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ADVANCE PRAISE FOR MEDICAL
NEUROBIOLOGY

“Mason’s second edition seamlessly weaves stories of human neurological conditions, historical
observations and neurobiological facts into a highly readable, informative and insightful story. The
author has done a stellar job of relating details of development, anatomy, and cell function to medical
problems. This is of great importance as it reinforces the concept that virtually everything you learn
about neurobiology has medical significance. Nothing essential is omitted, even a lay person could
pick up this book and easily learn about basic neurobiology and the clinical processes caused by its
dysfunction. The material is strongly tied to clinical conditions and provides a unique level of
understanding of the different neuropathological processes—I recommend it enthusiastically,
particularly for medical students and health care professional trainees interested in the nervous
system.” —Howard L. Fields, MD, PhD, Professor of Neurology, University of California San
Francisco, San Francisco, CA

“Now it its second edition, Medical Neurobiology is an absorbing work, sole authored by Peggy
Mason. Living up to the first word in the title, the book focuses exclusively on humans and provides
an enriched view of how the brain makes us what we are as individuals. It is written with uncommon
clarity. This is a synthesis, not only of systems and cellular functions in the brain, but also of
malfunctions accompanying disease. This broad task is organized and presented as a build from the
basics to the complexities such as perception and motor function. As such, Medical Neurobiology
would be attractive to physicians at almost any level or field of training that wish to enrich their
understanding of this remarkable organ but also crave a highly accessible read.” —James L.
Madara, MD, CEO, American Medical Association, former Dean and Health System CEO,
University of Chicago, Chicago, IL

“My opinion of this book is admittedly biased because I love the brain as much as Dr. Mason does.
That being said, as in any discipline, there are some books that are better than others and I can
objectively say that this second edition of her book Medical Neurobiology is one of the very best
books in its class. Dr. Mason has managed yet again to produce an erudite, comprehensive, and
superbly explained account of the current state of the field as should be understood by the medical or
graduate student. I wish I had used Medical Neurobiology 2nd Edition as a neurobiology textbook in
graduate school, preferably with Dr. Mason as the professor.” —Oné R. Pagán, PhD, Department of
Biology, West Chester University, West Chester, PA, Author of The First Brain: the Neuroscience of
Planarians, Oxford University Press.

“Dr. Mason, author of the remarkably clear, concise and accessible second edition of Medical
Neurobiology, has accomplished the astonishing feat of turning a textbook into a page turner. The
topics covered range from normal human neuroanatomy to the functional implications of injury to
nervous system components and/or loss of connectivity of specific brain regions. All topics are
presented in such a well-defined, straightforward and logical manner that even the most neuro-naïve
reader can (and will) master the material. This book is perfect for first year medical neuroscience
training and for undergraduate biology students with an interest in how the nervous system works
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and what happens when neural signaling goes wrong. This book is exemplary in combining clarity
and thoroughness in melding two highly complex topics.” —Lorna W. Role, PhD, Department of
Neurobiology and Behavior, Stony Brook University, Stony Brook, NY

“Conveying the essentials of the (dys)function of the most complicated organ in the body, the very
organ that makes us who we are, is a daunting task. Peggy Mason has achieved this by presenting the
essence of knowledge of brain function, from cells to networks, in a way that it will “stick” in the
student’s brain well after the course. Medical Neurobiology is engaging and enjoyable to read, while
including practical information that all physicians should know. The text on this complex topic
captures today’s readers interest and imagination, rather than being an encyclopedic stockpile of
reference information. The book liberally highlights critical concepts throughout, helping the reader
organize their thoughts as they read. Figures nicely illustrate complex concepts. Medical
Neurobiology is a well-organized, highly digestible, text that will surely have a positive impact on
neuroscience education in medicine for years to come.” —Larry J. Young, PhD, Department of
Psychiatry, Emory University, Atlanta, GA
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PREFACE TO SECOND EDITION

Over the past six years, since the publication of the first edition of this
book, I have taught more than 400 second-year medical students at the
University of Chicago Pritzker School of Medicine. These students inspired
me with their insight, curiosity, ideas, and kindness. I was also greatly
changed by teaching “Understanding the Brain: The Neurobiology of
Everyday Life,” a massively open online course (MOOC) that I was able to
offer to the lay public through Coursera. Thousands of MOOC students
taught me facts, but, more importantly, they reinforced for me how much
people care about the workings of the nervous system. People care because
the misdeeds of the nervous system affect them, altering their selves and
their relationships in ways that diseases of no other organ system can do. It
is with these concerns in mind that I revised this book. I rededicated myself
to communicating both the basic science and clinical relevance of the
nervous system to future physicians. My hope is that physicians will learn
from this book how to talk with medical precision about the nervous
system. Of equal or greater importance, I hope that readers will develop the
skill of speaking plainly and compassionately with patients and their loved
ones during what is often a frightening and vulnerable time.
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PREFACE TO FIRST EDITION

At the start of the 20th century, medical education in North America was
almost universally substandard with few or no requirements for admission,
graduation, or competency. In 1905, the American Medical Association
boldly recommended broad changes including admission requirements, as
well as an initial 2-year curriculum in basic science.1 Over the ensuing
decade, these recommendations were implemented in American and
Canadian medical schools and have continued, with some modifications, to
the current time. Currently, a full year of basic science by basic scientists is
taught at most North American medical schools. A minority of the basic
scientists who teach these courses have a medical degree, and an even
smaller proportion are practicing clinicians. As a result, a tension has built
up between the basic interests and abilities of the scientist teachers and the
clinical interests and goals of the students desirous to be physicians. Basic
scientists teach what is important to them more than what is clinically
relevant, assuming that the medical students will receive clinical training in
future courses on pathophysiology taught by clinicians. The medical
students feel as though they are being asked to learn material that has varied
relevance to their future profession. The fact that the goals of students and
teachers differ hinders communication and frustrates both students and
teachers. The innocent bystander hurt by this problem is the subject itself,
the beautiful world of neurobiology.

I taught in the first-year medical neurobiology course at the University of
Chicago for 15 years and directed this course for 7 years, encountering
directly the tension between basic science and medicine. Throughout most
of my participation in medical neurobiology, I taught what I considered
fundamental neurobiological principles, along with the occasional clinical
anecdote thrown in to pique the student’s interest. A few years ago,
however, I had the opportunity and pleasure of talking in depth with four
medical students2—Markus Boos, Eileen Rhee, Vance Broach, and Jasmine
Lew. The conversation occasioned an epiphany from which this book was
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born. My epiphany centered on (1) the volume of information that medical
students must master in 2 years, from gross anatomy and histology to
physiology, microbiology, and neurobiology; and (2) the impressive
sincerity of medical students’ desires to be great physicians and to help
people.3 Understanding medical students’ sincere altruism led to my
recognition that any resistance that I perceived on the part of the students to
learning course material was not attributable to disinterest or lack of
motivation. Rather, students were making a realistic assessment of how to
go from college-level biology to practicing medicine in 4 short years and
were allotting their time and energy accordingly.

With my newfound insight, I looked anew at the material that we taught
in medical neurobiology. I realized that a more comfortable union between
basic science and clinical interests could and indeed should be forged. I
now believe that what students deserve from a first-year, basic science
neurobiology course is a logical framework that allows them to understand
how the nervous system influences the breadth of human biology. An
introductory course in neurobiology for medical students should not be
designed to teach neurology. Rather, the goal should be to communicate the
relevance of the nervous system to the practice of every medical specialty
from cardiology to dermatology, neonatology, pediatrics, geriatrics,
pulmonology, ophthalmology, and so on.

A single book in a single voice that teaches fundamental neurobiological
concepts important to clinical practice was my objective in writing this
textbook. Because this book is aimed more at the future internist than the
future neurologist, no topic is covered in an encyclopedic fashion and thus
this book is not a reference book. There are many outstanding reference
books on topics related to the nervous system. Many of these were
invaluable to me as I prepared this book. There are a number of excellent
texts on neuroanatomy, neurology, and neuroscience that I encourage those
of you whose interest is piqued to explore further.

No author is an island, and I certainly have benefited from the generosity
and insight provided by countless individuals. In particular, I thank the
hundreds of medical and graduate students whom I have taught over the
years. Questions like “How do we sense wet?” have permitted me to see
neurobiology afresh and also pushed me to learn new pieces of
neurobiology. I feel particularly grateful to the Pritzker class of 2009 who,
as my post-epiphany guinea pigs, worked with me to hone my ideas for
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how medical neurobiology should be taught. These students worked hard,
they engaged the brain, struggled with the material, and most importantly,
respected the brain—all that this basic scientist could ever ask for. My hope
for this book is that it will catalyze more and more medical students to fully
engage and appreciate the wonders of the nervous system.

1. Council on Medical Education of the American Medical Association, JAMA 44:1470–75, 1905.
2. At the time, all were students and now all are physicians.
3. It is my impression that the vast majority of medical students are motivated by some degree of
altruism. In contrast, students pursue a Ph.D. degree in science for a number of reasons including the
intellectual thrill, curiosity, the fun of laboratory work, and also in some, but certainly not all, cases
the desire to improve human health. The often dichotomous motivations of basic scientists and
physicians are another source of potential misunderstanding.
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INTRODUCTION TO MEDICAL
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1.
INTRODUCTION TO THE NERVOUS SYSTEM

THE NERVOUS SYSTEM RUNS LIFE
In the midst of his exciting, glamorous Parisian life as the successful editor
of the leading French fashion magazine Elle, Jean-Dominique Bauby
suffered a massive stroke that rendered him “locked-in.” The 43-year-old
Bauby could not move his arms or legs nor could he speak, grimace, smile,
sit, point, or hold up his head. He could not nod his assent nor signal his
dissent. The only way that Bauby could communicate with the outside world
was by blinking, the most commonly spared motor function in locked-in
patients. Using this last tendril of self-expression, Bauby “wrote” a riveting
account of his internal world, an account that was published as The Diving
Bell and the Butterfly just days before he died of pneumonia. Despite the
“diving bell” that confined him, Bauby’s mind “takes flight like a butterfly 
…[setting] out for Tierra del Fuego or King Midas’ Court.” Bauby’s
personality is untouched; he shows humor when he writes of his relief at
finally being able to wear his own clothes: “If I must drool, I may as well
drool on cashmere.” Bauby’s experience while locked-in is remarkable for
both the magnitude of what he lost and the profound humanity that he
retained.

The most impactful loss in locked-in syndrome is the inability to move
with purpose, the loss of voluntary movement. On the other hand, much of
the nervous system is operating normally. Locked-in individuals still see,
smell, hear, follow normal sleep–wake rhythms, and, most importantly, live
rich lives filled with memories, thoughts, and emotion. Improvement from
the incapacitation wreaked by locked-in syndrome is rare and usually
extremely limited, although a tiny number of locked-in patients show
dramatic, even apparently complete, improvement.

Patients with locked-in syndrome exhibit both negative and positive signs
of the damage in their nervous system. Negative signs are clinical symptoms
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that result from the failure of a system to produce a function. Inabilities to
move (paralysis), see (blindness), and hear (deafness) are examples of
negative signs. In contrast, positive signs are symptoms in which an
abnormal symptom occurs in place of or in addition to normal functioning.
For example, Bauby sensed parts of his body and face as numb, other parts
as assaulted by pins and needles, and still other areas as the source of
burning pain. The sensations of pins and needles that follow a part of the
body “falling asleep” are positive signs that healthy people may experience.
Excess, unwanted movements, such as tics, are examples of positive motor
signs.

Individuals with locked-in syndrome are not able to live independently,
instead relying on people and machines for basic functions such as nutrition
and voiding. Yet locked-in people around the world have achieved awe-
inspiring feats: writing books, earning advanced degrees, “running”
marathons, building rich social relationships, growing and changing their
selves. Invariably, the accomplishments of locked-in patients are achieved in
partnership with those who love and care for them. The family and friends
who support a locked-in patient travel their own journey as they grapple with
the changes wrought by an injured brain. Along with the locked-in
individual, they also experience, first-hand and in dramatic fashion, the
power of the human nervous system, the subject of this book.

Locked-in syndrome is defined by a loss of voluntary movement and
invariably involves impairments in perception and homeostasis while
leaving abstract cognitive function untouched. These four functions—
perception, voluntary movement, homeostasis, and abstract or higher
function—are integral to human well-being. Since disturbances in any of
these functions will motivate an individual to seek medical help, they are the
focus of this book.

PERCEPTION IS INTERPRETATIVE RATHER THAN AN
EXACT REPRESENTATION OF INTERNAL AND EXTERNAL

STIMULI
Perception refers to conscious awareness of changes in the internal milieu or
external environment. It is part of, but not the entirety of, sensation, an
umbrella category that includes unconscious processing of sensory
information. For example, changes in blood oxygen levels are sensed but not
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perceived, whereas optical information from this page activates sensory
pathways that ultimately result in visual perception. Note that, in
psychology, the term “sensation” is typically used to refer to unconscious
aspects of sensory processing exclusively.

Perception is achieved by a liberal, context-specific interpretation of the
world rather than by a faithful capture of external energy, such as that
performed by cameras and audio recorders. This strategy pays off because
correctly detected sensory components are far poorer at predicting meaning
than are expectation and context (Fig. 1-1). Given the looseness with which
sensory information is incorporated into perceptual meaning, it is no surprise
that we sense things that are not actually there as well as fail to sense things
that are there.

Figure 1-1 In the Ebbinghaus illusion, circles of the same size are perceived as smaller when
surrounded by large circles (left) and larger when surrounded by small circles (right). You can check
that the two green circles are the same size by occluding the rings of surrounding lavender circles.
Because perception of this illusion persists independently of color, the colors used here serve only an
aesthetic purpose.

The challenge of perception stems from the interpretation needed for
stimulus information to be useful. People with visual agnosia (“agnosia” is
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Greek for “without knowledge, ignorance”) fail to understand visual objects
and dramatically illustrate the challenge of perceptual interpretation. The
title character in Oliver Sacks’s “The Man Who Mistook His Wife for a
Hat,” Dr. P., describes an object that is handed to him as “about six inches in
length, a convoluted red form with a linear green attachment” but cannot
name the object. His detailed description clearly indicates a working visual
system, but Dr. P. cannot interpret what he sees, something that most of us
do without thought or effort. Yet, upon smelling the mysterious object, Dr. P.
instantly identifies it as “an early rose,” indicating that, unlike Dr. P’s visual
system, his olfactory system has access to stored knowledge and language
production. Visual agnosia exemplifies the distinct challenges of sensing,
perceiving, and usefully interpreting sensory information.

MOTOR PATHWAYS ARE THE ONLY AVENUE AVAILABLE
FOR SELF-EXPRESSION

The movement of skeletal muscles provides the only way that humans have
to express themselves, whether explicitly through speech or writing or more
implicitly through posture, facial expression, and eye movements. Thus, the
ultimate outcome of the motor system is human nature itself. The only way
to access the approximately 750 skeletal muscles of the body is via the
roughly 100,000 motoneurons in the spinal cord and brainstem that send
processes out to terminate on skeletal muscle cells. For this reason, the great
neurophysiologist Charles Sherrington called motoneurons the final common
pathway, an unavoidable bottleneck that must be navigated to achieve
willful expression.

Skeletal muscles cannot operate independently but only contract when
activated by a very special type of neuron, the motoneuron. Located
centrally, within the spinal cord and brainstem, motoneurons send a process
out of the central nervous system (CNS) to contact skeletal muscle fibers via
a neuromuscular junction. Any complete lesion of motoneurons or the
neuromuscular junction can block all movements of the involved muscle.

Motoneurons are not “smart,” and they require instructions that come
from several sources. Incoming sensory input allows for adjusting
movements to accommodate surprises in the external world, such as
unexpected obstacles. Neurons in upper motor control centers instruct
motoneuron activity to direct a variety of actions from those that are entirely
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deliberate to more automatized and stereotyped ones such as chewing.
Cortical motor control centers are critical to fine movements of the digits,
face, and mouth. Brainstem motor control centers are critical for the
maintenance of posture and stereotypical movements such as breathing,
swallowing, and locomotion. Communication between upper motor control
centers and motoneurons is one-way only in that motoneurons do not “talk
back” to motor control centers. Thus, descending pathways from motor
control centers to motoneurons form the motor hierarchy. Sufficient
impairment to the integrity of the motor hierarchy can block subsets of
movements while leaving other types intact. In locked-in syndrome, the
motor hierarchy pathway is lesioned, resulting in patients losing willful
control of voluntary muscles.

Acting alone, the motor hierarchy would not produce recognizable
movements. Two modulatory loops, one through the cerebellum (diminutive
or little brain) and one through the basal ganglia, are required. Through the
cerebellum’s modulation of motor control centers, movements become
smooth and well-coordinated. The cerebellum is necessary for coordinating
complex movements involving several muscles or ones that require fine
control. One can think of the cerebellum as a conductor, not needed by the
soloist or even a string quartet, but essential to the coordination of an
orchestra. The cerebellum uses sensory feedback from past motor
experiences to adjust movements to changing conditions and thereby ensure
that the movements we make are those that we intend to make.

We all have only one set of muscles, and each muscle can do only one
thing at a time. It is not possible look to the right and look to the left at the
same time. Without practice, it is not even possible to move one arm up and
down while moving the other side to side. Although many component
actions are easy, performing two or more actions simultaneously is difficult
and requires practice. The limitation is not in the muscles, motoneurons,
motor control centers, or even in the cerebellum. The only obstacle to
performing multiple actions simultaneously is the basal ganglia. The basal
ganglia choose to do one or a very few related actions while simultaneously
suppressing all other movement. The brain’s “chooser” is the basal ganglia.
Just as the number of actions that an individual can make at one time is
limited, so is the number of perceptions, emotions, motivations, or thoughts.
The basal ganglia choose perceptions, thoughts, and emotions as well as
movements.
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HOMEOSTASIS IS THE PROCESS OF ENSURING THAT
BODILY VARIABLES STAY WITHIN A PREFERRED RANGE

The human body operates best within certain physiological ranges, and these
ranges are maintained by homeostatic functions that regulate internal body
temperature, blood pressure, heart rate, electrolyte balance, body weight,
sleep–wake cycles, and the like. Neuronal defense of the body’s physiology
occurs largely unconsciously through use of skeletal muscle, smooth muscle,
cardiac muscle, and glands. Different combinations of purposeful and
automatic actions contribute to a continuum of homeostatic functions that
range from completely unconscious (e.g., hormone release) to those with a
large voluntary component, such as keeping warm in the cold.

Homeostasis is often modeled as a feedback system akin to a home’s
thermostat. However, a thermostat is “dumb” and only reacts to changes
after they occur. In contrast, the brain is “smart,” and, whenever possible,
anticipates challenges to homeostasis. For instance, saliva and insulin, a
hormone released by the pancreas that regulates glucose metabolism, are
released in anticipation of eating. Anticipatory homeostatic adjustments
require the forebrain.

The word “homeostasis” comes from the Greek homeo-, meaning
“similar” or “same,” and stasis, meaning “standing.” Despite its
etymological roots in standing-still, homeostasis is not a system that
maintains a uniform internal milieu. The brain does not clamp the internal
milieu of the body into one fixed state. Instead, the preferred state of the
body changes across the day and night cycle, from one activity to another,
and as the external environment changes. For example, the cardiovascular
system operates in vastly different ways in a person reading on a couch,
taking a school entrance exam, or out for a morning jog. The brain ensures
that the body’s internal milieu aligns with an individual’s activities, even as
those activities change drastically.

HUMANS REVEL IN HIGHER ABSTRACT BRAIN
FUNCTIONS

Higher brain functions include language, attention, volition, emotion,
memory, and the ability to socially interact with others. Our understanding
of abstract brain functions relies on findings from psychology, psychiatry,
and neurology as well as on basic neuroscience. For example, the
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lateralization of human language to the left cortex in most individuals was
described by Pierre Paul Broca, a French clinician. Even now, most of our
understanding of language comes from human studies, although we are
starting to benefit from the study of communication in nonhuman animals.

NEUROANATOMICAL SUBDIVISIONS
To understand how the brain produces neural function, basic
neuroanatomical terminology is needed. A fundamental division, based on
embryonic origin and adult anatomy, exists between the central (CNS) and
peripheral (PNS) nervous systems (Fig. 1-2). The brain is the part of the
CNS contained within the cranium, and the spinal cord is the part of the
CNS contained within the spinal canal within the vertebral column.
Although the optic nerve and retina are derived from the embryonic brain,
they migrate out of the cranium. Yet the retina, present at the back of the
eye, is enveloped within the same meninges as the brain and therefore shares
its environment with the brain. This arrangement means that the retina is the
most accessible part of the CNS; the retina and optic nerve, both part of the
CNS, are not within the cranium and therefore not part of the brain, but they
provide an important and accessible “window” to the brain.
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Figure 1-2 The nervous system is divided into the central (A) and peripheral (B) nervous systems by
the meninges. The central nervous system (CNS) consists of the brain within the cranium, the spinal
cord within the vertebral column, and the retina and optic nerve. The retina and optic nerve, both part
of the CNS, are not within the cranium and therefore not part of the brain; yet they provide an
important and accessible “window” to the brain. The forebrain, midbrain, and hindbrain make up the
brain. The peripheral nervous system (PNS) consists of the enteric nervous system lining the digestive
tract, autonomic ganglia of two types, and sensory ganglia associated with spinal and cranial nerves.

Three specialized membranes, termed meninges, form a fence around the
CNS. The PNS is located outside this fence. The integrity of the meninges is
essential for the mechanical and chemical protection of the CNS. The
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outermost meningeal layer, the dura mater or simply dura, is a tough
membrane that protects the CNS from penetration. The arachnoid mater,
deep to the dura, forms a fluid-resistant sac around the brain and spinal cord.
The innermost meninges, the pia mater, is a very thin and delicate
membrane separated from the arachnoid by the subarachnoid space, within
which the brain’s own special fluid, cerebrospinal fluid or CSF, flows.

The PNS has three components (Fig. 1-2). Primary sensory neurons reside
in spinal and cranial sensory ganglia. They carry information into the central
nervous system that, upon reaching the cerebral cortex, allows us to perceive
sound, taste, smell, touch, vibration, warmth, head position, and so on.
Autonomic ganglia, of either the sympathetic or parasympathetic variety, are
located in the body and head. They contain neurons critical to homeostasis
through control of smooth muscle, cardiac muscle, and glands. The overall
effects of sympathetic and parasympathetic activity oppose each other, with
sympathetic pathways supporting energy expenditure during periods of
arousal, fight, or flight, and parasympathetic activation supporting energy
accumulation during periods of recuperation, rest, and digestion. Although
autonomic pathways are necessary for homeostasis, they are not sufficient,
as the example of breathing, which depends on skeletal muscle, clearly
illustrates. The final component of the PNS is the enteric nervous system,
which consists of roughly 1 billion neurons that sit in the lining of the gut.
The enteric nervous system is necessary for normal digestion and passage of
food through the body. Connections between the gut’s little brain and the
CNS enable the CNS to influence digestion, as happens when a strong
emotion alters gut motility.

CNS anatomy is complex and is best framed in terms of its embryonic
development from simpler albeit transient structures. The earliest embryonic
divisions of the CNS are regional compartments that develop into the spinal
cord, hindbrain, midbrain, and forebrain of the adult (Fig. 1-3). As
development progresses, the embryonic forebrain splits into the
diencephalon and telencephalon. Although, strictly speaking, the words
“diencephalon” and “telencephalon” refer to developmental structures, there
are no words in common usage to refer to the adult derivatives. Therefore,
we will use these terms to refer to adult regions even as we acknowledge the
inherent etymological compromise. In the adult, the telencephalon comprises
the cerebral cortex, core elements of the basal ganglia (striatum and
pallidum), and amygdala, whereas the diencephalon includes the thalamus
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and hypothalamus (Fig. 1-3C). Some basic neuroanatomical terms are based
on anatomical rather than developmental considerations. The brainstem is
the back part of the brain, consisting of the hindbrain and midbrain.
Although they share a common hindbrain origin, the pons, cerebellum, and
medulla appear distinct in the adult (Fig. 1-3C).
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Figure 1-3 A: The central nervous system consists of the brain and the spinal cord, which are
surrounded by the skull and the vertebral column, respectively. The foramen magnum is the large hole
at the base of the skull where the brain and spinal cord meet. B: A mid-sagittal (see center inset)
cartoon of the human brain is shown with the developmental compartments of the hindbrain, midbrain,
and forebrain labeled. The forebrain comprises the diencephalon, consisting of the thalamus and
hypothalamus, and the telencephalon, which consists of the cerebral cortex, striatum and pallidum,
and amygdala. C: A mid-sagittal view of the human brain is shown with major parts of the hindbrain,
midbrain, and forebrain labeled. The visible parts of the forebrain are the cerebral cortex, corpus
callosum, and thalamus. The midbrain has no subdivisions. The hindbrain consists of the medulla,
pons, and cerebellum.  Photograph in C reprinted with permission of deArmond S et al., Structure of
the human brain: A photographic atlas. New York: Oxford University Press, 1989.

MAPPING FUNCTION ONTO STRUCTURE
Using the basic neuroanatomical terminology just introduced, we can now
map the functions of the nervous system onto neuroanatomical structures.
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Perception, voluntary movement, and homeostasis are all distributed through
pathways that involve the spinal cord, brainstem, and forebrain. In contrast,
higher abstract function depends entirely on the forebrain. In particular, the
cerebral cortex, the laminated outer rind of the forebrain, is critical to
cognitive function, to processing and understanding events and
surroundings, setting and achieving goals, and remembering the past. The
forebrain is able to adjust behavior based on previous experiences and
provides us with the requisite skills to navigate among family members,
friends, and strangers as the social animals that we are.

Perception and voluntary movement comprise our incoming and outgoing
interfaces with the world but traverse different routes. Sensory information
enters the CNS either at the level of the spinal cord, brainstem, or forebrain.
For example, touch information from the body enters the spinal cord,
hearing information comes into the hindbrain, and visual information enters
the forebrain. Regardless of where sensory information enters the CNS, it
must traverse the CNS to reach the cerebral cortex in order for conscious
perception to occur.
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Figure 1-4 A: The sensory inputs to and motor outputs from the central nervous system (CNS) are
mapped onto a cartoon of the brain and spinal cord. Sensory inputs reach all parts of the brain,
whereas motor outputs only arise from the brainstem and spinal cord. Note that the motor outputs
listed include both voluntary movements, using skeletal muscles, and autonomic motor outputs that
ultimately influence smooth muscle, cardiac muscle, and glands.

Motoneurons in the spinal cord control movements of the arms and legs,
whereas those in the brainstem control muscles of the neck, face, and oral
cavity (Fig. 1-4). The forebrain has no direct connection to muscles but
contains motor control centers that initiate deliberate actions—Simon says
put your hand on your head—or emotional ones—a wince in pain. Motor
control centers in the brainstem are critical to postural maintenance, eye
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movements, chewing, and other subconscious movements. Beyond the
motor hierarchy, the cerebellum and basal ganglia play critical roles in
voluntary motor control.

To maintain homeostasis, sensory information from the body enters the
spinal cord and brainstem, where it triggers automatic or unconscious
reactions. For example, in reaction to a mild decrease in ambient levels of
oxygen, as occurs routinely in the passenger cabin of an airplane, we breathe
more rapidly. Sensory information also engages more conscious adjustments,
such as dressing warmly in winter, through ascending connections to the
forebrain. Descending messages from the forebrain and brainstem reach
neurons in the forebrain, brainstem, and spinal cord to coordinate hormone
release with autonomic adjustments and volitional actions.

Bauby’s stroke nearly obliterated the middle portion of the brainstem (the
pons), resulting in the loss of functions that depend on that part of the
brainstem and, even more vitally, on functions that depend on connections,
analogous to streets or highways, traveling through this region (Fig. 1-3C).
Bauby’s grave condition resulted primarily from the latter: the stroke’s
disruption of connections. Bauby’s stroke specifically disconnected the
forebrain and rostral brainstem from the caudal brainstem and spinal cord.
Disconnecting the forebrain from most of the brainstem and all of the spinal
cord has profound effects on perception, voluntary movement, and
homeostasis. However, higher brain functions depend entirely on the
forebrain and do not involve any connections that travel through the pons.
Therefore, higher brain functions are unaffected in locked-in syndrome.

Somatosensory information from the body enters into the spinal cord and
then ascends (i.e., it travels from caudal to rostral) to the forebrain to give
rise to perceptions of touch, pain, temperature, and so on (Fig. 1-4). Visual
and olfactory information from the eyes and nose comes directly into the
forebrain. A pontine stroke therefore affects somatosensation but not vision
or olfaction. The motor message for purposeful movement that originates in
the cerebral cortex must reach motoneurons in the brainstem and spinal cord
that in turn innervate voluntary muscles. A pontine stroke interrupts
connections between the forebrain and virtually all motoneurons, leaving
locked-in patients unable to move at will. Finally, locked-in patients have
poor control over most homeostatic defense systems. Because the forebrain
is disconnected from the brainstem and spinal cord, locked-in patients
cannot kiss a loved one, swallow saliva, or willfully release urine.
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A GUIDE TO OUR JOURNEY THROUGH THE NERVOUS
SYSTEM

The two fundamental building blocks of the nervous system are neural
communication and neuroanatomy. Foundations in both topics must be
mastered. After learning the neurons and glial cells that comprise the
nervous system (Chapter 2), we start with the anatomy of the nervous system
(Section 2) before moving on to neural communication (Section 3). With
these basics of neurophysiology and neuroanatomy in hand, we are ready to
tackle how the brain “works” by examining perception (Section 4),
voluntary movement (Section 5), and homeostasis (Section 6).

This book is intended as a travel guide for the human brain. It is my hope
to communicate to you the profound power and beauty of brain function
while providing you with a memorable and enjoyable trip. Bon voyage!

ADDITIONAL READING
Bauby J-D. The Diving Bell and the Butterfly. New York: Alfred A. Knopf; 1997.
Sacks O. The Man Who Mistook His Wife for a Hat. New York: Touchstone Books; 1985.
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2.
CELLS OF THE NERVOUS SYSTEM

NEURONS AND GLIA

NEURONS AND GLIA
Neurons and glia populate the nervous system. Neurons are the stars of the
show, the cells that receive all the credit, and, beyond a few paragraphs here
and there, neurons are nearly the sole focus of this book. Yet there are
roughly as many glial cells as there are neurons in the human brain. Just as
the extras rather than the actors make a crowd scene, glia are critical to the
development and function of the nervous system, providing necessary
supportive services to adult neurons. Their demise is at the core of diseases
such as multiple sclerosis. Malfunctioning glia are important in the
pathophysiology of some primary brain tumors, neurodegenerative diseases,
and other neurological conditions. Furthermore, glia-targeting treatments
may hold promise in treating a broad range of diseases as well as in
facilitating improvement after stroke. Thus, while the developmental,
structural, environmental, and repair services of glia hold far less glory than
do the lofty functions of neurons, neurons cannot survive and function
without glia, just as a theatrical production would grind to a halt without the
stage crew and production staff. In this chapter, we learn the cell biology of
neurons, glia, and their progenitor cells and then apply this understanding to
a range of clinical issues such as brain tumors and neurodegenerative
diseases.
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Figure 2-1 This cartoon shows a dorsal view of the early embryo with rostral to the right and caudal to
the left. Immediately surrounding the neural tube is neural crest, which gives rise to most of the
peripheral nervous system. Within the primordial head region of the developing embryo,
neuroepithelium develops into pre-placodal ectoderm (blue), which eventually populates seven
bilateral pairs of placodes (yellow), five of which give rise to sensory neurons associated with cranial
nerves.

THE NERVOUS SYSTEM DERIVES FROM EMBRYONIC
ECTODERM

Embryologically, the nervous system arises from ectoderm, one of three
germ layers of the embryo. Ectoderm also gives rise to skin. Three regions
of ectoderm are specified that give rise to neurons and glia, as well as to a
variety of non-neuronal tissues (Fig. 2-1). The three regions that give rise to
neurons and glia are:
• The neural tube derives from a sheet of neuroectoderm called the neural
plate and runs most of the length of the embryo (detailed in Chapter 3).
Neurons and glia of the central nervous system (CNS) derive from neural
tube progenitor cells. A small number of non-neuronal tissues, such as the
choroid epithelium lining the brain’s ventricles and the pineal gland, also
derive from neural tube.
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• At the lateral edges of the neural plate, as it closes to form the neural tube,
the neural crest originates. Neural crest cells are motile, and they migrate
to specific locations throughout the body and head of the embryo. Neural
crest–derived cells generate the bulk of the peripheral nervous system
(PNS), glia and neurons alike, and also give rise to many non-neuronal
tissues such as dermal bone (e.g., skull), melanocytes, arachnoid, and pia.

• Placodes, present in the head region only, flank the anterior neural crest
and neural tube. Placodes, thickenings within the ectodermal layer, are the
origin of most peripheral sensory ganglia of the head. Placodes also give
rise to several non-neuronal structures such as the lens, sclera, anterior
pituitary, and hair cells of the inner ear.
In sum, the nervous system derives from three embryonic sources, all of

which arise from ectoderm. The general rule is that the neural tube gives rise
to the CNS, whereas the PNS arises from primarily neural crest with a
contribution from placodes to sensory ganglia within the head (see Table 2-
1). Neural tube, neural crest, and placodes all also give rise to a number of
non-neural tissues, some highly important to nervous system function (e.g.,
arachnoid, hair cells) and others not closely related to the nervous system
(e.g., melanocytes).
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Table 2-1 NEURAL AND NON-NEURAL DERIVATIVES OF NEURAL TUBE, NEURAL CREST,
AND PLACODES

CNS
DERIVATIVES

PNS DERIVATIVES NON-NEURAL
DERIVATIVES

Neural
tube

Spinal cord
Brain

Pineal gland
Choroid epithelium

Neural
crest

Enteric nervous system
Autonomic ganglia
Dorsal root ganglia
Peripheral glia
Trigeminal ganglia (most neurons)

Arachnoid mater
Pia mater
Skull, jaw, teeth
Cartilage of head
Melanocytes
Merkel cells
Chromaffin cells of
adrenal medulla
Sclera, cornea
Hair cells of inner ear
Middle ear ossicles
Glandular connective
tissue of head and neck
…. and many more

Placode GNRH cells of
hypothalamus

Sensory neurons associated with cranial
nerves I, V (minority), VII, VIII, IX, X

Lens
Anterior pituitary

The embryology of the nervous system provides us with a way to
understand genetic disorders that involve varied symptoms that, despite
appearing unrelated, are connected by a common developmental lineage. For
example, patients with Waardenburg syndrome have mutations in genes that
regulate neural crest development. These patients present with symptoms
that appear unrelated to each other until one realizes that all derive from
disruption of normal neural crest development. Predominant symptoms of
Waardenburg syndrome include deafness, lack of pigment in areas of the
skin and hair, blue eyes, and a facial appearance characterized by wide-set
eyes, low hairline, and a uni-brow. The deafness occurs because inner ear
development, normally directed by neural crest–derived cells, is disrupted.
The lack of pigmentation in skin and eyes can be accounted for by a problem
with neural crest–derived melanocytes. Changes in neural crest-directed
development of facial bones, muscles, and tendons produce a characteristic
facial appearance. Some patients exhibit additional neurological problems
such as digestive problems associated with incomplete development of the
enteric nervous system. Waardenburg syndrome exemplifies developmental
disorders in having an at-first-glance odd but at-second-glance coherent
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collection of symptoms that are related to each other solely by a shared
developmental history.

NEURONS ARE CHARACTERIZED BY COLLECTIVELY
UNIQUE TRAITS

In many organs of the body such as the kidneys, lungs, and even the
relatively complex pancreas, there are a few, typically well under a dozen,
different types of cells. “If you’ve seen one lung cell, you’ve seen them all”
is only a slight exaggeration. In contrast, there are thousands of different
types of neurons. Just as the Milky Way, despite appearing as a continuous
spread of light, is an aggregation of hundreds of billions of individually
distinct stars that differ in location, age, color, and mass, the human brain
contains 75–95 billion individual neurons that differ from one another in
location, appearance, connections, physiological characteristics, and,
ultimately, function.

Despite their heterogeneity, neurons share the following group of traits
that are not collectively shared by any other cell type:
• Derived embryologically from ectoderm
• Terminally differentiated and not dividing
• Connected to another neuron on the input (motoneurons, preganglionic
motor neurons), output (primary sensory afferents), or both (central
neurons) ends

• Transfer information through the mechanism of synaptic transmission
• Have an elaborate morphology that typically includes distinct cellular
regions
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Figure 2-2 A: A typical neuron has a soma or cell body, dendrites (black), and an axon with synaptic
terminals (red). The daughter processes from a parent dendrite are called branches, whereas processes
coming off a parent axon are called collaterals. Axons and axon collaterals communicate via synaptic
terminals in the form of either bouton endings or varicosities. The appearance of varicosities
resembles slightly flattened pearls on a necklace, with the axon being the metaphorical necklace.
Dendrites receive information, and a neuron’s axon carries information to target cells. B: The dendritic
field is the information-receiving zone of a neuron. Neurons may receive an enormous number of
synaptic inputs from bouton endings, varicosities, or both, throughout this field or arbor. C: At
classical chemical synapses, a bouton ending and a dendrite are in close apposition, enabling
communication from the presynaptic cell’s bouton to the target, or postsynaptic, element (typically a
dendrite). The arrow shows the primary direction of information transfer across a synapse. Although
the membranes of pre- and postsynaptic cells come very close to each other at classical synapses, they
are separated by a narrow divide called the synaptic cleft. Note that these cartoons are not to scale but
are drawn for illustrative purposes.
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Let’s start with the final characteristic. A typical neuron has four
anatomical subregions (Fig. 2-2). Each of these different cellular regions
plays a primary role in a different neuronal function. The regions and their
roles are, in brief:
• Soma or cell body: Houses DNA-containing nucleus along with extensive
protein-making machinery; critical to cell health

• Dendrites: Branching processes, or extensions, that collect incoming
information

• Axon: A process that extends past the immediate locale and serves to send
information to cells at many distant locales

• Synaptic terminals: Small swellings from where information is sent across
a physical divide to another cell

Now, we consider each of these compartments in turn.
As is true for all cells in the body, the neuronal soma (somata is the plural)

houses the nucleus, endoplasmic reticulum, Golgi apparatus, lysosomes, and
other organelles that support cellular life. The rough endoplasmic reticulum
in neurons is particularly active, synthesizing large quantities of proteins.
Consequently, when stained with basophilic dyes, neuronal rough
endoplasmic reticulum stands out prominently as Nissl substance. Staining
brain sections for Nissl substance reveals the distribution of neuronal cell
bodies and provides an easy and useful picture that can be used to readily
identify gross changes or abnormalities in pathological specimens.

Dendrites, the primary receiving zone of the neuron, receive the bulk of
the input to a neuron. The entirety of the dendritic branches, from large
proximal branches to thin distal ones, is called the dendritic tree or dendritic
arbor. The dendritic arbor represents the receiving volume for a neuron;
only synaptic terminals within the arbor may provide input to the neuron.
Some, but not all, neurons have dendrites with a multitude of small
protuberances called dendritic spines or simply spines. One common type of
spine is knob-like in appearance with a globe-shaped head that is linked to
the main dendrite by a very thin process, the neck. Inputs preferentially
contact spine heads, which form a subcellular locus for changes associated
with many forms of learning. Spines are thought to house anatomical
changes central to storing memories.
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Figure 2-3 An electron micrograph of synaptic terminals (asterisks) blanketing the head (dsh) and
shaft (dss) of a dendritic spine in the rat cochlear nucleus. The presynaptic axonal terminals contain
synaptic vesicles, filled with neurotransmitter, that are released into the synaptic cleft at synaptic
densities (arrows) and bind receptors on the postsynaptic dendrite. dp, parent dendrite.
Photomicrograph is reprinted from Peters A, Palay SL, deF Webster H, The fine structure of the
nervous system: Neurons and their supporting cells. 3rd edition. New York: Oxford University Press,
1991.

Input to the entire dendritic arbor is summed up and electrically conducted
toward the soma. All input—strong or weak, fast or slow, excitatory or
inhibitory—is integrated across both space (different dendritic branches) and
time (see Chapter 10). If the summed electrical signal is sufficient, a neuron
may then release neurotransmitter at a synaptic terminal. Synaptic terminals
take the form of either bouton endings or varicosities. At a classical synapse,
a presynaptic cell’s bouton ending communicates to a specific target,
typically the dendrite of a postsynaptic cell (Fig. 2-3). The bouton and
dendrite are in close apposition but separated by a narrow divide called the
synaptic cleft (see Box 2-1). In contrast, varicosities participate in what is a
far less specific form of communication that is often termed paracrine or
volume transmission. Neurotransmitter released from a varicosity may reach
any postsynaptic element present within the vicinity. Regardless of the
particular morphology, the essence of synaptic communication is the
transfer of information from a presynaptic terminal to target, postsynaptic
cells.

Box 2-1 THE NEURON DOCTRINE

In the 1830s, two German scientists, Schleiden and Schwann, advanced
the idea that plants and animals are made up of small units called cells.
Cell doctrine was applied to the whole body, except the central nervous
system (CNS), where one large continuum or syncytium was postulated.
Then, in 1873, Camillo Golgi developed a silver impregnation method,
now known as the Golgi stain, which marks cells in their entirety—a great
advancement over previously available somatic stains. The Golgi stain
does not stain every cell, as “Nissl” staining does. Only a discernible
number of neurons are stained (up to about 5%), enabling stained neurons
to be followed and studied against a largely unstained background. (Why
some cells are stained and others not in any one tissue section appears
random and remains mysterious.) Using Golgi’s staining technique,
Ramon y Cajal, the greatest neuroanatomist of all time, “saw” anatomical
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gaps between neuronal elements. Instead of a continuous, reticulated
network, Cajal championed the neuron doctrine: Each neuron is an entity
unto itself that closely contacts but is not continuous with other neurons.
Cajal and Golgi shared the Nobel Prize in Physiology or Medicine in
1906, although Golgi never subscribed to the neuron doctrine; indeed,
Golgi used his Nobel Prize lecture to argue, incorrectly, that the brain is
one continuous reticulated tissue.

Cajal made manifold contributions to neuroscience. Although he was a
pure anatomist, looking at Golgi-stained sections day in and day out,
Cajal’s genius was that he saw function from structure, intuiting process
from the static picture afforded him by the light microscopes of the late
19th and early 20th centuries. In other words, Cajal’s ideas were inspired
by, rather than literally adherent to, the microscopic images from which he
could not possibly have detected the synaptic cleft that separates neurons.
Cajal’s genius is further evident in his proposal that neural information
normally flows in one direction, from the dendrites and soma to the axon.
This idea, termed the law of dynamic polarization, now accepted as the
rule, holds that after traveling down the axon, information crosses over a
physical divide to the dendrites and soma of another cell. This point of
transfer, the place where two independent neuronal units communicate, is
a synapse, a term popularized by Sir Charles Sherrington at the end of the
19th century. More important than popularizing the term “synapse,”
Sherrington, the first great neurophysiologist and winner of the 1932
Nobel Prize in Physiology or Medicine, recognized the potential of the
synapse to integrate excitatory and inhibitory information from multiple
sources.

In some neurons, the synaptic terminal is at or very close to the soma.
However, most neurons transfer electrical signals over long distances, and,
for this, an axon is required. The axon, often referred to as a fiber, arises
from a point on or close to the soma, and it is at this axon hillock that graded
synaptic inputs are “translated” into the language of action potentials, all-or-
none electrical potentials that can be propagated over long distances without
diminution or failure. Thus, information, in the format of patterned trains of
action potentials, travels down an axon to postsynaptic targets. The
morphological axon and the physiological action potential are intertwined so
that either both are present or both absent. The determining factor in this
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regard is whether neurons communicate information to distant cells: those
that do have axons and action potentials. In contrast, neurons that
communicate only within the immediate vicinity of the soma have neither
axons nor action potentials. For example, intrinsic retinal neurons send
information to nearby cells, and they lack an axon and do not fire action
potentials.

Axons are unique to neurons; no other cell type has as long processes as
do neurons. The longest neuronal processes can be more than a meter long
(see Box 2-2). This means that the axonal process of a typical neuron (5–25
microns in diameter) contains more than 99.9% of the total neuronal volume.
When all of an axon’s branches, or collaterals, are taken into account, the
total length of an axon may be more than 4 meters. The fact that small
neuronal somata, comprising no more than 0.1% of the neuronal volume, can
support long processes and do so for the decades of an individual’s life
represents a tremendous biological achievement and places the failure of this
process in some individuals into context.

Box 2-2 THE DIMENSIONS OF SINGLE NEURONS VARY BY MANY ORDERS OF
MAGNITUDE

The longest neuronal processes stretch from the foot to the medulla, a
distance of 1.4 meters or more in most adults. To put this into perspective,
if we represent an average neuronal soma of 25 microns1 in diameter by a
baseball, then a thin process with a 2-micron diameter would be
represented by a cylinder that is about the width of a chopstick. The length
of this “chopstick process” would be almost 3 miles (~5km) long in a
person of average height and more than 3.5 miles in a tall individual.
These staggering anatomical proportions highlight the biological
challenges that neurons face in maintaining function throughout the extent
of the entire cell.
1 A micron, symbolized as μm, is 1/1000th of a millimeter; for those not familiar with the metric
system, a millimeter corresponds to less than 0.04 inches. Thus, neurons have a diameter of only a
few thousandths of an inch.

Critical to building and maintaining neurons in their vastness is a highway
system that provides transport between the soma and the synaptic terminals
of even the longest neurons. Neurons transport substances both from the
soma to synaptic terminals and from synaptic terminals back to the soma.
Anterograde axonal transport carries substances made in the soma, such as
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neuropeptides, neurotransmitter-synthesizing enzymes, and mitochondria, to
synaptic terminals where these substances are used. Retrograde axonal
transport carries substances from the synaptic terminals back to the soma.
For example, synaptic terminals may pick up a trophic factor from a target
cell and transport this factor back to the soma (see Box 2-3). In addition,
protein “waste” is transported from the synaptic terminal to the soma for
removal by lysosomes.

Box 2-3 RETROGRADE AXONAL TRANSPORT IS USED BY NEURONS TO SIGNAL A
HEALTHY CONNECTION TO THE TARGET CELL BUT CAN BE HIJACKED BY VIRUSES

Trophic factors released from target cells can be picked up by synaptic
terminals and then transported back to the soma via “backward”
movement along the axon. The movement from the synaptic terminal to
the soma is considered retrograde or backward because it proceeds in the
opposite direction from normal information flow. In the event of damage
to either the axon or the synaptic terminal, retrograde transport is
interrupted and trophic factors do not make it back to the soma. In this
way, news of damage can reach the soma, which may be quite a distance
away. For example, muscle fibers release factors that the terminals of
motoneurons pick up. Interruption of the retrograde signal from muscle to
motoneuron soma results in the motoneurons undergoing chromatolysis, a
form of degeneration that can be detected using a Nissl stain.
Chromatolysis is triggered by the absence of muscle-released factors
transported back to the motoneuron soma.

The transport of trophic factors from the terminal to the soma provides
neurons with continual assurance: “All is well.” Unfortunately, this
healthy process can be hijacked for nefarious purposes. Several
neurotropic viruses are picked up at peripheral terminals and retrogradely
transported to the parent somata. For example, poliovirus, the causative
agent of poliomyelitis, is picked up at the muscle by the terminals of
motoneurons and ultimately can lead to the death of infected
motoneurons, resulting in paralysis of the muscles involved. Varicella
zoster virus, the causative agent of chickenpox, can be picked up by the
terminals of sensory neurons and transported back to the parent somata in
a sensory ganglion. Zoster virus can remain in an inactive state in the
sensory neuron somata for decades. In some individuals, the virus
reactivates, causing an outbreak of herpes zoster (see Chapter 17).
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The intracellular trafficking of molecules going to and from the soma
requires both infrastructure and vehicles for transportation. The neuronal
cytoskeleton is the highway’s infrastructure and is comprised of actin, a
neuron-specific neurofilament, and microtubules. The microtubules form
dynamic lanes that are extended or retracted, stabilized or destabilized
largely through the action of a microtubule-associated protein called tau.
Tau’s role in axonal transport may be key to its role in neurodegenerative
disease (see later discussion in the section “Diverse Neurodegenerative
Diseases Share Common Mechanisms of Pathogenesis”). Moving along the
microtubules are dynein and kinesin, two molecular motors that serve as
vehicles to shuttle cargo up or down an axon. Transport occurs with an
energetic cost as one adenosine triphosphate (ATP) molecule fuels a step of
about 8 nm, meaning that a single trip across a distance of 1 meter would
require more than 100 million molecules of ATP, which, to place in
perspective, is less than a femtomole of ATP.

The raison d’être of an axon is to serve as a conduit or transmission cable
for neural signals sent across a distance to reach the actual launching sites
for neuronal communication, the synaptic terminals. The speed at which an
axon supports action potential conduction, or travel, depends on the width of
the axon and on whether the axon is wrapped in myelin, the insulation that
wraps tightly around axons. Myelin enables the rapid axonal conduction of
action potentials at velocities greater than 1 m/s. Myelin surrounds some but
not all axons. Axons that have a myelin wrap are myelinated, and those that
lack myelin are unmyelinated. The axons with the fastest conduction times
are large in diameter and heavily myelinated. Axons that are unmyelinated
conduct action potentials very slowly. In general, myelin is heaviest and
most prevalent in axons that serve motor purposes, such as the axons of
motoneurons and proprioceptive and vestibular sensory neurons.

NEURONS PARTICIPATE IN PATHWAYS
No neuron is an island, and no neuron functions in isolation. In the human
and, indeed, in all mammals, the activity of a single neuron does not produce
behavior, but groups of neurons can. Neurons that share similar
physiological and anatomical characteristics, receive and make similar
connections, and contribute to similar functions are grouped into
neighborhoods. Somata in the PNS group together within ganglia. In the
CNS, neuronal somata are gathered into spheroidal collections called nuclei;
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into layers, termed laminae; or scattered in a tegmental or reticulated
pattern. Laminae that are organized along the outer rind of the brain form a
cortex (from Latin for “bark”). There are two cortices: in the cerebellum and
in the cerebrum. When not otherwise specified, the term “cortex” invariably
refers to cerebral cortex. A distinction is made between the three-layered
cerebral cortex (e.g., hippocampus) found in both reptiles and mammals and
the six-layered neocortex found only in mammals.

When neurons connected by synaptic contacts produce a certain outcome,
such as visual perception or voluntary movement, we talk of a pathway.
Most of this book concerns pathways. We follow voluntary motor and
autonomic motor pathways from the CNS to the PNS, and we follow sensory
pathways from the PNS to the CNS.

A major distinction between central and peripheral neurons derives from
their different developmental lineages. Peripheral neurons derive from either
neural crest or placodes, whereas central neurons derive from neural tube.
Because the developmental history of central and peripheral neurons differs,
so do the disorders that affect either central (e.g., autism, intellectual
disability) or peripheral (e.g., hereditary sensory autonomic neuropathies)
neurons. Neurons are deemed central or peripheral based on the location of
their cell body (Fig. 2-4). For example, a neuron in a sensory ganglion is a
peripheral neuron because its soma is located in the periphery; this holds
true even though the cell’s axon enters the CNS. By the same rule,
motoneurons that have their cell bodies in the CNS are considered central
neurons even though they send their axons into the periphery.
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Figure 2-4 The distinction between central and peripheral cells is based on the location of the soma.
Most neurons of the brain and spinal cord are contained entirely within the central nervous system
(central neurons), within the meninges. However, whereas the dendrites and somata of motoneurons
and autonomic preganglionic neurons are within the central nervous system, the axons of these cells
exit the meninges to access the periphery. Cells of the enteric nervous system and autonomic ganglion
cells (also termed postganglionic neurons) are contained entirely within the periphery. In contrast,
sensory afferents send an axon into the central nervous system and thereby cross the meninges.
Retrograde transport through motoneuronal axons provides the main route through which substances
may access the central nervous system from the periphery (half arrow marked 1). Herpes virus may
travel through primary afferent processes to access peripheral sensory ganglia (half arrow marked 2)
but does not typically enter the central nervous system. In this and other diagrammatic representations,
cells are not represented to scale.

A second distinction between the central and peripheral nervous systems
is an anatomical one. The CNS is surrounded by the three meningeal layers:
the dura, arachnoid, and pia mater. The integrity of these membranes is
essential for the mechanical and chemical protection of the CNS. Yet the
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meninges have a weakness, which is exploited by polio and rabies viruses as
well as by tetanus toxin. None of these pathogens can cross the meninges,
and yet all can gain access to central neurons. This access is accomplished
by using a “Trojan horse” strategy (see Box 2-3). Motoneurons pick up the
virus or toxin at their synaptic terminal and transport it through the meninges
inside of the motoneuronal axon. Thus, central neurons have vulnerabilities
to peripheral substances.

Pathways are multineuronal, multisynaptic chains of connections between
batches of neurons that are located at some distance from each other. Axons
are the means by which neurons communicate from one location to another
within a pathway. The axons form bundles, which are termed tracts in the
CNS and nerves in the PNS. Although not all axons are myelinated, virtually
all tracts have at least some myelinated axons, and, since myelin is white,
most tracts have an overall white appearance. In contrast, nuclei and cortices
that are dominated by cells and dendrites appear gray in unstained brains.
Thus, regions of cells are termed gray matter, and areas containing axonal
tracts are termed white matter. It should be remembered that various
histological stains can alter the appearance of gray matter, white matter, or
both. For example, application of myelin stains renders white matter blue or
black and makes the unstained gray matter appear white. Indeed, many of
the photomicrographs in this book, particularly those in Section 2, are of
myelin-stained tissue in which “white matter” appears dark and “gray
matter” appears light.

GLIAL CELL TYPES
Most glial cells arise from ectoderm and are termed macroglia, whereas
fewer than 5% are thought to arise from the hematopoietic line and are
termed microglia. There are four main types of macroglia. Two types of
macroglia are part of the PNS:
• Schwann cells provide myelin to peripheral axons.
• Satellite cells support peripheral neurons in sensory and autonomic ganglia.
The other two types reside in the CNS:
• Oligodendrocytes provide myelin to central axons and comprise roughly
75% of central glia.
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