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PREFACE

THE ORIGINS OF NEUROSCIENCE: EXPLORING
THE BRAIN

For over 30 years, we have taught a course called Neuroscience 1:
An Introduction to the Nervous System. “Neuro 1” has been remarkably
successful. At Brown University, where the course originated, approxi-
mately 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 they take 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 biol-
ogy, chemistry, and physics required for understanding neuroscience are
covered as the course progresses. This approach ensures that no students
are left behind. 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 psychology,
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 philosophy that made this course successful. Based on feedback from
our students 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. In the
third edition, we shortened chapters when possible by emphasizing prin-
ciples more and details less and made the book even more user-friendly
by improving the layout and clarity of the illustrations. We must have
gotten it right because the book now ranks as one of the most popular in-
troductory neuroscience books in the world. It has been particularly grati-
fying to see our book used as a catalyst for the creation of new courses in
introductory neuroscience.

NEW IN THE FOURTH EDITION

The advances in neuroscience since publication of the third edition have
been nothing short of breathtaking. The elucidation of the human ge-
nome has lived up to its promise to “change everything” we know about
our brains. We now have insight into how neurons differ at the molecu-
lar level, and this knowledge has been exploited to develop revolutionary
technologies to trace their connections and interrogate their functions.
The genetic basis for many neurological and psychiatric diseases has been
revealed. The methods of genetic engineering have made it possible to
create animal models to examine how genes and genetically defined cir-
cuits contribute to brain function. Skin cells derived from patients have
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been transformed into stem cells, and these have been transformed into
neurons that reveal how cellular functions go awry in diseases and how
the brain might be repaired. New imaging and computational methods
now put within reach the dream of creating a “wiring diagram” for the en-
tire brain. A goal for the fourth edition was to make these and other excit-
ing new developments accessible to the first-time neuroscience student.

We authors are all active neuroscientists, and we want our readers to
understand the allure of brain 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 tradi-
tion in the fourth edition, with contributions from 26 esteemed scientists.
Included in this illustrious group are Nobel laureates Mario Capecchi,
Eric Kandel, Leon Cooper, May-Britt Moser, and Edvard Moser.

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 neuroscience 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 neuro-
science and tracing some of its historical antecedents. Then we take a close
look at the structure and function of individual neurons, how they commu-
nicate chemically, and how these building blocks are arranged to form a
nervous system. In Part I, 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
progresses, usually within the context of the specific neural system under
discussion. Indeed, many insights into the normal functions of neural sys-
tems 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
contribute 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 an historical approach to review some basic prin-
ciples of nervous system function and then turn to the topic of how neu-
roscience 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, emphasiz-
ing the correlation of structure and function. We also introduce some of
the feats of genetic engineering that neuroscientists now use routinely to
study the functions of different types of nerve cell.

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. We discuss the princi-
ples behind the revolutionary new methods of optogenetics. Throughout
the chapter, 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 prin-
ciples of chemical synaptic transmission, and Chapter 6 discusses the
neurotransmitters and their modes of action in greater detail. We also
describe many of the modern methods for studying the chemistry of syn-
aptic 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 psycho-
pharmacology appears in Chapter 15, after the general organization of
the brain and its sensory and motor systems have 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 develop-
ment 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. We introduce the cerebral cortex and the new field of connectomics.

Chapter 7’s appendix, An Illustrated Guide to Human Neuroanatomy,
covers 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 recom-
mend that students become familiar with the anatomy in the guide before
moving on to Part II. The coverage of anatomy is selective, emphasizing
the relationship of structures that will be covered in later chapters. We
find that students love to learn the anatomy.

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

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

We chose to begin Part IT with a discussion of the chemical senses—smell
and taste—in Chapter 8. These are good systems for illustrating the gen-
eral 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
introductory neuroscience courses. Many details of visual system organi-
zation are presented, illustrating not only the depth of current knowledge
but also the principles that apply across sensory systems.
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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 introduc-
tory neuroscience without discussing them. The vestibular sense of bal-
ance 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 stu-
dents and instructors alike. We have tried to keep our discussion sharply
focused, using numerous examples to connect with personal experience.

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

Part III explores how different neural systems contribute to different be-
haviors, focusing on the systems where the connection between the brain
and behavior can be made most strongly. We cover the systems that
control visceral 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 hypo-
thalamus, 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 about the control of eating
habits. We also discuss the role of dopamine in motivation and addiction,
and we introduce the new field of “neuroeconomics.” Chapter 17 inves-
tigates 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, specifically 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 during sleep and wake-
fulness to the slow circadian rhythms controlling hormones, temperature,
alertness, and metabolism. We next explore aspects of brain processing
that are highly developed in the human brain. Chapter 20 investigates the
neural basis of language and Chapter 21 discusses changes in brain activity
associated with rest, attention, and consciousness. Part III ends with a dis-
cussion of mental illness in Chapter 22. We introduce the promise of molecu-
lar medicine to develop new treatments for serious psychiatric disorders.

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 excit-
ing 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 must also
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 behavioral state, so this chapter is placed after the early
chapters of Part III. Finally, an exploration 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 learning and memory. We see that many of
the mechanisms are similar, illustrating 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.

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 principles of neuroscience clearly and effectively. To help stu-
dents learn neuroscience, we include a number of features designed to
enhance comprehension:

¢ 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.

¢ Of Special Interest Boxes. These boxes are designed to illuminate
the relevance of the material to the students’ everyday lives.

¢ Brain Food Boxes. More advanced material that might be optional
in many introductory courses is set aside for students who want to go
deeper.

e Path of Discovery Boxes. These essays, written by leading research-
ers, demonstrate a broad range of discoveries and the combination of
hard work and serendipity that led to them. These boxes both personal-
ize scientific exploration and deepen the reader’s understanding of the
chapter material and its implications.

e 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 fa-
cilitate 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 ref-
erences. The same terms are assembled at the end of the book, with
definitions, in a glossary.

e Review Questions. At the end of each chapter, a brief set of ques-
tions for review are specifically designed to provoke thought and help
students integrate the material.

¢ Further Reading. We include a list of several recent review articles
at the end of each chapter to guide study beyond the scope of the
textbook.

¢ Internal Reviews of Neuroanatomical Terms. In Chapter 7, where
nervous system anatomy is discussed, the narrative is interrupted
periodically with brief self-quiz vocabulary reviews to enhance under-
standing. In Chapter 7’s appendix, an extensive self-quiz is provided in
the form of a workbook with labeling exercises.
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¢ 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 includ-
ing citations in the body of the chapters, where they would compro-
mise 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 Illustrations. 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 fourth edition reflects improvements in the
pedagogical design of many figures from earlier editions and includes
many superb new illustrations as well.



USER’S GUIDE

Succeed in your course and discover the
excitement of the dynamic, rapidly chang-
ing field of neuroscience with this fourth
edition of Neuroscience: Exploring the

Brain. This user’s guide will help you CHAPTER ONE
discover how to best use the features of

this book.
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Past, Present, and Future
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CONCLUDING REMARKS
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Expressing One’s Mind in the Post-Genomic Era

Sequencing the human genome was a truly monumen-
tal achievement, completed in 2003. The Human Genome
Project identified all of the approximately 25,000 genes in
human DNA. We now live in what has been called the “post-
genomic era,” in which information about the genes ex-
pressed in our tissues can be used to diagnose and treat
diseases. Neuroscientists are using this information to tackle
long-standing questions about the biological basis of neuro-
logical and psychiatric disorders as well as to probe deeper
into the origins of individuality. The logic goes as follows. The
brain is a product of the genes expressed in it. Differences
in gene expression between a normal 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. Vial of mANA
The level of gene expression is usually defined as the from brain 1,
number of mRNA transcripts synthesized by different cells labeled red
and tissues to direct the synthesis of specific proteins. Thus,
the analysis of gene expression requires comparing the rela-
tive abundance of various mRNAs in the brains of two groups
of humans or animals. One way to perform such a compari-
son is to use DNA microarrays, which are created by robotic

Brain 1 Brain 2

Vial of mRNA
from brain 2,
labeled green

Brain Food Boxes
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DNA with gene-

machines that arrange thousands of small spots of synthetic speci/fic sequence Standlng? These boxes Offer
DNA on a microscope slide. Each spot contains a unique /

DNA sequence that will recognize and stick to a different spe- o e ot ] 3

cific mRNA sequence. To compare the gene expression in - — = .- // Optlonal advanced mat’erlal S0
two brains, one begins by collecting a sample of MRNAs from - 3.
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tag that fluoresces green, and the mRNA of the other brain a “ @ 0 ) Microscopic 1 d

is labeled with a tag that fluoresces red. These samples are i ST o b earned.

then applied to the microarray. Highly expressed genes will expression  expression expression

produce brightly fluorescent spots, and differences in the rel- in brain 2 in both in brain 1

ative gene expression between the brains will be revealed by brains

differences in the color of the fluorescence (Figure A). .
Figure A
Profiling differences in gene expression
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Marijuana and the Munchies

A well-known consequence of marijuana intoxica-
tion is stimulation of appetite, an effect known by users
as “the munchies.” The active ingredient in marijuana is
D°-tetrahydrocannabinol (THC), which alters neuronal func-
tions by stimulating a receptor called cannabinoid receptor
1 (CB1). CB1 receptors are abundant throughout the brain,
so it is overly simplistic to view these receptors as serving
only appetite regulation. Nevertheless, “medical marijuana” is
often prescribed (where legal) as a means to stimulate ap-
petite in patients with chronic diseases, such as cancer and
AIDS. A compound that inhibits CB1 receptors, rimonabant,
was also developed as an appetite suppressant. However,
human drug trials had to be discontinued because of psy-
chiatric side effects. Although this finding underscores the
fact that these receptors do much more than mediate the
munchies, it is still of interest to know where in the brain CB1
receptors act to stimulate appetite. Not surprisingly, the CB1
receptors are associated with neurons in many regions of the
brain that control feeding, such as the hypothalamus, and
some of the orexigenic effects of THC are related to changing
the activity of these neurons. However, neuroscientists were
surprised to learn in 2014 that much of the appetite stimula-
tion comes from enhancing the sense of smell, at least in

Olfactory bulb,

Figure A

Activation of CB1 receptors by THC, the psychoactive ingredient in marjuana, enhances olfaction
from corticofugal inputs to inhibitory granule cells in the olfactory bulb. (Source: Adapted from

mice. Collaborative research conducted by neuroscientists in
France and Spain, countries incidentally known for their ap-
preciation of good tastes and smells, revealed that activation
of CB1 receptors in the olfactory bulb increases odor detec-
tion and is necessary for the increase in food intake stimu-
lated in hungry mice by cannabinoids.

In Chapter 8, we discussed how smells activate neurons
in the olfactory bulb which, in turn, relay information to the ol-
factory cortex. The cortex also sends feedback projections to
the bulb that synapse on inhibitory interneurons called gran-
ule cells. By activating the inhibitory granule cells, this feed-
back from the cortex dampens ascending olfactory activity.
These corticofugal synapses use glutamate as a neurotrans-
mitter. The brain’s own endocannabinoids (anandamide and
2-arachidonoylglycerol) are synthesized under fasting condi-
tions, and they inhibit glutamate release by acting on CB1
receptors on the corticofugal axon terminals. Reducing gran-
ule cell activation by glutamate in the bulb has the net effect
of enhancing the sense of smell (Figure A). It remains to be
determined if the munchies arise from enhanced olfaction in
marijuana users, but a simple experiment, such as holding
your nose while eating, confirms that much of the hedonic

Of Special Interest Boxes
Wondering how key concepts
appear in the real world? These
boxes complement the text by
showing some of the more prac-
tical applications of concepts.
Topics include brain disorders,
human case studies, drugs, new
technology, and more.
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by suppressing the release of glutamate
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Gene Targeting in Mice
by Mario Capecchi

How did | first get the idea to pursue gene targeting in
mice? From a simple observation. Mike Wigler, now at Cold
Spring Harbor Laboratory, and Richard Axel, at Columbia
University, had published a paper in 1979 showing that ex-
posing mammalian cells to a mixture of DNA and calcium
phosphate would cause some cells to take up the DNA in
functional form and express the encoded genes. This was
exciting because they had clearly demonstrated that exog-
enous, functional DNA could be introduced into mammalian
cells. But | wondered why their efficiency was so low. Was it
a problem of delivery, insertion of exogenous DNA into the
chromosome, or expression of the genes once inserted into
the host chromosome? What would happen if purified DNA
was directly injected into the nucleus of mammalian cells in
culture?

To find out, | converted a colleague’s electrophysiology
station into a miniature hypodermic needle to directly inject
DNA into the nucleus of a living cell using mechanical micro-
manipulators and light microscopy (Figure A). The procedure
worked with amazing efficiency (Capecchi, 1980). With this
method, the frequency of successful integration was now
one in three cells rather than one in a million cells as for-
merly. This high efficiency directly led to the development

Figure A

Fertiized mouse egg receiving an injection of foreign DNA. (mage
courtesy of Dr. Peimin Qi, Division of Comparative Medicine,
Massachusetts Institute of Technology.)

of transgenic mice through the injection and random inte-
gration of exogenous DNA into chromosomes of fertilized
mouse eggs, or zygotes. To achieve the high efficiency of
expression of the exogenous DNA in the recipient cell, | had
to attach small fragments of viral DNA, which we now un-
derstand to contain enhancers that are critical in eukaryotic
gene expression.

But what fascinated me most was our observation that
‘when many copies of a gene were injected into a cell nucleus,
all of these molecules ended up in an ordered head-to-tail
arrangement, called a concatemer (Figure B). This was as-
tonishing and could not have occurred as a random event.
‘We went on to unequivocally prove that homologous recom-
bination, the process by which chromosomes share genetic
information during cell division, was responsible for the in-
corporation of the foreign DNA (Folger et al., 1982). These
experiments demonstrated that all mammalian somatic cells
contain a very efficient machinery for swapping segments of
DNA that have similar sequences of nucleotides. Injection of
a thousand copies of a gene sequence into the nucleus of a
cell resulted in chromosomal insertion of a concatemer con-
taining a thousand copies of that sequence, all oriented in
the same direction. This simple observation directly led me to

Holding
pipette:
Fertilized

Micropipette
with DNA
solution
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the anatomical study of brain cells had to await a method to harden the
tissue without disturbing its structure and an instrument that could
produce very thin slices. Early in the nineteenth century, scientists dis-
covered how to harden, or “fix,” tissues by immersing them in formalde-
hyde, 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
structure faced yet another obstacle. Freshly prepared brain tissue has
a uniform, cream-colored appearance under the microscope, with no
differences in pigmentation to enable histologists to resolve individual
cells. The final breakthrough in neurohistology was the introduction of
stains that 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 as well as 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
extremely useful for two reasons: It distinguishes between neurons and
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cytoplasm (p. 29)
nucleus (p. 29)
chromosome (p. 29)

transcription factor (p. 31)

RNA splicing (p. 31)

amino acid (p. 32)

translation (p. 32)

genome (p. 32)

genetic engineering (p. 32)

knockout mice (p. 33)

transgenic mice (p. 33)

knock-in mice (p. 33)

ribosome (p. 36)

rough endoplasmic reticulum
(rough ER) (p. 36)

polyribosome (p. 36)

smooth endoplasmic reticulum
(smooth ER) (p. 36)

Golgi apparatus (p. 36)

mitochondrion (p. 36)

ATP (adenosine triphosphate)
(p. 38)

neuronal membrane (p. 38)

cytoskeleton (p. 38)

microtubule (p. 38)

DNA (deoxyrik leic acid) microfil (p. 39)
(p. 29) neurofilament (p. 39)
gene (p. 29) axon hillock (p. 39)

gene expression (p. 29)

protein (p. 29)

protein synthesis (p. 29)

mRNA (messenger
ribonucleic acid) (p. 29)

transcription (p. 29)

promoter (p. 31)

axon collateral (p. 39)
axon terminal (p. 41)
terminal bouton (p. 41)
synapse (p. 42)
terminal arbor (p. 42)
innervation (p. 42)
synaptic vesicle (p. 42)

synaptic cleft (p. 43)
synaptic transmission (p. 43)
neurotransmitter (p. 43)
axoplasmic transport (p. 43)
anterograde transport (p. 44)
retrograde transport (p. 44)
dendritic tree (p. 44)
receptor (p. 46)

dendritic spine (p. 46)

Classifying Neurons
unipolar neuron (p. 46)
bipolar neuron (p. 46)
multipolar neuron (p. 46)
stellate cell (p. 46)
pyramidal cell (p. 46)
spiny neuron (p. 46)
aspinous neuron (p. 46)
primary sensory neuron (p. 48)
motor neuron (p. 48)
interneuron (p. 48)
green fluorescent protein (GFP)
(p. 48)
Glia
astrocyte (p. 49)
oligodendroglial cell (p. 49)
Schwann cell (p. 49)
myelin (p. 49)
node of Ranvier (p. 49)
ependymal cell (p. 52)
microglial cell (p. 52)

REVIEW QUESTIONS

>ON 2

mitochondria, rough ER, synaptic vesicle, Golgi apparatus.

5. What are the steps by which the information in the DNA of the nucleus directs the synthesis of
a membrane-associated protein molecule?

o

State the neuron doctrine in a single sentence. To whom is this insight credited?

‘Which parts of a neuron are shown by a Golgi stain that are not shown by a Nissl stain?

‘What are three physical characteristics that distinguish axons from dendrites?

Of the following structures, state which ones are unique to neurons and which are not: nucleus,

. Colchicine is a drug that causes microtubules to break apart (depolymerize). What effect would

this drug have on anterograde transport? What would happen in the axon terminal?

&

sence of dendritic spines, (3) connections, and (4) axon length.

©

Classify the cortical pyramidal cell based on (1) the number of neurites, (2) the presence or ab-

. Knowledge of genes uniquely expressed in a particular category of neurons can be used to under-

stand how those neurons function. Give one example of how you could use genetic information to

study a category of neuron.

9. What is myelin? What does it do? Which cells provide it in the central nervous system?
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pecialized regions. We now
nction.

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 about 0.1 pm across.

Within the nucleus are chromosomes which contain the genetic ma-
terial 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 and other organs. 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-strand 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 compare this total length of DNA to the total string of letters that
make up this book, the genes would be analogous to the individual words.
Genes are from 0.1 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 bly of protein molecules, occurs
in the cytoplasm. Because the DNA never leaves the nucleus, an interme-
diary must carry the genetic message to the sites of protein synthesis in
the cytoplasm. This function is performed by another long molecule called

Key Terms

Appearing in bold throughout
the text, key terms are also
listed at the end of each chap-
ter and defined in the glossary.
These can help you study and
ensure you've mastered the
terminology as you progress
through your course.

Review Questions

Test your comprehension of each
of the chapter’s major concepts
with these review questions.

Further Reading

Interested in learning more?
Recent review articles are iden-
tified at the end of each chapter
so you can delve further into
the content.
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CHAPTER 7 APPENDIX: AN ILLUSTRATED GUIDE TO HuMAN NEUROANATOMY  [EZSENI

(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. Notice that

diatel

the -al gyrus lies i posterior to the
central sulcus, and that the precentral gyrus lies immedi-
ately anterior to it. The neurons of the postcentral gyrus
are involved in somatic sensation (touch; Chapter 12),
and those of the precentral gyrus control voluntary
movement (Chapter 14). Neurons in the superior tempo-
ral gyrus are involved in audition (hearing; Chapter 11).

Central sulcus

Precentral gyrus

Lateral (Sylvian)
fissure

(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

Posteentral gyrus

Superior temporal
gyrus

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

(Sylvian) fissure. The occipital lobe lies at the very back  lobes.

Parietal lobe

Frontal lobe

An lllustrated Guide to

Human Neuroanatomy

This appendix to Chapter 7 in-
cludes an extensive self-quiz
with labeling exercises that en-
able you to assess your knowl-
edge of neuroanatomy.

PN PARTONE FOUNDATIONS

SELF-QUIZ

Temporal lobe ) \ : (0.6X)

The Lateral Surface of the Brain

(a) Gross Features

Self-Quiz

Found in Chapter 7, these brief
vocabulary reviews can help
enhance your understanding
of nervous system anatomy.

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

This review workbook is designed to help you learn the neuroanatomy
that has been presented. Here, we have reproduced the images from the
Guide; however, instead of labels, numbered leader lines (arranged in a
clockwise fashion) point to the structures of interest. Test your knowledge
by filling in the appropriate names in the spaces provided. To review
what you have learned, quiz yourself by putting your hand over the
names. Experience has shown that 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.
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IMAGES

Cover: An image of a living human brain acquired by magnetic
resonance tomography to reveal the diffusion of water mole-
cules. Water diffusion in the brain occurs preferentially along bundles of
axons. Axons are the “wires” of the nervous system and conduct electrical
impulses generated by brain cells. Thus, this image reveals some of the
paths of long-range communication between different parts of the brain.
The image, acquired at the Athinoula A. Martinos Center for Biomedical
Imaging at the Massachusetts Institute of Technology, was processed
by a computer algorithm to display bundles of axons traveling together
as pseudo-colored noodles. The colors vary depending on the direction of
water diffusion. (Source: Courtesy of Satrajit Ghosh and John Gabrieli,
McGovern Institute for Brain Research and Department of Brain and
Cognitive Sciences, Massachusetts Institute of Technology.)

Part One Chapter Opener: Neurons and their neurites. Serial
images were taken using an electron microscope of a small piece of the
retina as thin slices were shaved off. Then, a computer algorithm, aided
by thousands of people worldwide playing an online game called EyeWire,
reconstructed each neuron and their synaptic connections—the “connec-
tome” of this volume of tissue. In this image, the neurons are pseudo-
colored by the computer, and their neurites, the axons and dendrites from
each cell, are displayed in their entirety. (Source: Courtesy of Sebastian
Seung, Princeton University, and Kris Krug, Pop Tech.)

Part Two Chapter Opener: The mouse cerebral cortex. The cere-
bral cortex lies just under the skull. It is critical for conscious sensory
perception and voluntary control of movement. The major subcortical
input to the cortex arises from the thalamus, a structure that lies deep
inside the brain. Stained red are thalamic axons that bring to the cortex
information about the whiskers on the animal’s snout. These are clus-
tered into “barrels” that each represent a single whisker. The neurons
that project axons back to the thalamus have been genetically engineered
to fluoresce green. Blue indicates the nuclei of other cells stained with a
DNA marker. (Source: Courtesy of Shane Crandall, Saundra Patrick, and
Barry Connors, Department of Neuroscience, Brown University.)

XXi



i QIS

Part Three Chapter Opener: Gray matter loss in the cerebral cor-
tex of adolescents with schizophrenia. Schizophrenia is a severe
mental illness characterized by a loss of contact with reality and a disrup-
tion of thought, perception, mood, and movement. The disorder typically
becomes apparent during adolescence or early adulthood and persists for
life. Symptoms may arise in part from shrinkage of specific parts of the
brain, including the cerebral cortex. High-resolution magnetic resonance
imaging of the brains of adolescents with schizophrenia has been used
to track the location and progression of tissue loss. In this image, the
regions of gray matter loss are color coded. Severe tissue loss, up to 5%
annually, is indicated in red and pink. Regions colored blue are relatively
stable over time. (Source: Courtesy of Arthur Toga and Paul Thompson,
Keck School of Medicine, University of Southern California.)

Part Four Chapter Opener: Neurons of the hippocampus. The hip-
pocampus is a brain structure that is critical for our ability to form memo-
ries. One way that information is stored in the brain is by modification of
synapses, the specialized junctions between the axons of one neuron and
the dendrites of another. Synaptic plasticity in the hippocampus has been
studied to reveal the molecular basis of memory formation. This image
shows the neurites of a subset of hippocampal neurons using a time hon-
ored method introduced in 1873 by Italian scientist Emilio Golgi. (Source:
Courtesy of Miquel Bosch and Mark Bear, The Picower Institute for
Learning and Memory and Department of Brain and Cognitive Sciences,
Massachusetts Institute of Technology.)
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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.E.)

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, re-
member, and forget; and the nature of anger and madness. Neuroscience
research is unraveling these mysteries, and the conclusions of this re-
search are the subject of this textbook.

The word “neuroscience” is young. The Society for Neuroscience, an
association of professional neuroscientists, was founded only relatively
recently in 1970. The study of the brain, however, is as old as science
itself. Historically, the scientists who devoted themselves to an under-
standing of the nervous system came from different scientific disciplines:
medicine, biology, psychology, physics, chemistry, mathematics. The
neuroscience revolution occurred when scientists realized that the best
hope for understanding the workings of the brain would come from an
interdisciplinary approach, a combination 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 one of the largest and fastest growing
associations of professional scientists. 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. This book explores the
brain with this broad perspective.

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

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 includes many homi-
nid skulls, dating back a million years and more, that bear signs of fatal
cranial damage likely inflicted by other hominids. As early as 7000 years
ago, people were boring holes in each other’s skulls (a process called
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trepanation), evidently with the aim not to kill but to cure (Figure 1.1).
These skulls show signs of healing after the operation, indicating that
this procedure had been carried out on live subjects rather than being
a ritual conducted after death. Some individuals apparently survived
multiple skull surgeries. What those early surgeons hoped to accomplish
is not clear, although it has been 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 symp-
toms 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 idea that the different parts of your body look different
because they serve different purposes. The structures of the feet and
hands are very different, for example, because they perform very dif-
ferent functions: We walk on our feet and manipulate objects with
our hands. Thus, 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 with the
eyes and ears, nose, and tongue. Even crude dissection can trace the
nerves from these organs 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 century B.C.E. The most influential scholar was Hippocrates
(460-379 B.C.E.), the father of Western medicine, who believed that
the brain was not only involved in sensation but was also the seat of
intelligence.

This view was not universally accepted, however. The famous Greek
philosopher Aristotle (384-322 B.C.E.) clung to the belief that the heart
was the center of intellect. What function did Aristotle reserve for the
brain? He believed it was a radiator for cooling 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 C.E.), who embraced the Hippocratic view of
brain function. As physician to the gladiators, he must have witnessed
the unfortunate consequences of spine and brain injuries. However,
Galen’s opinions about the brain were probably 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 described in Chapter 7.) Just as we can deduce function

A 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.)

Cerebrum Cerebellum

Top view

A FIGURE 1.2

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

A FIGURE 1.3
A dissected sheep brain showing the
ventricles.

from the structure of the hands and feet, Galen tried to deduce func-
tion from the structure of the cerebrum and the cerebellum. Poking the
freshly dissected brain with a finger reveals the cerebellum is rather hard
and the cerebrum rather soft. From this observation, Galen suggested
that the cerebrum must receive sensations while the cerebellum must
command the muscles. Why such a distinction? He recognized that to
form memories, sensations must be imprinted in 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 move-
ment control center. Moreover, the cerebrum is a repository of memory.
We will see that this is not the only example in the history of neuro-
science 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. During
the Renaissance, the great anatomist Andreas Vesalius (1514-1564)
added more detail to the structure of the brain (Figure 1.4). However,
the ventricular theory of brain function remained essentially un-
challenged. Indeed, the whole concept was strengthened in the early
seventeenth century, when French inventors built hydraulically con-
trolled mechanical 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 proba-
bly a decapitated criminal. Great care
was taken to be anatomically correct in
depicting the ventricles. (Source: Finger,
1994, Fig. 2.8.)




CHAPTER 1  NEUROSCIENCE: PAST, PRESENT, AND FUTURE

<

The brain according to Descartes.
This drawing appeared in a 1662
publication by Descartes, who thought
that hollow nerves from the eyes
projected to the brain ventricles. The
mind influenced the motor response by
controlling the pineal gland (H), which
worked like a valve to control the
movement of animal spirits through the
nerves that inflated the muscles.
(Source: Finger, 1994, Fig. 2.16.)

A chief advocate of this fluid—-mechanical theory of brain func-
tion was the French mathematician and philosopher René Descartes
(1596-1650). Although he thought this theory could explain the brain
and behavior of other animals, Descartes believed it could not possi-
bly 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 only human
behavior that is like 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
movements 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 neurosci-
ence research supports a different conclusion: The mind has a physical
basis, which is the brain.

Fortunately, other scientists during the seventeenth and eighteenth
centuries broke away from the traditional focus on the ventricles and
began examining the brain’s substance more closely. They observed, for
example, two types of brain tissue: 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 described in detail. Scientists
recognized that the nervous system has a central division, consisting 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 impor-
tant breakthrough in neuroanatomy came with the observation that the
same general pattern of bumps (called gyri) and grooves (called sulci and
fissures) can 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, led to 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.

Gray matter

White matter and gray matter.
The human brain has been cut open to
reveal these two types of tissue.
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» FIGURE 1.7
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.

Cerebrum

' Cerebellum [ Brain
—— ——— Brain stem -
fsw = Spinal cord

Peripheral
Central Parietal nervous
sulcus lobe system

Frontal < Occipital

AR

Sylvian
fissure

Temporal lobe Cerebellum

A 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 land-
marks can be found on all human brains.

Nineteenth-Century Views of the Brain

Let’s review how the nervous system was understood at the end of the
eighteenth century:

e Injury to the brain can disrupt sensations, movement, and thought and
can cause death.

e The brain communicates with the body via the nerves.

e The brain has different identifiable parts, which probably perform
different functions.

e 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 previous recorded history. This
work provided the solid foundation on which modern neuroscience rests.
Now we'll look at four key insights gained during the nineteenth century.
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Nerves as Wires. In 1751, Benjamin Franklin published a pamphlet
titled Experiments and Observations on Electricity, which heralded a new
understanding of electrical phenomena. By the turn of the century, Italian
scientist Luigi Galvani and German biologist Emil du Bois-Reymond had
shown that muscles can be caused to twitch when nerves are stimulated
electrically and that the brain itself can generate electricity. These discov-
eries 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 move-
ment use the same wires as those that register sensations from the skin.
Bidirectional communication along the same wires was suggested by
the observation 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 information in a different direction.

This question was answered around 1810 by Scottish physician
Charles Bell and French physiologist Frangois Magendie. A curious ana-
tomical 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 cut-
ting only the ventral roots caused muscle paralysis. Later, Magendie was
able to show that the dorsal roots carry sensory information into the spi-
nal cord. Bell and Magendie concluded that within each nerve is a mix-
ture 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

Ventral roots

Dorsal
roots

Nerve Muscle Skin

<4 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
sensation 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.

Nerve fibers
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