebra finch is exposed
to testosterone or estradiol, its VCRs will be larger than
those of normal females when it reaches adulthood. If the
masculinized female is given more testosterone as an
adult, its VCRs will grow larger still, and she will then sing
like a male. Females that are not exposed to steroids
when young are unresponsive to testosterone as adults.

By contrast, the song system in canaries seems to be
independent of early steroid exposure, yet it bursts into
full service each spring. If female canaries are given an-
drogens for the first time as adults, they will begin
singing within a few weeks. The androgens of males surge
naturally each spring; their VCRs double in size as neurons
grow larger dendrites and more synapses, and singing
commences. Remarkably, neurogenesis, the birth of neu-
rons, continues throughout adulthood in songbird
brains, further contributing to the VCR circuitry during
the mating season. By fall, male androgen levels drop, and
the canary song system shrinks in size as his singing abates.
In a sense, the male canary rebuilds much of his song
control system anew each year as courtship begins. This
may enable him to learn new songs more easily and, with
his enlarged repertoire, gain some advantage in attracting

Of Special Interest Boxes

This content complements the
text by enhancing the connection
between neuroscience and real
life, with discussion of brain
disorders, human case studies,
drugs, new technology, and more.

a mate.

nerve XII

Syrinx

Cranial E(i

Path of Discovery Boxes

24 new boxes, written by leading
neuroscience researchers, high-
light current discoveries and
achievements of individuals in
the field of neuroscience. Path of
Discovery boxes from the previ-
ous two editions are available on
the Instructor’s Resource CD and
online at http://
connection.lww.com/go/bear.

PATH OF

S
a

It should never be too late to follow a new idea. That is
what | told myself when, at nearly thirty years old, | aban-
doned my career as a medical doctor, realizing | would be
happier as a scientist. In Chris Miller’s laboratory at Bran-
deis University, | was introduced to potassium channels.
That was the beginning of an exciting adventure for me—
a mixture of “chance and design,” to use Alan Hodgkin's
words. | think in my case it was mostly chance.

The year was 1986, when biophysicists imagined ion
channels to be membrane pores with selectivity filters
and gates. This essentially correct view had been deduced
by Clay Armstrong, Bertil Hille, and others through
thoughtful analysis of electrophysiological recordings. But
ion channels were not quite “molecular” in the same way
biochemists viewed enzymes. No one had ever visualized
a potassium channel protein. In fact, potassium channel
genes had not yet been identified, so even their amino
acid sequences were a mystery. | began to study what are
known as high-conductance Ca?"-activated potassium
channels, which we isolated from mammalian skeletal mus-
cle and reconstituted into lipid membranes. My question
was a humble one: How does a scorpion toxin inhibit
these potassium channels? Admittedly, this was not a very
hot topic, in fact you might say it was cold, but that
made no difference to me. | was having fun learning chan-
nel biophysics, and | found the mechanism of toxin inhi-
bition interesting, even if it seemed unimportant. It be-
came clear to me that the toxin functions as a plug on
the pore, and it interacts with ions inside the pore. | spent
long hours trying to imagine what the channel might look
like, and how it could selectively conduct ions at such a
high rate.

About a year into my toxin studies, the potassium chan-
nel field got a huge boost when the laboratories of Lily
and Yuh Nung Jan, Mark Tanouye, and Olaf Pongs reported
the cloning of the Shaker channel from Drosophila. As luck
would have it, | found during a late night experiment at a
Cold Spring Harbor course that the Shaker channel was
sensitive to scorpion toxins. | knew immediately that |
could use scorpion toxins together with site-directed
mutagenesis to identify which amino acids form the ion
conduction pore. That would be valuable information be-
cause the amino acid sequence had no assigned function.
The toxin led me directly to the pore and to other in-
teresting aspects of potassium channels, such as how many

DISCOVERY

The Atomic Structure of a
Potassium Channel

by Roderick MacKinnon

subunits they have. After a few years at Harvard Medical
School, where | had taken a faculty position, my labora-
tory defined which amino acids form the selectivity filter
of the Shaker channel. Conservation of these amino acids
in different potassium channels seemed to underscore the
fact that nature had arrived at a single solution for selec-
tive K™ conduction across the cell membrane. | began to
realize then that | would not understand nature’s solution
without actually seeing the atomic structure (Figure A).

I needed to become a membrane protein biochemist and
X-ray crystallographer. | abandoned my nicely advancing
career as an electrophysiologist at Harvard and moved to
Rockefeller University to concentrate on learning the
new techniques. | was told that | was committing career
suicide because of the difficulty with membrane proteins
and my complete lack of experience. But it made little dif-
ference to me. My reasoning was simple: | would rather
crash and burn trying to solve the problem than not try
at all. Though the lab was initially small, we were very de-
termined. It was a thrilling time because we knew we
were working on a good problem, and we were passion-
ate about it. Through hard work, perseverance, and more
than a little luck, a very beautiful piece of nature slowly
revealed itself to us. It was in fact more beautiful than |
ever could have imagined.

FIGURE A

The protein structure of the potassium channel selectivity fiter
(from two of four subunits) is yellow; oxygen atoms are red
spheres. Electron density (blue mesh) shows K* ions (green
spheres) lined up along the pore. Inside the filter, each K* ion
binding site is surrounded by eight oxygen atoms, which appear
to mimic the water molecules surrounding the hydrated K* ion
below the filter: (Courtesy of Dr. Roderick MacKinnon.)
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spinal cord runs anterior to posterior. The top side of the spinal cord is the
dorsal side, and the bottom side is the ventral side.

If we look down on the nervous system, we see that it may be divided
into two equal halves (Figure 7.2b). The right side of the brain and spinal
cord is the mirror image of the left side. This characteristic is known as
bilateral symmetry. With just a few exceptions, most structures within the
nervous system come in pairs, one on the right side and the other on the

The Golgi Stain

The Nissl stain, however, does not tell the whole story. A Nissl-stained neu-
ron looks like little more than a lump of protoplasm containing a nucleus.
Neurons are much more than that, but how much more was not recog-
nized until the publication of the work of Italian histologist Camillo Golgi
(Figure 2.2). In 1873, Golgi discovered that by soaking brain tissue in a sil-
ver chromate solution, now called the Golgi stain, a small percentage of
neurons became darkly colored in their entirety (Figure 2.3). This revealed
that the neuronal cell body, the region of the neuron around the nucleus
that is shown with the Nissl stain, is actually only a small fraction of the
total structure of the neuron. Notice in Figures 2.1 and 2.3 how different
histological stains can provide strikingly different views of the same tissue.
Today, neurohistology remains an active field in neuroscience, along with
its credo: “The gain in brain is mainly in the stain.”

The Golgi stain shows that neurons have at least two distinguishable
parts: a central region that contains the cell nucleus, and numerous thin
tubes that radiate away from the central region. The swollen region con-
taining the cell nucleus has several names that are used interchangeably:
cell body, soma (plural: somata), and perikaryon (plural: perikarya). The
thin tubes that radiate away from the soma are called neurites and are of
two types: axons and dendrites (Figure 2.4).

The cell body usually gives rise to a single axon. The axon is of uniform
diameter throughout its length, and if it branches, the branches generally
extend at right angles. Because axons can travel over great distances in the
body (a meter or more), it was immediately recognized by the histologists

of the day that axons must act like “wires” that carry the output of the

nenranc Nendrit, n_th ther hand rarels tend maore than 2 mm in

ft. The invisible line running down the middle of the nervous system is
lled the midline, and this gives us another way to describe anatomical
ferences. Structures closer to the midline are medial; structures farther
ay from the midline are lateral. In other words, the nose is medial to
e eyes, the eyes are medial to the ears, and so on. In addition, two struc-
res that are on the same side are said to be ipsilateral to each other; for
ample, the right ear is ipsilateral to the right eye. If the structures are on
posite sides of the midline, they are said to be contralateral to each
her; the right ear is contralateral to the left ear.
To view the internal structure of the brain, it is usually necessary to slice
up. In the language of anatomists, a slice is called a section; to slice is to
ction. Although one could imagine an infinite number of ways we might
1t into the brain, the standard approach is to make cuts parallel to one of
e three anatomical planes of section. The plane of the section resulting from
litting the brain into equal right and left halves is called the midsagittal
lane (Figure 7.3a). Sections parallel to the midsagittal plane are in the
agittal plane.
The two other anatomical planes are perpendicular to the sagittal plane and
one another. The horizontal plane is parallel to the ground (Figure
3b). A single section in this plane could pass through both the eyes and
e ears. Thus, horizontal sections split the brain into dorsal and ventral
arts. The coronal plane is perpendicular to the ground and to the sagit-
1 plane (Figure 7.3c). A single section in this plane could pass through
oth eyes or both ears, but not through all four at the same time. Thus, the
ronal plane splits the brain into anterior and posterior parts.
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Types of Memory
and Amnesia
learning (p. 726)
memory (p. 726)

declarative memory (p. 726)
nondeclarative memory (p. 726)
procedural memory (p. 726)
long-term memory (p. 727)
short-term memory (p. 729)
memory consolidation (p. 729)
working memory (p. 729)

amnesia (p. 729)

retrograde amnesia (p. 730)
anterograde amnesia (p. 730)

The Search for the Engram
engram (p. 731)
cell assembly (p. 733)

Korsakoff’s syndrome (p. 744)

Morris water maze (p. 746)

place cell (p. 747)

relational memory (p. 749)

The Temporal Lobes and

Declarative Memory

hippocampus (p. 740)

entorhinal cortex (p. 741)

perirhinal cortex (p. 741)

parahippocampal cortex (p. 741)

fornix (p. 741)

delayed non-match to sample
(DNMS) (p. 741)

recognition memory (p. 742)

The Striatum and
Procedural Memory
striatum (p. 751)

The Neocortex and

Working Memory
prefrontal cortex (p. 754)

LIP) (p. 757)

. If you try to recall how many windows there are in your house by mentally walking from room to room,

are you using declarative memory, procedural memory, or both?

. What evidence is there that declarative and nondeclarative memory use distinct circuits?
. What abilities and disabilities do you think a person completely lacking working memory would have?

. Why did Lashley conclude that all cortical areas contribute equally to learning and memory? Why was this

conclusion later called into question?

. What evidence indicates that long-term memories are stored in neocortex?

If you were using a microelectrode to record from the brain and you suspected that a neuron you en-

countered was involved in storing long-term memories, how would you test that hypothesis?

N

If a neuron in visual cortex responds to faces, how could you determine whether it is involved in percep-

tion or storing memories for faces?

©

. What are place cells, and where are they found? In what ways are the response characteristics of place cells

different from the receptive fields of sensory neurons?

N

10. What is working memory, and in what brain areas have neural correlates of working memory been

observed?
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and looking forward. Nature Reviews Neuroscience

4:829-839.
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patient H.M.? Nature Reviews Neuroscience
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2000. Distinguishing the functional roles of multi-
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Passingham D, Sakai K. 2004. The prefrontal cortex

Key Terms

Appearing in bold throughout the
text, key terms are also listed at
the end of each chapter and
defined in the glossary.

Review Questions

Chapter review questions provoke
thought and help students test
their comprehension of each
chapter’s major concepts.

Further Reading

Recent review articles are identi-
fied at the end of each chapter to
guide further study.
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236 CHAPTER 7 « APPENDIX:AN ILLUSTRATED GUIDE TO HUMAN NEUROANATOMY

V SELF-QUIZ

This review workbook is designed to help you learn the neuroanatomy that
has been presented. Here we have reproduced the images from the Guide;
instead of labels, however, numbered leader lines (arranged clockwise)
point to the structures of interest. Test your knowledge by filling in the ap-
propriate names in the spaces provided. To review what you have learned,
quiz yourself by putting your hand over the names. This technique greatly
facilitates the learning and retention of anatomical terms. Mastery of the
vocabulary of neuroanatomy will serve you well as you learn about the
functional organization of the brain in the remainder of the book.

THE LATERAL SURFACE OF THE BRAIN
(a) Gross Features

An lllustrated Guide to Human
Neuroanatomy

This exceptional appendix to Chapter
7 includes an extensive self-quiz with

labeling exercises that enable

students to assess their knowledge of

neuroanatomy.

(b) Selected Gyri, Sulci, and Fissures. The cerebrum is
noteworthy for its convoluted surface. The bumps are
called gyri, and the grooves are called sulci or, if they are
especially deep, fissures. The precise pattern of gyri and
sulci can vary considerably from individual to individual,
but many features are common to all human brains. Some
of the important landmarks are labeled here. The post-

(b) Selected Gyri, Sulci, and Fissures

Precentral gyrus

Lateral (Sylvian)
fissure

Self-Quiz

These brief vocabulary reviews found
in Chapter 7 enhance students’
understanding of nervous system
anatomy.

(c) Cerebral Lobes and the Insula. By convention,
the cerebrum is subdivided into lobes named after the
bones of the skull that lie over them. The central sulcus
divides the frontal lobe from the parietal lobe. The tem-
poral lobe lies immediately ventral to the deep lateral
(Sylvian) fissure. The occipital lobe lies at the very back

Frontal lobe

V SELF-QUIZ

Take a few moments right now and be sure you understand the meaning
of these terms:

anterior ventral contralateral
rostral midline midsagittal plane
posterior medial sagittal plane
caudal lateral horizontal plane
dorsal ipsilateral coronal plane

Temporal lobe

209

'V SURFACE ANATOMY OF THE BRAIN

central gyrus lies immediately posterior to the central sul-
cus, and the precentral gyrus lies immediately anterior to
the central sulcus. The neurons of the postcentral gyrus
are involved in somatic sensation (touch; Chapter 12),
and those of the precentral gyrus control voluntary move-
ment (Chapter 14). Neurons in the superior temporal
gyrus are involved in audition (hearing; Chapter 11).

Central sulcus

Postcentral gyrus

Superior temporal
gyrus

(0.5%)

of the cerebrum, bordering both parietal and temporal
lobes. A buried piece of the cerebral cortex, called the
insula (Latin for “island”), is revealed if the margins of
the lateral fissure are gently pulled apart (inset). The
insula borders and separates the temporal and frontal
lobes.

Parietal lobe

Occipital lobe
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LiveAdvise Neuroscience

This online student tutoring service offers
access to live help from experienced
neuroscience tutors. You can chat with
expert educators and get help while
studying for tests or working on
assignments. See the LiveAdvise code
packaged with this text for more
information on this free service.

Student Resource CD-ROM

Features Answers to Review Questions, Labeling
Exercises, Glossary of Key Terms, and Video Clips
from Acland’s Video Atlas of Human Anatomy.
Materials are also available on the companion
website: http://connection.lww.com/go/bear.

Mark F. Bear
Barry W. Connors
Michael A, Paradiso
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FIGURE 1.1

Evidence of prehistoric brain surgery.
This skull of a man over 7000 years old was
surgically opened while he was still alive. The
arrows indicate two sites of trepanation.
(Source: Alt et al,, 1997, Fig. 1a.)

V INTRODUCTION

Men ought to know that from nothing else but the brain come joys, delights, laughter
and sports, and sorrows, griefs, despondency, and lamentations. And by this, in an
especial manner, we acquire wisdom and knowledge, and see and hear and know
what are foul and what are fair, what are bad and what are good, what are sweet
and what are unsavory . . . . And by the same organ we become mad and delirious,
and fears and terrors assail us . . . . All these things we endure from the brain when
it is not healthy . . . . In these ways I am of the opinion that the brain exercises the
greatest power in the man.

—Hippocrates, On the Sacred Disease (Fourth century B.c.)

It is human nature to be curious about how we see and hear; why
some things feel good and others hurt; how we move; how we reason,
learn, remember, and forget; the nature of anger and madness. These mys-
teries are starting to be unraveled by basic neuroscience research, and the
conclusions of this research are the subject of this textbook.

The word “neuroscience” is young. The Society for Neuroscience, an
association of professional neuroscientists, was founded as recently as 1970.
The study of the brain, however, is as old as science itself. Historically, the
scientists who devoted themselves to an understanding of the nervous system
came from different scientific disciplines: medicine, biology, psychology,
physics, chemistry, mathematics. The neuroscience revolution occurred
when these scientists realized that the best hope for understanding the
workings of the brain comes from an interdisciplinary approach, a combina-
tion of traditional approaches to yield a new synthesis, a new perspective.
Most people involved in the scientific investigation of the nervous system
today regard themselves as neuroscientists. Indeed, while the course you are
now taking may be sponsored by the psychology or biology department at
your university or college and may be called biopsychology or neurobiology,
you can bet that your instructor is a neuroscientist.

The Society for Neuroscience is the largest and fastest-growing associa-
tion of professional scientists in all of experimental biology. Far from being
overly specialized, the field is as broad as nearly all of natural science, with
the nervous system serving as the common point of focus. Understanding
how the brain works requires knowledge about many things, from the
structure of the water molecule to the electrical and chemical properties of
the brain to why Pavlov’s dog salivated when a bell rang. In this book, we
will explore the brain with this broad perspective.

We begin the adventure with a brief tour of neuroscience. What have sci-
entists thought about the brain over the ages? Who are the neuroscientists
of today, and how do they approach studying the brain?

V¥V THE ORIGINS OF NEUROSCIENCE

You probably already know that the nervous system—the brain, spinal
cord, and nerves of the body—is crucial for life and enables you to sense,
move, and think. How did this view arise?

Evidence suggests that even our prehistoric ancestors appreciated that
the brain was vital to life. The archeological record is rife with examples of
hominid skulls, dating back a million years and more, bearing signs of fatal
cranial damage, presumably inflicted by other hominids. As early as 7000
years ago, people were boring holes in each other’s skulls (a process called
trepanation), evidently with the aim not to kill but to cure (Figure 1.1).



The skulls show signs of healing after the operation, indicating that this
procedure was carried out on live subjects and was not merely a ritual
conducted after death. Some individuals apparently survived multiple skull
surgeries. What early surgeons hoped to accomplish is not clear, although
some have speculated that this procedure may have been used to treat
headaches or mental disorders, perhaps by giving the evil spirits an escape
route.

Recovered writings from the physicians of ancient Egypt, dating back
almost 5000 years, indicate that they were well aware of many symptoms
of brain damage. However, it is also very clear that the heart, not the
brain, was considered to be the seat of the soul and the repository of
memories. Indeed, while the rest of the body was carefully preserved for
the afterlife, the brain of the deceased was simply scooped out through
the nostrils and discarded! The view that the heart was the seat of con-
sciousness and thought was not seriously challenged until the time of
Hippocrates.

Views of the Brain in Ancient Greece

Consider the notion that the different parts of your body look different
because they serve different purposes. The structures of the feet and hands
are very different, and they perform very different functions: We walk on
our feet and manipulate objects with our hands. Thus, we can say that
there appears to be a very clear correlation between structure and function.
Differences in appearance predict differences in function.

What can we glean about function from the structure of the head?
Quick inspection and a few simple experiments (like closing your eyes)
reveal that the head is specialized for sensing the environment. In the
head are your eyes and ears, your nose and tongue. Even crude dissec-
tion shows that the nerves from these organs can be traced through the
skull into the brain. What would you conclude about the brain from these
observations?

If your answer is that the brain is the organ of sensation, then you have
reached the same conclusion as several Greek scholars of the fourth cen-
tury B.c. The most influential scholar was Hippocrates (460-379 B.c.), the
father of Western medicine, who stated his belief that the brain not only
was involved in sensation but also was the seat of intelligence.

However, this view was not universally accepted. The famous Greek
philosopher Aristotle (384-322 B.c.) clung to the belief that the heart was
the center of intellect. What function did Aristotle reserve for the brain? He
proposed it to be a radiator for the cooling of blood that was overheated by
the seething heart. The rational temperament of humans was thus explained
by the large cooling capacity of our brain.

Views of the Brain During the Roman Empire

The most important figure in Roman medicine was the Greek physician and
writer Galen (130-200 A.p.), who embraced the Hippocratic view of brain
function. As physician to the gladiators, he must have witnessed the unfor-
tunate consequences of spinal and brain injury. However, Galen’s opinions
about the brain probably were influenced more by his many careful animal
dissections. Figure 1.2 is a drawing of the brain of a sheep, one of Galen’s
favorite subjects. Two major parts are evident: the cerebrum in the front and
the cerebellum in the back. (The structure of the brain is the subject of
Chapter 7.) Just as we were able to deduce function from the structure of
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Cerebrum Cerebellum

Top view

FIGURE 1.2

The brain of a sheep. Notice the location
and appearance of the cerebrum and the
cerebellum.
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Ventricles

FIGURE 1.3
A dissected sheep brain showing the
ventricles.

the hands and feet, Galen tried to deduce function from the structure of the
cerebrum and the cerebellum. Poking the freshly dissected brain with a
finger reveals the cerebellum to be rather hard and the cerebrum to be
rather soft. From this observation, Galen suggested that the cerebrum must
be the recipient of sensations and the cerebellum must command the
muscles. Why did he propose this distinction? He recognized that to form
memories, sensations must be imprinted onto the brain. Naturally, this
must occur in the doughy cerebrum.

As improbable as his reasoning may seem, Galen’s deductions were not
that far from the truth. The cerebrum, in fact, is largely concerned with
sensation and perception, and the cerebellum is primarily a movement con-
trol center. Moreover, the cerebrum is a repository of memory. We will see
that this is not the only example in the history of neuroscience in which
the right general conclusions were reached for the wrong reasons.

How does the brain receive sensations and move the limbs? Galen cut
open the brain and found that it is hollow (Figure 1.3). In these hollow
spaces, called ventricles (like the similar chambers in the heart), there is
fluid. To Galen, this discovery fit perfectly with the prevailing theory that
the body functioned according to a balance of four vital fluids, or humors.
Sensations were registered and movements initiated by the movement of
humors to or from the brain ventricles via the nerves, which were believed
to be hollow tubes, like the blood vessels.

Views of the Brain From the Renaissance
to the Nineteenth Century

Galen’s view of the brain prevailed for almost 1500 years. More detail was
added to the structure of the brain by the great anatomist Andreas Vesal-
ius (1514-1564) during the Renaissance (Figure 1.4). However, ventricular
localization of brain function remained essentially unchallenged. Indeed,
the whole concept was strengthened in the early seventeenth century,
when French inventors began developing hydraulically controlled me-
chanical devices. These devices supported the notion that the brain could
be machinelike in its function: Fluid forced out of the ventricles through
the nerves might literally “pump you up” and cause the movement of the
limbs. After all, don’t the muscles bulge when they contract?

FIGURE 1.4

Human brain ventricles depicted
during the Renaissance. This drawing is
from De humani corporis fabrica by Vesalius
(1543). The subject was probably a decapitated
criminal. Great care was taken to be anatomi-
cally correct in depicting the ventricles.
(Source: Finger, 1994, Fig. 2.8.)




FIGURE 1.5

The brain according to Descartes.

This drawing appeared in a 1662 publication
by Descartes. Hollow nerves from the eyes
project to the brain ventricles. The mind influ-
ences the motor response by controlling the
pineal gland (H), which works like a valve to
control the movement of animal spirits
through the nerves that inflate the muscles.
(Source: Finger, 1994, Fig. 2.16.)

A chief advocate of this fluid-mechanical theory of brain function was
the French mathematician and philosopher René Descartes (1596-1650).
Although he thought this theory could explain the brain and behavior of
other animals, it was inconceivable to Descartes that it could account for
the full range of human behavior. He reasoned that unlike other animals,
people possess intellect and a God-given soul. Thus, Descartes proposed
that brain mechanisms control human behavior only to the extent that
this behavior resembles that of the beasts. Uniquely human mental capa-
bilities exist outside the brain in the “mind.” Descartes believed that the
mind is a spiritual entity that receives sensations and commands move-
ments by communicating with the machinery of the brain via the pineal
gland (Figure 1.5). Today, some people still believe that there is a “mind-
brain problem,” that somehow the human mind is distinct from the brain.
However, as we shall see in Part III, modern neuroscience research sup-
ports another conclusion: The mind has a physical basis, which is the
brain.

Fortunately, other scientists during the seventeenth and eighteenth cen-
turies broke away from Galen’s tradition of focusing on the ventricles and
began to give the substance of the brain a closer look. One of their obser-
vations was that brain tissue is divided into two parts: the gray matter and
the white matter (Figure 1.6). What structure-function relationship did they
propose? White matter, because it was continuous with the nerves of the
body, was correctly believed to contain the fibers that bring information to
and from the gray matter.

By the end of the eighteenth century, the nervous system had been
completely dissected, and its gross anatomy had been described in detail.
Scientists recognized that the nervous system has a central division, con-
sisting of the brain and spinal cord, and a peripheral division, consisting of
the network of nerves that course through the body (Figure 1.7). An im-
portant breakthrough in neuroanatomy was the observation that the same
general pattern of bumps (called gyri) and grooves (called sulci and fissures)
could be identified on the surface of the brain in every individual (Figure
1.8). This pattern, which enables the parceling of the cerebrum into lobes,
was the basis for speculation that different functions might be localized to
the different bumps on the brain. The stage was now set for the era of
cerebral localization.

THE ORIGINS OF NEUROSCIENCE

Gray matter White matter

FIGURE 1.6

White matter and gray matter.

The brain has been cut open to reveal these
two types of tissue.
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The basic anatomical subdivisions of the nervous system.
The nervous system consists of two divisions, the central nervous
system (CNS) and the peripheral nervous system (PNS). The CNS
consists of the brain and spinal cord. The three major parts of

the brain are the cerebrum, the cerebellum, and the brain stem.
The PNS consists of the nerves and nerve cells that lie outside the

brain and spinal cord.

Central
sulcus

Frontal

Cerebrum

Cerebellum
Brain stem

Spinal cord

Brain

. Peripheral
Parietal nervous
lobe system

Occipital

lobe

Sylvian
fissure

Temporal lobe Cerebellum
FIGURE 1.8

The lobes of the cerebrum. Notice the
deep Sylvian fissure, dividing the frontal lobe
from the temporal lobe, and the central
sulcus, dividing the frontal lobe from the
parietal lobe. The occipital lobe lies at the
back of the brain. These landmarks can be
found on all human brains.

Nineteenth-Century Views of the Brain

Let’s review the state of understanding of the nervous system at the end of
the eighteenth century:

® Injury to the brain can disrupt sensations, movement, and thought and
can cause death.
B The brain communicates with the body via the nerves.

m The brain has different identifiable parts, which probably perform dif-
ferent functions.

m The brain operates like a machine and follows the laws of nature.

During the next 100 years, more would be learned about the function of
the brain than had been learned in all of previously recorded history. This



work provided the solid foundation on which modern neuroscience rests.
Below, we'll review four key insights gained during the nineteenth century.

Nerves As Wires. In 1751, Benjamin Franklin published a pamphlet titled
Experiments and Observations on Electricity, which heralded a new under-
standing of electrical phenomena. By the turn of the century, Italian scien-
tist Luigi Galvani and German biologist Emil du Bois-Reymond had shown
that muscles can be caused to twitch when nerves are stimulated electri-
cally and that the brain itself can generate electricity. These discoveries
finally displaced the notion that nerves communicate with the brain by the
movement of fluid. The new concept was that the nerves are “wires” that
conduct electrical signals to and from the brain.

Unresolved was whether the signals to the muscles causing movement
use the same wires as those that register sensations from the skin. Bidirec-
tional communication along the same wires was suggested by the observa-
tion that when a nerve in the body is cut, there is usually a loss of both
sensation and movement in the affected region. However, it was also known
that within each nerve of the body there are many thin filaments, or nerve
fibers, each one of which could serve as an individual wire carrying infor-
mation in a different direction.

This question was answered around 1810 by Scottish physician Charles
Bell and French physiologist Francois Magendie. A curious anatomical fact
is that just before the nerves attach to the spinal cord, the fibers divide into
two branches, or roots. The dorsal root enters toward the back of the spinal
cord, and the ventral root enters toward the front (Figure 1.9). Bell tested
the possibility that these two spinal roots carry information in different
directions by cutting each root separately and observing the consequences
in experimental animals. He found that cutting only the ventral roots
caused muscle paralysis. Later, Magendie was able to show that the dorsal
roots carry sensory information into the spinal cord. Bell and Magendie

Ventral roots

Dorsal
roots

Nerve Muscle Skin

Nerve fibers
(axons)
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FIGURE 1.9

Spinal nerves and spinal nerve roots.
Thirty-one pairs of nerves leave the spinal
cord to supply the skin and the muscles.
Cutting a spinal nerve leads to a loss of sen-
sation and a loss of movement in the affected
region of the body. Incoming sensory fibers
(red) and outgoing motor fibers (blue) divide
into spinal roots where the nerves attach to
the spinal cord. Bell and Magendie found that
the ventral roots contain only motor fibers
and the dorsal roots contain only sensory
fibers.
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concluded that within each nerve there is a mixture of many wires, some
of which bring information into the brain and spinal cord and others that
send information out to the muscles. In each sensory and motor nerve
fiber, transmission is strictly one-way. The two kinds of fibers are bundled
together for most of their length, but they are anatomically segregated
when they enter or exit the spinal cord.

Localization of Specific Functions to Different Parts of the Brain. If
different functions are localized in different spinal roots, then perhaps dif-
ferent functions are also localized in different parts of the brain. In 1811,
Bell proposed that the origin of the motor fibers is the cerebellum and the
destination of the sensory fibers is the cerebrum.

How would you test this proposal? One way is to use the same approach
that Bell and Magendie employed to identify the functions of the spinal
roots: to destroy these parts of the brain and test for sensory and motor
deficits. This approach, in which parts of the brain are systematically de-
stroyed to determine their function, is called the experimental ablation method.
In 1823, the esteemed French physiologist Marie-Jean-Pierre Flourens used

FIGURE 1.10 . : : ' : :

A phrenological map. According to Gall this method in a variety of anlmals. (partlcularly bnrds) to show that the

and his followers, different behavioral traits cerebellum does indeed play a role in the coordination of movement. He

could be related to the size of different parts also concluded that the cerebrum is involved in sensation and perception,

?gégeﬁk“'|"|f§°u“e: Clarke and O'Malley, as Bell and Galen before him had suggested. Unlike his predecessors, how-
, Fig. .

ever, Flourens provided solid experimental support for his conclusions.

What about all those bumps on the brain’s surface? Do they perform dif-
ferent functions as well? The idea that they do was irresistible to a young
Austrian medical student named Franz Joseph Gall. Believing that bumps
on the surface of the skull reflect the bumps on the surface of the brain, Gall
proposed in 1809 that the propensity for certain personality traits, such as
generosity, secretiveness, and destructiveness, could be related to the di-
mensions of the head (Figure 1.10). To support his claim, Gall and his fol-
lowers collected and carefully measured the skulls of hundreds of people
representing the extensive range of personality types, from the very gifted
to the criminally insane. This new “science” of correlating the structure of
the head with personality traits was called phrenology. Although the claims
of the phrenologists were never taken seriously by the mainstream scientific
community, they did capture the popular imagination of the time. In fact, a
textbook on phrenology published in 1827 sold over 100,000 copies.

One of the most vociferous critics of phrenology was Flourens, the same
man who had shown experimentally that the cerebellum and cerebrum
perform different functions. His grounds for criticism were sound. For one
thing, the shape of the skull is not correlated with the shape of the brain.
In addition, Flourens performed experimental ablations showing that par-
ticular traits are not isolated to the portions of the cerebrum specified by
phrenology. Flourens also maintained, however, that all regions of the cere-
brum participate equally in all cerebral functions, a conclusion that later
was shown to be erroneous.

The person usually credited with tilting the scales of scientific opinion
firmly toward localization of function in the cerebrum was French neurol-
ogist Paul Broca (Figure 1.11). Broca was presented with a patient who

FIGURE I.11 could understand language but could not speak. Following the man’s death
Paul Broca (1824-1880). By carefully in 1861, Broca carefully examined his brain and found a lesion in the left
studying the brain of a man who had lost frontal lobe (Figure 1.12). Based on this case and several others like it,

the faculty of speech after a brain lesion (see Broca concluded that this region of the human cerebrum was specifically
Figure 1.12), Broca became convinced that dif-

ferent functions could be localized to different respO?SIble fo}‘ the production of speech. L . . .
parts of the cerebrum. (Source: Clarke and Solid experimental support for cerebral localization in animals quickly
O'Malley, 1968, Fig. 121.) followed. German physiologists Gustav Fritsch and Eduard Hitzig showed



in 1870 that applying small electrical currents to a circumscribed region of
the exposed surface of the brain of a dog could elicit discrete movements.
Scottish neurologist David Ferrier repeated these experiments with mon-
keys. In 1881, he showed that removal of this same region of the cerebrum
causes paralysis of the muscles. Similarly, German physiologist Hermann
Munk using experimental ablation presented evidence that the occipital
lobe of the cerebrum was specifically required for vision.

As you will see in Part II of this book, we now know that there is a very
clear division of labor in the cerebrum, with different parts performing
very different functions. Today’s maps of the functional divisions of the
cerebrum rival even the most elaborate of those produced by the phrenol-
ogists. The big difference is that unlike the phrenologists, scientists today
require solid experimental evidence before attributing a specific function
to a portion of the brain. All the same, Gall seems to have had the right
idea. It is natural to wonder why Flourens, the pioneer of brain localiza-
tion of function, was misled into believing that the cerebrum acted as a
whole and could not be subdivided. There are many reasons that this
gifted experimentalist may have missed cerebral localization, but it seems
clear that one reason was his visceral disdain for Gall and phrenology. He
could not bring himself to agree even remotely with Gall, whom he viewed
as a lunatic. This reminds us that science, for better or worse, was and still
is a distinctly human endeavor.

The Evolution of Nervous Systems. In 1859, English biologist Charles
Darwin (Figure 1.13) published On the Origin of Species. In this landmark
work, he articulated a theory of evolution: that species of organisms evolved
from a common ancestor. According to his theory, differences among
species arise by a process Darwin called natural selection. As a result of the
mechanisms of reproduction, the physical traits of the offspring are some-
times different from those of the parents. If these traits represent an advan-
tage for survival, the offspring themselves will be more likely to reproduce,
thus increasing the likelihood that the advantageous traits are passed on to
the next generation. Over the course of many generations, this process has
led to the development of traits that distinguish species today: flippers on
harbor seals, paws on dogs, hands on raccoons, and so on. This single insight
revolutionized biology. Today, scientific evidence ranging from anthropology
to molecular genetics overwhelmingly supports the theory of evolution by
natural selection.

Darwin included behavior among the heritable traits that could evolve.
For example, he noticed that many mammalian species show the same re-
action when frightened: The pupils of the eyes get bigger, the heart races,
hairs stand on end. This is as true for a human as it is for a dog. To Dar-
win, the similarities of this response pattern indicated that these different
species evolved from a common ancestor, which possessed the same be-
havioral trait (advantageous presumably because it facilitated escape from
predators). Because behavior reflects the activity of the nervous system, we
can infer that the brain mechanisms that underlie this fear reaction may be
similar, if not identical, across these species.

The idea that the nervous systems of different species evolved from com-
mon ancestors and may have common mechanisms is the rationale for relat-
ing the results of animal experiments to humans. Thus, for example, many of
the details of electrical impulse conduction along nerve fibers were worked
out first in the squid but are now known to apply equally well to humans.
Most neuroscientists today use animal models to examine the process they wish
to understand in humans. For example, rats show clear signs of addiction if
they are given the chance to self-administer cocaine repeatedly. Consequently,
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Central sulcus

FIGURE 1.12

The brain that convinced Broca of
localization of function in the cerebrum.
This is the preserved brain of a patient who
had lost the ability to speak before he died in
1861.The lesion that produced this deficit is
circled. (Source: Corsi, 1991, Fig. lll,4.)

FIGURE 1.13

Charles Darwin (1809-1882). Darwin
proposed his theory of evolution, explaining
how species evolve through the process of
natural selection. (Source: The Bettman
Archive.)
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(b) Rat brain

FIGURE 1.14

Different brain specializations in monkeys and rats. (a) The brain of the macaque
monkey has a highly evolved sense of sight. The boxed region receives information from the
eyes. When this region is sliced open and stained to show metabolically active tissue, a
mosaic of “blobs” appears. The neurons within the blobs are specialized to analyze colors in
the visual world. (b) The brain of a rat has a highly evolved sense of touch to the face. The
boxed region receives information from the whiskers. When this region is sliced open and
stained to show the location of the neurons, a mosaic of “barrels” appears. Each barrel is
specialized to receive input from a single whisker on the rat's face. (Photomicrographs cour-
tesy of Dr S. H. C. Hendry,)

rats are a valuable animal model for research focused on understanding how
psychoactive drugs exert their effects on the nervous system.

On the other hand, many behavioral traits are highly specialized for the
environment (or niche) a species normally occupies. For example, mon-
keys swinging from branch to branch have a keen sense of sight, while rats
slinking through underground tunnels have poor vision but a highly
evolved sense of touch using the whiskers on the snout. Adaptations are
reflected in the structure and function of the brain of every species. By
comparing the specializations of the brains of different species, neurosci-
entists have been able to identify which parts of the brain are specialized
for different behavioral functions. Examples for monkeys and rats are
shown in Figure 1.14.

The Neuron: The Basic Functional Unit of the Brain. Technical advances
in microscopy during the early 1800s gave scientists their first opportunity to
examine animal tissues at high magnifications. In 1839, German zoologist
Theodor Schwann proposed what came to be known as the cell theory: All
tissues are composed of microscopic units called cells.

Although cells in the brain had been identified and described, there was
still controversy about whether the individual “nerve cell” was actually
the basic unit of brain function. Nerve cells usually have a number of thin
projections, or processes, that extend from a central cell body (Figure



1.15). Initially, scientists could not decide whether the processes from dif-
ferent cells fuse together like the blood vessels of the circulatory system.
If this were true, then the “nerve net” of connected nerve cells would rep-
resent the elementary unit of brain function.

Chapter 2 presents a brief history of how this issue was resolved. Suffice
it to say that by 1900, the individual nerve cell, now called the neuron, was
recognized to be the basic functional unit of the nervous system.

NEUROSCIENCE TODAY

The history of modern neuroscience is still being written, and the accom-
plishments, to date, form the basis for this textbook. We will discuss the
most recent developments throughout the book. Now let’s take a look at
how brain research is conducted today and why its continuation is impor-
tant to society.

Levels of Analysis

History has clearly shown that understanding how the brain works is a big
challenge. To reduce the complexity of the problem, neuroscientists break
it into smaller pieces for systematic experimental analysis. This is called the
reductionist approach. The size of the unit of study defines what is often
called the level of analysis. In ascending order of complexity, these levels are
molecular, cellular, systems, behavioral, and cognitive.

Molecular Neuroscience. The brain has been called the most complex
piece of matter in the universe. Brain matter consists of a fantastic vari-
ety of molecules, many of which are unique to the nervous system. These
different molecules play many different roles that are crucial for brain
function: messengers that allow neurons to communicate with one an-
other, sentries that control what materials can enter or leave neurons,
conductors that orchestrate neuron growth, archivists of past experiences.
The study of the brain at this most elementary level is called molecular
neuroscience.

Cellular Neuroscience. The next level of analysis is cellular neuroscience,
which focuses on studying how all those molecules work together to give
the neuron its special properties. Among the questions asked at this level
are: How many different types of neurons are there, and how do they differ
in function? How do neurons influence other neurons? How do neurons
become “wired together” during fetal development? How do neurons per-
form computations?

Systems Neuroscience. Constellations of neurons form complex circuits
that perform a common function: vision, for example, or voluntary move-
ment. Thus, we can speak of the “visual system” and the “motor system,”
each of which has its own distinct circuitry within the brain. At this level
of analysis, called systems neuroscience, neuroscientists study how differ-
ent neural circuits analyze sensory information, form perceptions of the
external world, make decisions, and execute movements.

Behavioral Neuroscience. How do neural systems work together to pro-
duce integrated behaviors? For example, are different forms of memory
accounted for by different systems? Where in the brain do “mind-altering”
drugs act, and what is the normal contribution of these systems to the reg-
ulation of mood and behavior? What neural systems account for gender-
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FIGURE 1.15

An early depiction of a nerve cell.
Published in 1865, this drawing by German
anatomist Otto Deiters shows a nerve cell,
or neuron, and its many projections, called
neurites. For a time it was thought that the
neurites from different neurons might fuse
together like the blood vessels of the circula-
tory system.We now know that neurons are
distinct entities that communicate using
chemical and electrical signals. (Source: Clarke
and O'Malley, 1968, Fig. 16.)
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specific behaviors? Where in the brain do dreams come from? These ques-
tions are studied in behavioral neuroscience.

Cognitive Neuroscience. Perhaps the greatest challenge of neuroscience
is understanding the neural mechanisms responsible for the higher levels
of human mental activity, such as self-awareness, mental imagery, and
language. Research at this level, called cognitive neuroscience, studies how
the activity of the brain creates the mind.

Neuroscientists

“Neuroscientist” sounds impressive, kind of like “rocket scientist.” But we
were all students once, just like you. For whatever reason—maybe we
wanted to know why our eyesight was poor, or why a family member
suffered a loss of speech after a stroke—we came to share a thirst for
knowledge of how the brain works. Perhaps you will, too.

Being a neuroscientist is rewarding, but it does not come easily. Many
years of training are required. One may begin by helping out in a research
lab during or after college and then going to graduate school to earn an ad-
vanced degree, either a Ph.D. or an M.D. (or both). Several years of post-
doctoral training usually follow, to learn new techniques or ways of think-
ing under the direction of an established neuroscientist. Finally, the “young”
neuroscientist is ready to set up shop at a university, institute, or hospital.

Broadly speaking, neuroscience research (and neuroscientists) may be di-
vided into two types: clinical and experimental. Clinical research is mainly
conducted by physicians (M.D.s). The main medical specialties associated
with the human nervous system are neurology, psychiatry, neurosurgery,
and neuropathology (Table 1.1). Many who conduct clinical research con-
tinue in the tradition of Broca, attempting to deduce from the behavioral
effects of brain damage the functions of various parts of the brain. Others
conduct studies to assess the benefits and risks of new types of treatment.

Despite the obvious value of clinical research, the foundation for all
medical treatments of the nervous system was and continues to be laid by
experimental neuroscientists, who may hold either an M.D. or a Ph.D. The
experimental approaches to studying the brain are so broad that they in-
clude almost every conceivable methodology. Neuroscience is highly inter-
disciplinary; however, expertise in a particular methodology may be used to
distinguish one neuroscientist from another. Thus, there are neuroanatomists,
who use sophisticated microscopes to trace connections in the brain; neuro-
physiologists, who use electrodes, amplifiers, and oscilloscopes to measure the

Table 1.I Medical Specialists Associated With the
Nervous System

SPECIALIST DESCRIPTION

Neurologist An M.D. trained to diagnose and treat diseases of the
nervous system

Psychiatrist An M.D. trained to diagnose and treat disorders of
mood and personality

Neurosurgeon An M.D. trained to perform surgery on the brain and
spinal cord

Neuropathologist An M.D. or Ph.D. trained to recognize the changes in
nervous tissue that result from disease



Table 1.2 Types of Experimental Neuroscientists
TYPE DESCRIPTION

Computational neuroscientist Uses mathematics and computers to
construct models of brain functions

Developmental neurobiologist ~ Analyzes the development and maturation
of the brain

Molecular neurobiologist Uses the genetic material of neurons to
understand the structure and function
of brain molecules

Neuroanatomist Studies the structure of the nervous system
Neurochemist Studies the chemistry of the nervous system
Neuroethologist Studies the neural basis of species-specific
animal behaviors in natural settings
Neuropharmacologist Examines the effects of drugs on the nerv-
ous system
Neurophysiologist Measures the electrical activity of the nerv-
ous system
Physiological psychologist Studies the biological basis of behavior
(Biological psychologist,
psychobiologist)
Psychophysicist Quantitatively measures perceptual abilities

brain’s electrical activity; neuropharmacologists, who use “designer drugs” to
study the chemistry of brain function; molecular neurobiologists, who probe
the genetic material of neurons to find clues about the structure of brain
molecules; and so on. Table 1.2 lists some of the types of experimental
neuroscientists. Ask your instructor what type or types he or she is.

The Scientific Process

Neuroscientists of all stripes endeavor to establish truths about the nervous
system. Regardless of the level of analysis they choose, they work accord-
ing to a scientific process, which consists of four essential steps: observa-
tion, replication, interpretation, and verification.

Observation. Observations typically are made during experiments designed
to test a particular hypothesis. For example, Bell hypothesized that the ven-
tral roots contain the nerve fibers that control the muscles. To test this idea,
he performed the experiment in which he cut these fibers and then observed
whether or not muscular paralysis resulted. Other types of observation
derive from carefully watching the world around us, or from introspection,
or from human clinical cases. For example, Broca’s careful observations led
him to correlate left frontal lobe damage with the loss of the ability to speak.

Replication. Whether the observation is experimental or clinical, it is es-
sential that it be replicated before it can be accepted by the scientist as fact.
Replication simply means repeating the experiment on different subjects or
making similar observations in different patients, as many times as neces-
sary to rule out the possibility that the observation occurred by chance.

Interpretation. Once the scientist believes the observation is correct, he
or she makes an interpretation. Interpretations depend on the state of
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knowledge (or ignorance) at the time the observation was made and on the
preconceived notions (the “mind set”) of the scientist who made it. As
such, interpretations do not always withstand the test of time. For exam-
ple, at the time he made his observations, Flourens was unaware that the
cerebrum of a bird is fundamentally different from that of a mammal. Thus,
he wrongly concluded from experimental ablations in birds that there was
no localization of certain functions in the cerebrum of mammals. Moreover,
as mentioned before, his profound distaste for Gall surely also colored his
interpretation. The point is that the correct interpretation often remains
unrecognized until long after the original observations were made. Indeed,
major breakthroughs are sometimes made when old observations are
reinterpreted in a new light.

Verification. The final step of the scientific process is verification. This step
is distinct from the replication performed by the original observer. Verifica-
tion means that the observation is sufficiently robust that it will be repro-
duced by any competent scientist who precisely follows the protocols of the
original observer. Successful verification generally means that the observa-
tion is accepted as fact. However, not all observations can be verified, some-
times because of inaccuracies in the original report or insufficient replication.
But failure to verify usually stems from the fact that additional variables,
such as temperature or time of day, contributed to the original result. Thus,
the process of verification, if affirmative, establishes new scientific fact, and,
if negative, suggests new interpretations for the original observation.

Occasionally, one reads in the popular press about a case of “scientific
fraud.” Researchers face keen competition for limited research funds and
feel considerable pressure to “publish or perish.” In the interest of expedi-
ency, a few have actually published “observations” that were never made.
Fortunately, such instances of fraud are rare, thanks to the scientific process.
Before long, other scientists find they are unable to verify the fraudulent
observations and begin to question how they could have been obtained in
the first place. The material you will learn in this book stands as a strong
testament to the success of the scientific process.

The Use of Animals in Neuroscience Research

Most of what we know about the nervous system has come from experi-
ments on animals. In most cases, the animals are killed so their brains can
be examined neuroanatomically, neurophysiologically, and/or neuro-
chemically. The fact that animals are sacrificed for the pursuit of human
knowledge raises questions about the ethics of animal research.

The Animals. Let’s begin by putting the issue in perspective. Throughout
history, humans have considered animals and animal products as renew-
able natural resources to be used for food, clothing, transportation, recre-
ation, sport, and companionship. The animals used for research, education,
and testing have always been a small fraction of the total used for other
purposes. For example, in the United States, the number of animals used
for all types of biomedical research is less than 1% of the number that
are killed for food alone.! The number used specifically for neuroscience
research is much smaller still.

Neuroscience experiments are conducted using many different species,
ranging from snails to monkeys. The choice of animal species is generally
dictated by the question under investigation, the level of analysis, and
the extent to which the knowledge gained at this level can be related to

lAccording to the National Academy of Sciences Institute of Medicine, 1991.



humans. As a rule, the more basic the process under investigation, the
more distant can be the evolutionary relationship with humans. Thus,
experiments aimed at understanding the molecular basis of nerve impulse
conduction can be carried out on a distantly related species, such as the
squid. On the other hand, understanding the neural basis of movement and
perceptual disorders in humans has required experiments on more closely
related species, such as the macaque monkey. Today, more than half of the
animals used for neuroscience research are rodents—mice and rats—that
are bred specifically for this purpose.

Animal Welfare. In the developed world today, most educated adults have
a concern for animal welfare. Neuroscientists share this concern and work
to ensure that animals are well treated. It must also be appreciated, how-
ever, that society has not always placed such value on animal welfare, as
reflected in some of the scientific practices of the past. For example, in his
experiments early in the nineteenth century, Magendie used unanesthetized
puppies (for which he was later criticized by his scientific rival Bell). Before
passing judgment, consider that the philosophy of Descartes was very influ-
ential in French society at that time. Animals of all types were believed to
be simple automata, biological machines that lacked any semblance of
emotion. As disturbing as this now seems, it is also worth bearing in mind
that humans scarcely had any more respect for one another than they did
for animals during this period (slavery was still practiced in the United
States, for example). Fortunately, some things have changed quite dramat-
ically since then. Heightened awareness of animal welfare in recent years
has led to significant improvements in how animals are treated in biomed-
ical research. Unfortunately, other things have changed little. Humans
around the world continue to abuse one another in myriad ways (child
abuse, violent crime, ethnic cleansing, and so on).

Today, neuroscientists accept certain moral responsibilities toward their
animal subjects:

1. Animals are used only for worthwhile experiments that promise to ad-
vance our knowledge of the nervous system.

2. All necessary steps are taken to minimize pain and distress experienced
by the experimental animals (use of anesthetics, analgesics, etc.).

3. All possible alternatives to the use of animals are considered.

Adherence to this ethical code is monitored in a number of ways. First,
research proposals must pass a review by the Institutional Animal Care and
Use Committee (IACUC). Members of this committee include a veterinarian,
scientists in other disciplines, and nonscientist community representatives.
After passing the IACUC review, proposals are evaluated for scientific merit
by a panel of expert neuroscientists. This step ensures that only the most
worthwhile projects are carried out. Then, when neuroscientists attempt to
publish their observations in the professional journals, the papers are care-
fully reviewed by other neuroscientists for scientific merit and for animal
welfare concerns. Reservations about either issue can lead to rejection of
the papers, which in turn can lead to a loss of funding for the research. In
addition to these monitoring procedures, federal law sets strict standards for
the housing and care of laboratory animals.

Animal Rights. Most people accept the necessity for animal experimenta-
tion to advance knowledge, as long as it is performed humanely and with
the proper respect for the animal’s welfare. However, a vocal and increas-
ingly violent minority seeks the total abolition of animal use for human pur-
poses, including experimentation. These people subscribe to a philosophical
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FIGURE 1.16

Our debt to animal research. This poster
counters the claims of animal rights activists
by raising public awareness of the benefits

of animal research. (Source: Foundation for
Biomedical Research.)

position called “animal rights.” According to this way of thinking, animals
have the same legal and moral rights as humans do.

If you are an animal lover, you may be sympathetic to this position. But
consider the following questions. Are you willing to deprive yourself and
your family of medical procedures that were developed using animals? Is
the death of a mouse equivalent to the death of a human being? Is keeping
a pet the moral equivalent of slavery? Is eating meat the moral equivalent
of murder? Is it unethical to take the life of a pig to save the life of a child?
Is controlling the rodent population in the sewers or the roach population
in your home morally equivalent to the Holocaust? If your answer is no
to any of these questions, then you do not subscribe to the philosophy of
animal rights. Animal welfare—a concern that all responsible people share—
must not be confused with animal rights.

Animal rights activists have vigorously pursued their agenda against ani-
mal research, sometimes with alarming success. They have manipulated
public opinion with repeated allegations of cruelty in animal experiments
that are grossly distorted or blatantly false. They have vandalized laborato-
ries, destroying years of hard-won scientific data and hundreds of thousands
of dollars of equipment (that you, the taxpayer, had paid for). Using threats
of violence, they have driven some researchers out of science altogether.

Fortunately, the tide is turning. Thanks to the efforts of a number of
people, scientists and nonscientists alike, the false claims of the extremists
have been exposed, and the benefits to humankind of animal research have
been extolled (Figure 1.16). Considering the staggering toll in terms of
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Recently, a surgical technique perfected on animals was used to remove
amalignant tumor from a little girl's brain. We lost some lab animals.
But look what we saved.




human suffering that results from disorders of the nervous system, neuro-
scientists take the position that it is immoral 7ot to wisely use all the resources
nature has provided, including animals, to gain an understanding of how
the brain functions in health and in disease.

The Cost of Ignorance: Nervous System Disorders

Modern neuroscience research is expensive, but the cost of ignorance about
the brain is far greater. Table 1.3 lists some of the disorders that affect the
nervous system. It is likely that your family has felt the impact of one or
more of these. Let’s look at a few brain disorders and examine their effects
on society.

Alzheimer’s disease and Parkinson’s disease are both characterized by
progressive degeneration of specific neurons in the brain.? Parkinson'’s
disease, which results in a crippling impairment of voluntary movement,
currently affects approximately 1.5 million Americans. Alzheimer’s disease
leads to dementia, a state of confusion characterized by the loss of ability
to learn new information and to recall previously acquired knowledge. It is
estimated that dementia affects 50% of people over age 85. The number of
Americans with dementia totals well over 4 million. Indeed, it is now rec-
ognized that dementia is not an inevitable outcome of aging, as was once
believed, but is a sign of brain disease. Alzheimer’s disease progresses mer-
cilessly, robbing its victims first of their mind, then of control over basic
bodily functions, and finally of their life; the disease is always fatal. In the
United States, the annual cost of care for people with dementia is approx-
imately $100 billion.

Table 1.3 Some Major Disorders of the Nervous System

DISORDER DESCRIPTION

Alzheimer’s disease A progressive degenerative disease of the brain,
characterized by dementia and always fatal

Cerebral palsy A motor disorder caused by damage to the cere-
brum at the time of birth

Depression A serious disorder of mood, characterized by insom-
nia, loss of appetite, and feelings of dejection

Epilepsy A condition characterized by periodic disturbances of

brain electrical activity that can lead to seizures,
loss of consciousness, and sensory disturbances
Multiple sclerosis A progressive disease that affects nerve conduction,
characterized by episodes of weakness, lack of
coordination, and speech disturbance

Parkinson’s disease A progressive disease of the brain that leads to diffi-
culty in initiating voluntary movement

Schizophrenia A severe psychotic illness characterized by delusions,
hallucinations, and bizarre behavior

Spinal paralysis A loss of feeling and movement caused by traumatic
damage to the spinal cord

Stroke A loss of brain function caused by disruption of the

blood supply, usually leading to permanent sensory,
motor, or cognitive deficit

2Statistics for disorders in this section were compiled by Dr. Steven O. Moldin, Di-
rector, Office of Human Genetics & Genomic Resources, National Institute of Men-
tal Health, 2004.
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Depression and schizophrenia are disorders of mood and thought. Depres-
sion is characterized by overwhelming feelings of dejection, worthlessness,
and guilt. Over 33 million Americans will experience a major depressive
illness at some time in their lives. Depression is the leading cause of suicide,
which claims 31,000 lives each year in the United States.

Schizophrenia is a severe personality disorder characterized by delusions,
hallucinations, and bizarre behavior. This disease often strikes at the
prime of life—adolescence or early adulthood—and can persist for life.
Over 2 million Americans suffer from schizophrenia. The National Institute
of Mental Health (NIMH) estimates that mental disorders, such as depres-
sion and schizophrenia, cost the United States in excess of $148 billion
annually.

Stroke is the third leading cause of death in the United States. Stroke vic-
tims who do not die, some 530,000 per year, are likely to be permanently
disabled. The annual cost of stroke nationwide is $54 billion. Alcohol and
drug addiction affects virtually every family in the United States. The cost
in terms of treatment, lost wages, and other consequences approaches $246
billion per year. These few examples only scratch the surface. As many or
more Americans are hospitalized with neurological and mental disorders than with
any other major disease group, including heart disease and cancer.

The economic costs of brain dysfunction are enormous, but they pale in
comparison with the staggering emotional toll on victims and their families.
The prevention and treatment of brain disorders require an understanding
of normal brain function, and this basic understanding is the goal of neuro-
science. Neuroscience research has already contributed to the development
of increasingly effective treatments for Parkinson’s disease, depression, and
schizophrenia. New strategies are being tested to rescue dying neurons in
people with Alzheimer’s disease and those who have had a stroke. Major
progress has been made in our understanding of how drugs and alcohol
affect the brain and how they lead to addictive behavior. The material in
this book demonstrates that a lot is known about the function of the brain.
But what we know is insignificant compared with what is still left to be
learned.

CONCLUDING REMARKS

In this chapter, we have emphasized that neuroscience is a distinctly human
endeavor. The historical foundations of neuroscience were established by
many people over many generations. Men and women today are working at
all levels of analysis, using all types of technology, to shed light on the func-
tions of the brain. The fruits of this labor form the basis for this textbook.

The goal of neuroscience is to understand how nervous systems function.
Many important insights can be gained from a vantage point outside the
head. Because the brain’s activity is reflected in behavior, careful behavioral
measurements inform us of the capabilities and limitations of brain func-
tion. Computer models that reproduce the brain’s computational properties
can help us understand how these properties might arise. From the scalp,
we can measure brain waves, which tell us something about the electrical
activity of different parts of the brain during various behavioral states. New
computer-assisted imaging techniques enable researchers to examine the
structure of the living brain as it sits in the head. And using even more
sophisticated imaging methods, we are beginning to see what different
parts of the human brain become active under different conditions. But
none of these noninvasive methods, old or new, can substitute for experi-
mentation with living brain tissue. We cannot make sense of remotely de-
tected signals without being able to see how they are generated and what



their significance is. To understand #ow the brain works, we must open the
head and examine what'’s inside—neuroanatomically, neurophysiologically,
and neurochemically.

The pace of neuroscience research today is truly breathtaking and
raises hopes that soon we will have new treatments for the wide range
of nervous system disorders that debilitate and cripple millions of people
annually. In recognition of the progress and promise of brain research,
the U.S. Congress designated the 1990s as the “Decade of the Brain.” (An
esteemed colleague of ours has suggested that while this was a good idea,
Congress was perhaps overly optimistic; he suggests that we designate
the new century as the “Century of the Brain.”) Despite the progress in
recent decades and the centuries preceding them, we still have a long
way to go before we fully understand how the brain performs all of its
amazing feats. But this is the fun of being a neuroscientist: Because our
ignorance of brain function is so vast, a startling new discovery lurks
around virtually every corner.
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NEURONS AND GLIA

INTRODUCTION

All tissues and organs in the body consist of cells. The specialized functions
of cells and how they interact determine the functions of organs. The brain
is an organ—to be sure, the most sophisticated and complex organ that
nature has devised. But the basic strategy for unraveling its function is no
different from that used to investigate the pancreas or the lung. We must
begin by learning how brain cells work individually and then see how they
are assembled to work together. In neuroscience, there is no need to sepa-
rate mind from brain; once we fully understand the individual and con-
certed actions of brain cells, we will understand the origins of our mental
abilities. The organization of this book reflects this “neurophilosophy.” We
start with the cells of the nervous system—their structure, function, and
means of communication. In later chapters, we will explore how these cells
are assembled into circuits that mediate sensation, perception, movement,
speech, and emotion.

In this chapter, we focus on the structure of the different types of cells
in the nervous system: neurons and glia. These are broad categories, within
which are many types of cells that differ based on their structure, chem-
istry, and function. Nonetheless, the distinction between neurons and glia
is important. Although there are many neurons in the human brain (about
100 billion), glia outnumber neurons by tenfold. Based on these numbers,
it might appear that we should focus our attention on glia for insights into
the cellular functions of the nervous system. However, neurons are the
most important cells for the unique functions of the brain. It is the neurons
that sense changes in the environment, communicate these changes to
other neurons, and command the body’s responses to these sensations.
Glia, or glial cells, are thought to contribute to brain function mainly by
insulating, supporting, and nourishing neighboring neurons. If the brain
were a chocolate-chip cookie and the neurons were chocolate chips, the
glia would be the cookie dough that fills all the other space and ensures
that the chips are suspended in their appropriate locations. Indeed, the
term glia is derived from the Greek word for “glue,” giving the impression
that the main function of these cells is to keep the brain from running out
of our ears! As we shall see later in the chapter, the simplicity of this
view is probably a good indication of the depth of our ignorance about glial
function. However, we still are confident that neurons perform the bulk of
information processing in the brain. Therefore, we will focus 90% of our
attention on 10% of brain cells: the neurons.

Neuroscience, like other fields, has a language all its own. To use this lan-
guage, you must learn the vocabulary. After you have read this chapter,
take a few minutes to review the key terms list and make sure you under-
stand the meaning of each term. Your neuroscience vocabulary will grow
as you work your way through the book.

THE NEURON DOCTRINE

To study the structure of brain cells, scientists have had to overcome sev-
eral obstacles. The first was the small size. Most cells are in the range of
0.01-0.05 mm in diameter. The tip of an unsharpened pencil lead is about
2 mm across; neurons are 40-200 times smaller. (For a review of the met-
ric system, see Table 2.1.) This size is at or beyond the limit of what can be
seen by the naked eye. Therefore, progress in cellular neuroscience was not
possible before the development of the compound microscope in the late
seventeenth century. Even then, obstacles remained. To observe brain tissue



Table 2.1 Units of Size in the Metric System

METER
UNIT ABBREVIATION EQUIVALENT REAL-WORLD EQUIVALENT
Kilometer km 103 m About two-thirds of a mile
Meter m I m About 3 feet
Centimeter cm 1072m Thickness of your little finger
Millimeter ~mm 1073 m Thickness of your toenail
Micrometer pm 107¢ m Near the limit of resolution

for the light microscope

Nanometer nm 10~ m Near the limit of resolution

for the electron microscope

using a microscope, it was necessary to make very thin slices, ideally not
much thicker than the diameter of the cells. However, brain tissue has a
consistency like a bowl of Jello: not firm enough to make thin slices. Thus,
the study of the anatomy of brain cells had to await the development of a
method to harden the tissue without disturbing its structure and an instru-
ment that could produce very thin slices. Early in the nineteenth century,
scientists discovered how to harden, or “fix,” tissues by immersing them in
formaldehyde, and they developed a special device called a microtome to
make very thin slices.

These technical advances spawned the field of histology, the micro-
scopic study of the structure of tissues. But scientists studying brain struc-
ture faced yet another obstacle. Freshly prepared brain has a uniform,
cream-colored appearance under the microscope; the tissue has no differ-
ences in pigmentation to enable histologists to resolve individual cells.
Thus, the final breakthrough in neurohistology was the introduction of
stains that could selectively color some, but not all, parts of the cells in
brain tissue.

One stain, still used today, was introduced by the German neurologist
Franz Nissl in the late nineteenth century. Nissl showed that a class of basic
dyes would stain the nuclei of all cells and also stain clumps of material
surrounding the nuclei of neurons (Figure 2.1). These clumps are called
Nissl bodies, and the stain is known as the Nissl stain. The Nissl stain is ex-
tremely useful for two reasons. First, it distinguishes neurons and glia from
one another. Second, it enables histologists to study the arrangement, or
cytoarchitecture, of neurons in different parts of the brain. (The prefix
cyto- is from the Greek word for “cell.”) The study of cytoarchitecture led
to the realization that the brain consists of many specialized regions. We
now know that each region performs a different function.
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FIGURE 2.2
Camillo Golgi (1843-1926).
(Source: Finger, 1994, Fig. 3.22.)

FIGURE 2.3
Golgi-stained neurons. (Source: Hubel, 1988, p. 126.)

The Golgi Stain

The Nissl stain, however, does not tell the whole story. A Nissl-stained neu-
ron looks like little more than a lump of protoplasm containing a nucleus.
Neurons are much more than that, but how much more was not recog-
nized until the publication of the work of Italian histologist Camillo Golgi
(Figure 2.2). In 1873, Golgi discovered that by soaking brain tissue in a sil-
ver chromate solution, now called the Golgi stain, a small percentage of
neurons became darkly colored in their entirety (Figure 2.3). This revealed
that the neuronal cell body, the region of the neuron around the nucleus
that is shown with the Nissl stain, is actually only a small fraction of the
total structure of the neuron. Notice in Figures 2.1 and 2.3 how different
histological stains can provide strikingly different views of the same tissue.
Today, neurohistology remains an active field in neuroscience, along with
its credo: “The gain in brain is mainly in the stain.”

The Golgi stain shows that neurons have at least two distinguishable
parts: a central region that contains the cell nucleus, and numerous thin
tubes that radiate away from the central region. The swollen region con-
taining the cell nucleus has several names that are used interchangeably:
cell body, soma (plural: somata), and perikaryon (plural: perikarya). The
thin tubes that radiate away from the soma are called neurites and are of
two types: axons and dendrites (Figure 2.4).

The cell body usually gives rise to a single axon. The axon is of uniform
diameter throughout its length, and if it branches, the branches generally
extend at right angles. Because axons can travel over great distances in the
body (a meter or more), it was immediately recognized by the histologists
of the day that axons must act like “wires” that carry the output of the
neurons. Dendrites, on the other hand, rarely extend more than 2 mm in

FIGURE 2.4
The basic parts of a neuron.



length. Many dendrites extend from the cell body and generally taper to a
fine point. Early histologists recognized that because dendrites come in
contact with many axons, they must act as the antennae of the neuron to
receive incoming signals, or input.

Cajal’s Contribution

Golgi invented the stain, but it was a Spanish contemporary of Golgi who
used it to greatest effect. Santiago Ramon y Cajal was a skilled histologist
and artist who learned about Golgi’s method in 1888 (Figure 2.5). In a
remarkable series of publications over the next 25 years, Cajal used the
Golgi stain to work out the circuitry of many regions of the brain (Figure
2.6). Ironically, Golgi and Cajal drew completely opposite conclusions about
neurons. Golgi championed the view that the neurites of different cells are
fused together to form a continuous reticulum, or network, similar to the
arteries and veins of the circulatory system. According to this reticular theory,
the brain is an exception to the cell theory, which states that the individual
cell is the elementary functional unit of all animal tissues. Cajal, on the
other hand, argued forcefully that the neurites of different neurons are not
continuous with one another and must communicate by contact, not continuity.
This idea that the neuron adhered to the cell theory came to be known as
the neuron doctrine. Although Golgi and Cajal shared the Nobel Prize in
1906, they remained rivals to the end.

The scientific evidence over the next 50 years weighed heavily in favor
of the neuron doctrine, but final proof had to wait until the development
of the electron microscope in the 1950s (Box 2.1). With the increased re-
solving power of the electron microscope, it was finally possible to show
that the neurites of different neurons are not continuous with one another.
Thus, our starting point in the exploration of the brain must be the indi-
vidual neuron.
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/ !‘,» One of Cajal’s many drawings of brain
A circuitry. The letters label the different ele-
4 ments Cajal identified in an area of the human
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cerebral cortex that controls voluntary move-
ment. We will learn more about this part of
the brain in Chapter [4. (Source: DeFelipe

- and Jones, 1998, Fig. 90.)
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FIGURE 2.5

Santiago Ramén y Cajal (1852-1934).
(Source: Finger; 1994, Fig. 3.26.)
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OF SPECIAL

The human eye can distinguish two points only if they are
separated by more than about one-tenth of a millimeter
(100 wm). Thus, we can say that 100 wm is near the limit
of resolution for the unaided eye. Neurons have a diame-
ter of about 20 wm, and neurites can measure as small as
a fraction of a micrometer. The light microscope, there-
fore, was a necessary development before neuronal struc-
ture could be studied. But this type of microscopy has a

INTEREST

Advances in Microscopy

theoretical limit imposed by the properties of microscope
lenses and visible light. With the standard light micro-
scope, the limit of resolution is about 0. wm. However,
the space between neurons measures only 0.02 um (20
nm). No wonder two esteemed scientists, Golgi and Ca-
jal, disagreed about whether neurites were continuous
from one cell to the next. This question could not be an-
swered until the electron microscope was developed and

applied to biological specimens, which occurred only
within the past 60 years or so.
The electron microscope uses an electron beam in-
. ] stead of light to form images, dramatically increasing the
— resolving power. The limit of resolution for an electron
microscope is about 0. nm—a million times better than
the unaided eye. Our insights into the fine structure of
the inside of neurons—the ultrastructure—have all come
from electron microscopic examination of the brain.
Today, microscopes on the leading edge of technology
use laser beams to illuminate the tissue and computers
to create digital images (Figure A). Unlike the traditional
methods of light and electron microscopy, which re-
quire tissue fixation, these new techniques give neuro-
scientists their first chance to peer into brain tissue
that is still alive.

FIGURE A
A laser microscope and computer: (Source: Olympus.)

THE PROTOTYPICAL NEURON

As we have seen, the neuron (also called a nerve cell) consists of several
parts: the soma, the dendrites, and the axon. The inside of the neuron is
separated from the outside by the limiting skin, the neuronal membrane,
which lies like a circus tent on an intricate internal scaffolding, giving each
part of the cell its special three-dimensional appearance. Let’s explore the
inside of the neuron and learn about the functions of the different parts
(Figure 2.7).

The Soma

We begin our tour at the soma, the roughly spherical central part of the
neuron. The cell body of the typical neuron is about 20 ym in diameter.
The watery fluid inside the cell, called the cytosol, is a salty, potassium-
rich solution that is separated from the outside by the neuronal membrane.
Within the soma are a number of membrane-enclosed structures called
organelles.

The cell body of the neuron contains the same organelles that are found
in all animal cells. The most important ones are the nucleus, the rough
endoplasmic reticulum, the smooth endoplasmic reticulum, the Golgi ap-
paratus, and the mitochondria. Everything contained within the confines



FIGURE 2.7
The internal structure of a typical neuron.
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of the cell membrane, including the organelles but excluding the nucleus,
is referred to collectively as the cytoplasm.

The Nucleus. Its name derived from the Latin word for “nut,” the nucleus
of the cell is spherical, centrally located, and about 5-10 pm across. It is
contained within a double membrane called the nuclear envelope. The nuclear
envelope is perforated by pores that measure about 0.1 pm across.

Within the nucleus are chromosomes, which contain the genetic mate-
rial, DNA (deoxyribonucleic acid). Your DNA was passed on to you from
your parents, and it contains the blueprint for your entire body. The DNA
in each of your neurons is the same, and it is the same as the DNA in the
cells of your liver and kidney. What distinguishes a neuron from a liver cell
are the specific parts of the DNA that are used to assemble the cell. These
segments of DNA are called genes.

Each chromosome contains an uninterrupted double-stranded braid of
DNA, 2 nm wide. If the DNA from the 46 human chromosomes were laid
out straight, end to end, it would measure more than 2 m in length. If
we were to consider this total length of DNA as analogous to the string
of letters that makes up this book, the genes would be analogous to the
individual words. Genes can measure anywhere from 0.1 pm to several
micrometers in length.

The “reading” of the DNA is known as gene expression. The final
product of gene expression is the synthesis of molecules called proteins,
which exist in a wide variety of shapes and sizes, perform many different
functions, and bestow upon neurons virtually all of their unique charac-
teristics. Protein synthesis, the assembly of protein molecules, occurs in
the cytoplasm. Because the DNA never leaves the nucleus, there must be
an intermediary that carries the genetic message to the sites of protein
synthesis in the cytoplasm. This function is performed by another long
molecule called messenger ribonucleic acid, or mRNA. Messenger RNA
consists of four different nucleic acids strung together in various sequences
to form a chain. The detailed sequence of the nucleic acids in the chain rep-
resents the information in the gene, just as the sequence of letters gives
meaning to a written word.

The process of assembling a piece of mRNA that contains the informa-
tion of a gene is called transcription, and the resulting mRNA is called the
transcript (Figure 2.8a). Protein-coding genes are flanked by stretches of
DNA that are not used to encode proteins but are important for regulating
transcription. At one end of the gene is the promoter, the region where
the RNA-synthesizing enzyme, RNA polymerase, binds to initiate transcrip-
tion. The binding of the polymerase to the promoter is tightly regulated by
other proteins called transcription factors. At the other end is a sequence
of DNA called the terminator that the RNA polymerase recognizes as the end
point for transcription.

In addition to the non-coding regions of DNA that flank the genes, there
are often additional stretches of DNA within the gene itself that cannot be
used to code for protein. These interspersed regions are called introns, and
the coding sequences are called exons. Initial transcripts contain both in-
trons and exons, but then, by a process called RNA splicing, the introns
are removed and the remaining exons are fused together (Figure 2.8b). In
some cases, specific exons are also removed with the introns, leaving an
“alternatively spliced” mRNA that actually encodes a different protein.
Thus, transcription of a single gene can ultimately give rise to several dif-
ferent mRNAs and protein products.

Messenger RNA transcripts emerge from the nucleus via pores in the
nuclear envelope and travel to the sites of protein synthesis elsewhere in
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FIGURE 2.8

Gene transcription. (a) RNA molecules are synthesized
by RNA poylmerase and then processed into messenger
RNA to carry the genetic instructions for protein assembly
from the nucleus to the cytoplasm. (b) Transcription is initi-
ated at the promoter region of the gene and stopped at
the terminator region. The initial RNA must be spliced to
remove the introns that do not code for protein.
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the neuron. At these sites, a protein molecule is assembled much as the
mRNA molecule was: by linking together many small molecules into a
chain. In the case of protein, the building blocks are amino acids, of which
there are 20 different kinds. This assembling of proteins from amino acids
under the direction of the mRNA is called translation.

The scientific study of this process, which begins with the DNA of the nu-
cleus and ends with the synthesis of protein molecules in the cell, is known
as molecular biology. The “central dogma” of molecular biology is summa-
rized as follows:

Transcription Translation

DNA mRNA

Protein

A new field within neuroscience is called molecular neurobiology. Molecu-
lar neurobiologists use the information contained in the genes to determine
the structure and functions of neuronal proteins (Box 2.2).

Rough Endoplasmic Reticulum. Not far from the nucleus are enclosed
stacks of membrane dotted with dense globular structures called ribosomes,
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BRAIN FOOD

Expressing One’s Mind
in the Post-Genomic Era

Sequencing the human genome—the entire length of
DNA that comprises the genetic information in our
chromosomes—was a truly monumental achieve-
ment, completed in 2003. The Human Genome Pro-
ject identifed all of the approximately 20,000 genes in
human DNA.We now live in what has been called the
“post-genomic era,” in which information about the
genes expressed in our tissues can be used to diag-
nose and treat diseases. Neuroscientists are now us-
ing this information to tackle long-standing questions
about the biological basis of neurological and psychi-
atric disorders, as well as to probe deeper into the
origins of individuality. The logic goes as follows. The

two brains, one begins by collecting a sample of
mRNAs from each brain. The mRNA of one brain is
labeled with a chemical tag that fluoresces green, and
the mRNA of the other brain is labeled with a tag
that fluoresces red. These samples are then applied
to the microarray. Highly expressed genes will
produce brightly fluorescent spots, and differences in
the relative gene expression between the brains will
be revealed by differences in the color of the
fluorescence (Figure A).

Brain 1 Brain 2

. . . Vial of mMRNA Vial of mMRNA
brain is the product of the genes expressed in it. from brain 1, from brain 2,
Differences in gene expression between a normal labeled red labeled green
brain and a diseased brain, or a brain of unusual ability,
can be used to identify the molecular basis of the
observed symptoms or traits. Mix applied

- . to DN icroarray .

The level of gene expression is usually defined as g?\fx of shynthetlc

. . with gene-
the number of mR‘NA transc.rlpts synthesae(fl by B e
different cells and tissues to direct the synthesis of
specific proteins. Thus, the analysis of gene expression
requires a method to compare the relative abun- - O =
dance of various mRNAs in the brains of two groups e T R A
of humans or animals. One way to perform such a // ‘R \

. . A . Microscopic
comparison is tc.) use DNA microarrays, which are Gene with Gene with  Gene with Ak
created by robotic machines that arrange thousands reduced equivalent  reduced
of small spots of synthetic DNA on a microscope expression  expression  expression
slide. Each spot contains a unique DNA sequence i |7 2 It:]r:i(r)]tsh T 7T
that will recognize and stick to a different specific
mRNA sequence.To compare the gene expression in FIGURE A

Profiling differences in gene expression.



which measure about 25 nm in diameter. The stacks are called rough
endoplasmic reticulum, or rough ER (Figure 2.9). Rough ER abounds
in neurons, far more than in glia or most other non-neuronal cells. In fact,
we have already been introduced to rough ER by another name: Nissl
bodies. This organelle is stained with the dyes that Nissl introduced 100
years ago.

Rough ER is a major site of protein synthesis in neurons. RNA transcripts
bind to the ribosomes, and the ribosomes translate the instructions con-
tained in the mRNA to assemble a protein molecule. Thus, ribosomes take
raw material in the form of amino acids and manufacture proteins using
the blueprint provided by the mRNA (Figure 2.10a).

Not all ribosomes are attached to the rough ER. Many are freely floating
and are called free ribosomes. Several free ribosomes may appear to be at-
tached by a thread; these are called polyribosomes. The thread is a single
strand of mRNA, and the associated ribosomes are working on it to make
multiple copies of the same protein.

What is the difference between proteins synthesized on the rough ER
and those synthesized on the free ribosomes? The answer appears to lie in
the intended fate of the protein molecule. If it is destined to reside within
the cytosol of the neuron, then the protein’s mRNA transcript shuns the
ribosomes of the rough ER and gravitates toward the free ribosomes.

Free / Rough ER /

ribosome — ;

mRNA being
translated

mRNA being
translated

Newly created
protein

_/@%/,

Newly synthesized
membrane-associated
protein

(a) Protein synthesis on a free
ribosome

(b) Protein synthesis on rough ER
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FIGURE 2.9
Rough endoplasmic reticulum, or
rough ER.

FIGURE 2.10

Protein synthesis on a free ribosome
and on rough ER. Messenger RNA
(mRNA) binds to a ribosome, initiating pro-
tein synthesis. (@) Proteins synthesized on
free ribosomes are destined for the cytosol.
(b) Proteins synthesized on the rough ER
are destined to be enclosed by or inserted
into the membrane. Membrane-associated
proteins are inserted into the membrane as
they are assembled.
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FIGURE 2.11

The Golgi apparatus. This complex
organelle sorts newly s