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O[apter

The Development of Neuropsychology

In Sophocles’ (496-406 B.c.) play Oedipus the King, Oedipus finds his way blocked by
the Sphinx, who threatens to kill him unless he can answer this riddle: “What walks on
four legs in the morning, two legs at noon, and three legs in the evening?” Oedipus
replies, “A human,” and is allowed to pass, because a person crawls as an infant, walks
as an adult, and uses a cane when old. The Sphinx’s riddle is the riddle of human nature,
and as time passes Oedipus comes to understand that it has a deeper meaning: “What is
a human?” The deeper question in the riddle confounds Oedipus and remains unanswered
to this day. The object of this hook is to pursue the answer in the place where it should

be logically found: the brain.

he term neuropsychology in its English version originated quite recently, in

part because it represented a new approach to studying the brain.
According to Daryl Bruce, it was first used by Canadian physician William
Osler in his early-twentieth-century textbook, which was a standard medical
reference of the time. It later appeared as a subtitle to Canadian psychologist
Donald O. Hebb’s 1949 treatise on brain function, The Organization of
Bebavior: A Neuropsychological Theory. Although Hebb neither defined nor used
the word in the text itself, he probably intended it to represent a multidiscipli-
nary focus of scientists who believed that an understanding of human brain
function was central to understanding human behavior. By 1957, the term had
become a recognized designation for a subfield of the neurosciences. Heinrich
Kluver, an American investigator into the neural basis of vision, wrote in the
preface to his Bebavior Mechanism in Monkeys that the book would be of inter-
est to neuropsychologists and others. (Kluver had not used the term in the
1933 preface to the same book.) In 1960, it appeared in the title of a widely
read collection of writings by American psychologist Karl S. Lashley—T7he
Neuropsychology of Lashley—most of which described rat and monkey studies
directed toward understanding memory, perception, and motor behavior.
Again, neuropsychology was neither used nor defined in the text. To the extent
that they did use the term, however, these writers, who specialized in the study
of basic brain function in animals, were recognizing the emergence of a sub-
discipline of investigators who specialized in human research and would find
the animal research relevant to understanding human brain function.



2 Part |

BACKGROUND

Today, we define neuropsychology as the study of the relation between
human brain function and behavior. Although neuropsychology draws infor-
mation from many disciplines—for example, anatomy, biology, biophysics,
ethology, pharmacology, physiology, physiological psychology, and philoso-
phy—its central focus is the development of a science of human behavior based
on the function of the human brain. As such, it is distinct from neurology,
which is the diagnosis of nervous system injury by physicians who are special-
ists in nervous system diseases, from neuroscience, which is the study of the
molecular basis of nervous system function by scientists who mainly use non-
human animals, and from psychology, which is the study of behavior more
generally.

Neuropsychology is strongly influenced by two traditional foci of experi-
mental and theoretical investigations into brain function: the brain hypothe-
sis, the idea that the brain is the source of behavior; and the neuron hypoth-
esis, the idea that the unit of brain structure and function is the neuron. This
chapter traces the development of these two ideas. We will see that, although
the science is new, its major ideas are not.

The Brain Hypothesis

People knew what the brain looked like long before they had any idea of what
it did. Very early in human history, hunters must have noticed that all animals
have a brain and that the brains of different animals, including humans,
although varying greatly in size, look quite similar. Within the past 2000 years,
anatomists began producing drawings of the brain and naming some of its dis-
tinctive parts without knowing what function the brain or its parts performed.
We will begin this chapter with a description of the brain and some of its major
parts and will then consider some major insights into the functions of the brain.

What Is the Brain?

Brain is an Old English word for the tissue that is found within the skull.
Figure 1.1 shows a typical human brain as oriented in the skull of an upright
human. The brain has two relatively symmetrical halves called hemispheres,
one on the left side of the body and one on the right. Just as your body is sym-
metrical, having two arms and two legs, so is the brain. If you make your right
hand into a fist and hold it up with the thumb pointing toward the front, the
fist can represent the position of the brain’s left hemisphere within the skull.
Taken as a whole, the basic plan of the brain is that of a tube filled with fluid,
called cerebrospinal fluid (CSF). Parts of the covering of the tube have
bulged outward and folded, forming the more complicated looking surface
structures that initially catch the eye. The most conspicuous outer feature of
the brain consists of a crinkled tissue that has expanded from the front of the
tube to such an extent that it folds over and covers much of the rest of the
brain. This outer layer is known as the cerebral cortex (usually referred to as
just the cortex). The word cortex, which means “bark” in Latin, is aptly chosen
both because the cortex’s folded appearance resembles the bark of a tree and
because its tissue covers most of the rest of the brain, just as bark covers a tree.
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The folds of the cortex are called gyri, and the creases between them are called
sulci (gyrus is Greek for “circle” and sulcus is Greek for “trench”). Some large
sulci are called fissures, such as the longitudinal fissure that divides the two
hemispheres and the lateral fissure that divides each hemisphere into halves
(in our fist analogy, the lateral fissure is the crease separating the thumb from

the other fingers).

The cortex of each hemisphere is divided into four lobes, named after the
skull bones beneath which they lie. The temporal lobe is located at approxi-
mately the same place as the thumb on your upraised fist. The lobe lying
immediately above the temporal lobe is called the frontal lobe because it is
located at the front of the brain. The parietal lobe is located behind the

frontal lobe, and the occipital lobe constitutes
the area at the back of each hemisphere.

The cerebral cortex comprises most of the fore-
brain, so named because it develops from the front
part of the tube that makes up the embryo’s primitive
brain. The remaining “tube” underlying the cortex is
referred to as the brainstem. The brainstem is in turn
connected to the spinal cord, which descends down
the back in the vertebral column. To visualize the rela-
tions between these parts of the brain, again imagine
your upraised fist: the folded fingers represent the
cortex, the hand represents the brainstem, and the
arm represents the spinal cord.

This three-part division of the brain is conceptu-
ally useful evolutionarily, anatomically, and function-
ally. Evolutionarily, animals with only spinal cords pre-
ceded those with brainstems, which preceded those
with forebrains. Likewise, in prenatal development, the
spinal cord forms before the brainstem, which forms
before the forebrain. Functionally, the forebrain medi-
ates cognitive functions; the brainstem mediates regu-
latory functions such as eating, drinking, and moving;
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Figure ] 1 (A) This representation of the human brain shows its
orientation in the head. The visible part of the intact brain is the
cerebral cortex, a thin sheet of tissue folded many times and fitting
snugly inside the skull. (B) Your right fist can serve as a guide to the
orientation of the brain and its lobes. (Glauberman/Photo Researchers.)
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and the spinal cord is responsible for sending commands to the muscles.
Neuropsychologists commonly refer to functions of the forebrain as being
higher functions because they include thinking, perception, and planning. The
regulatory and movement-producing functions of the brainstem and spinal
cord are thus sometimes referred to as lower-level functions.

How Is the Brain Related to the Rest of the Nervous System?

"The brain and spinal cord in mammals such as ourselves are protected by bones:
the skull protects the brain, and the vertebra protect the spinal cord. Because
they are both enclosed within this protective covering, the brain and spinal cord
together are called the central nervous system or CNS. The central nervous
system is connected to the rest of the body through nerve fibers, some of
which carry information away from the CNS and some of which bring infor-
mation to it. These fibers constitute the peripheral nervous system, or PNS.

The fibers that bring information to the CNS are extensively connected to
sensory receptors on the body’s surface, to internal body organs, and to mus-
cles, enabling the brain to sense what goes on in the world around us and in
our body. These fibers are organized into sensory pathways, collections of
fibers that carry messages for specific sensory systems, such as hearing, vision,
and touch. Using information gathered by the various sensory receptors and
sent to the brain over these pathways, the brain constructs its current images
of the world, its memories of past events, and its expectations about the future.
The motor pathways are the groups of fibers that connect the brain and spinal
cord to the body’s muscles. The movements produced by motor pathways
include the eye movements that you are using to read this book, the hand
movements that you make while turning the pages, and the posture of your
body as you read. Motor pathways also influence movements in the muscles of
your internal organs, such as the beating of your heart, the contractions of your
stomach, and the raising and lowering of your diaphragm, which inflates and
deflates your lungs. The pathways that control these organs are a subdivision
of the PNS called the autonomic nervous system.

The Brain Versus the Heart

Since earliest times, people have puzzled over how behavior is produced. Their
conclusions are preserved in the historical records of many different cultures.
Among the oldest surviving recorded hypotheses are those of two Greeks,
Alemaeon of Croton (ca. 500 B.C.) and Empedocles of Acragas (ca. 490—
430 B.C.). Alcmaeon located mental processes in the brain and so subscribed to
what is now called the brain hypothesis; Empedocles located them in the heart
and so subscribed to what could be called the cardiac hypothesis.

"The relative merits of those two hypotheses were debated for the next 2000
years. For example, among Greek philosophers, Plato (427?-347 B.C.) devel-
oped the concept of a tripartite soul (nutritive, perceptual, and rational) and
placed its rational part in the brain because that was the part of the body clos-
est to the heavens. Aristotle (384-322 B.C.) had a good knowledge of brain
structure and realized that, of all animals, humans have the largest brain rela-
tive to body size. Nevertheless, he decided that, because the heart is warm and
active, it is the source of mental processes, whereas the brain, because it is cool
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and inert, serves as a radiator to cool the blood (actually, it turns out that the
blood cools the brain). He interpreted the large size of the human brain as evi-
dence that our blood is richer and hotter than that of other animals and so
requires a larger cooling system.

Early Greek and Roman physicians, such as Hippocrates (ca. 460-377 B.C.)
and Galen (A.D. 129—ca. 199), influenced by their clinical experience, described
aspects of the brain’s anatomy and argued strongly for the brain hypothesis.
Before becoming the leading physician in Rome, Galen spent 5 years as a sur-
geon to gladiators and witnessed some of the behavioral consequences of brain
damage. He went to great pains to refute Aristotle, pointing out that not only
did brain damage impair behavior but the nerves from the sense organs go to
the brain and not to the heart. He also reported on his experiences in attempt-
ing to treat wounds to the brain or heart. He noted that pressure on the brain
causes cessation of movement and even death, whereas pressure on the heart
causes pain but does not arrest voluntary behavior.

Although we now accept the brain hypothesis, the cardiac hypothesis has
left its mark on our language. In literature, as in everyday speech, emotion is
frequently ascribed to the heart: love is symbolized by an arrow piercing the
heart; a person distressed by unrequited love is said to be heartbroken; an
unenthusiastic person is described as not putting his or her heart into it;
an angry person says, “It makes my blood boil.”

Descartes: The Mind—Body Problem

Simply knowing that the brain controls behavior is not enough; the
formulation of a complete hypothesis of brain function requires
knowing how the brain controls behavior. Modern thinking about
this question began with René Descartes (1596-1650), a French
anatomist and philosopher. Descartes replaced the Platonic con-
cept of a tripartite soul with a single soul that he called the mind.
Described as nonmaterial and without spatial extent, the mind, as
Descartes saw it, was different from the body. The body operated

on principles similar to those of a machine, but the mind decided
what movements the machine should make. Descartes was impressed

by machines made in his time, such as those of certain statues that were on dis-
play for public amusement in the water gardens of Paris. When a passerby
stopped in front of one particular statue, for example, his or her weight would
depress a lever under the sidewalk, causing the statue to move and spray water
at the person’s face. Descartes proposed that the body is like these machines. It
is material and thus clearly has spatial extent, and it responds mechanically and
reflexively to events that impinge upon it (Figure 1.2).

The position that mind and body are separate but can interact is called dual-
ism, to indicate that behavior is caused by two things. Descartes’s dualism orig-
inated what came to be known as the mind-body problem: for Descartes, a
person is capable of being conscious and rational only because of having a mind,
but how can a nommaterial mind produce movements in a material body? "To
understand the problem, consider that, in order for the mind to affect the body,
it would have to expend energy, adding new energy to the material world. The
creation of new energy would violate a fundamental law of physics. Thus, dual-
ists who argue that the two interact causally cannot explain how. Other dualists
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Figure ] 2 The concept of a reflex
action originated with Descartes. In
this very mechanistic depiction of how
he thought physical reflexes might
work, heat from the flame causes a
thread in the nerve to be pulled,
releasing ventricular fluid through an
opened pore. The fluid flows through
the nerve, causing not only the foot to
withdraw but also the eyes and head
to turn to look at it, the hands to
advance, and the whole body to bend
to protect it. Descartes applied the
reflex concept to behaviors that would
today be considered too complex to be
reflexive, whereas behavior described
as reflexive today was not conceived
of by Descartes. (From Descartes,
1664.)
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avoid this problem by reasoning either that the mind and body function in par-
allel without interacting or that the body can affect the mind but the mind can-
not affect the body. These dualist positions allow for both a body and a mind by
sidestepping the problem of violating the laws of physics. Other philosophers
called monists avoid the mind-body problem by postulating that the mind and
body are simply two words for the same thing and both are either material or
nonmaterial. Most neuropsychologists are materialists and hold that the terms
mind and brain are two different ways of describing the same object. Clearly, it
would be difficult to be a neuropsychologist who is a nonmaterialist, because
such a person would believe that there are no physical things to study.

In addition to being a dualist, Descartes ascribed functions to different parts
of the brain. He located the site of action of the mind in the pineal body, a
small structure in the brainstem. His choice of this structure was based on the
logic that the pineal body is the only structure in the nervous system not com-
posed of two bilaterally symmetrical halves and moreover that it is located
close to the ventricles. His idea was that the mind in the pineal body controlled
valves that allowed cerebral spinal fluid to flow from the ventricles through
nerves to muscles, filling them and making them move. For Descartes, the
cortex was not functioning neural tissue but merely a covering for the pineal
body. People later argued against Descartes’s hypothesis by pointing out that,
when the pineal body was found to be damaged, there were no obvious changes
in behavior. Today the pineal body is thought to take part in controlling sea-
sonal rhythms.

In proposing his dualistic theory of brain function, Descartes also proposed
that animals did not have minds and so were only machinelike. The inhumane
treatment of animals, children, and the mentally ill was justified on the
grounds that they did not have minds by some followers of Descartes. For
them, an animal did not have a mind, a child developed a mind only when
about 7 years of age and able to talk and reason, and the mentally ill had “lost
their minds.” Misunderstanding Descartes’s position, some people still argue
that the study of animals cannot be a source of useful insight into human neu-
ropsychology. Descartes himself, however, was not so dogmatic. Although he
proposed the idea that animals and humans are different with respect to hav-
ing a mind, he also suggested that the idea could be tested experimentally. He
proposed that the key indications of the presence of a mind are the use of lan-
guage and reason. He suggested that, if it could be demonstrated that animals
could speak or reason, then such demonstration would indicate that they have
minds. As we will note later on, some lines of research in modern experimen-
tal neuropsychology are directed toward the comparative study of animals and
humans with respect to these abilities.

Darwin and Materialism

By the mid-nineteenth century, another theory of the brain and behavior was
taking shape. This was the modern perspective of materialism—the idea that
rational behavior can be fully explained by the working of the nervous system,
without any need to refer to a nonmaterial mind. This perspective had its roots
in the evolutionary theories of two English naturalists, Alfred Russell Wallace
(1823-1913) and Charles Darwin (1809-1892).
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Wallace and Darwin independently arrived at the same conclusion—the
idea that all living things are related. Darwin arrived at the idea much earlier
than Wallace did but failed to publish his writing at that time. So that both
could receive credit for the idea, their papers were presented together before
the Linnaean Society of London in July 1858. Darwin elaborated further
on the topic in On the Origin of Species by Means of Natural Selection, published
in 1859.

Both Darwin and Wallace looked carefully at the structures of plants and
animals and at animal behavior. Despite the diversity of living organisms, they
were struck by the number of similarities and common characteristics. For
example, the skeleton, muscles, internal organs, and nervous systems of
humans, monkeys, and other mammals are remarkably similar. These observa-
tions supported the idea that living things must be related, an idea widely held
even before Wallace and Darwin. But more importantly, these same observa-
tions led to the idea that the similarities could be explained if all animals
evolved from a common ancestor.

Darwin argued that all organisms, both living and extinct, are descended
from some unknown ancestor that lived in the remote past. In Darwin’s
terms, all living things are said to have common descent. As the descendants
of that original organism spread into various habitats through millions of
years, they developed structural and behavioral adaptations that suited them
for new ways of life. At the same time, they retained many similar traits that
reveal their relatedness to one another. The brain is one such common char-
acteristic found in animal species. It is an adaptation that emerged only once
in animal evolution. Consequently, the brains of living animals are similar
because they are descendents of that first brain. Furthermore, if animals are
related and their brains are related and if all behavior of nonhuman animals
is a product of their brains, then all human behavior must also be a product
of the brain.

Some people reject the idea that the brain is responsible for behavior,
because they think it denies the teaching of their religion that there is a non-
material soul that will continue to exist after their bodies die. Others regard the
biological explanation of brain and behavior as being neutral with respect to
religion. Many behavioral scientists with strong religious beliefs see no con-
tradiction between those beliefs and using the scientific method to examine the
relations between the brain and behavior.

Experimental Approaches to Brain Function

Philosophical and theoretical approaches to brain function do not require physi-
cal measures of the brain or experimental methods for testing hypotheses. Those
methods belong to science. Beginning in the early 1800s, scientists began to test
their ideas about brain function by examining and measuring the brain and by
developing methods to describe behavior quantitatively (so that researchers could
check one another’s conclusions). In this section, we will describe a number of
influential experimental approaches to the study of brain function and some of the
important neuropsychological ideas that resulted from them.
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Localization of Function

Philosophers who argue that the mind controls behavior see “the mind” as
indivisible. In their view, theories that subdivide brain function cannot possi-
bly be correct. You may have heard statements such as “most people use only
10% of their brains,” or “he put his entire mind to the problem.” Both sayings
suggest that the brain or mind does its work as a unified whole. Nevertheless,
most victims of brain damage find that some behavior is lost and some survives,
suggesting that different parts of the nervous system have different functions.
In the nineteenth century, physiologists perplexed by such observations would
often puzzle over the symptoms of brain damage and then speculate about how
the observations could be consistent with a holistic notion of the mind.

The first general theory to present the idea that different parts of the brain
had different functions was the phrenological theory of German anatomist
Franz Josef Gall (1758-1828) and his partner Johann Casper Spurzheim
(1776-1832). Gall and Spurzheim made a number of important discoveries in
neuroanatomy that alone give them a place in history. They proposed that the
cortex and its gyri were functioning parts of the brain and not just coverings
for the pineal body. They supported their position by showing through dis-
section that a large pathway called the pyramidal tract leads from the cortex
to the spinal cord, suggesting that the cortex sends instructions to the spinal
cord to command movement of the muscles. As they dissected the pathway
they noted that, as it travels along the base of the brainstem, it forms a large
bulge, or pyramid, on each side of the brain. Because the tract travels from the
cortex to the spinal cord, it is also called the corticospinal pathway. Thus,
not only did they propose that the cortex was a functioning part of the brain,
they also proposed that it produced behavior through the control of other

parts of the brain and spinal cord through this pathway. They
also recognized that the two symmetrical hemispheres of the

Bumps in the region

brain are connected by another large pathway called the cor-

of the cerebellum
were thought to
locate the brain’s
"amativeness” center.

Figure 1 3 According to phrenologists, depressions
(A) and bumps (B) on the skull indicate the size of the
underlying area of brain and thus, when correlated with
personality traits, indicate the part of the brain controlling
the trait. Gall, examining a patient (who because of her
behavior became known as “Gall’s Passionate Widow”),
found a bump at the back of her neck that he thought
located the center for “amativeness” in the cerebellum.
French physiologist Pierre Flourens refuted this hypothesis
by removing a dog’s cerebellum to show that the chief
purpose of the cerebellum is to coordinate movement.

As phrenology (Spurzheim’s name for the theory) grew in
popularity, bumps and depressions that were not even
adjacent to the brain were interpreted as being signs of
behavioral and personality traits—as was the case with
amativeness. (After Olin, 1910.)

pus callosum and thus could interact with each other.

Gall’s behavioral ideas began with an observation made in his
youth. He is reported to have been annoyed by students with
good memories who achieved excellent marks but did not have
an equivalent ability for original thinking. According to his rec-
ollection of those days, the students with the best memories had
large, protruding eyes. Using this crude observation as a start-
ing point, he developed a general theory of how the brain might
produce differences in individual abilities into a theory of brain
function called localization of function. For example, Gall
proposed that a well-developed memory area of the cortex
located behind the eyes could cause the eyes to protrude.

Gall and Spurzheim then began to collect instances of indi-
vidual differences and relate them to other prominent features
of the head and skull. They proposed that a bump on the skull
indicated a well-developed underlying cortical gyrus and
therefore a greater capacity for a particular behavior; a depres-
sion in the same area indicated an underdeveloped gyrus and a
concomitantly reduced faculty (Figure 1.3). Thus, just as a
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person with a good memory had protruding eyes, a person who had a high
degree of musical ability, artistic talent, sense of color, combativeness, or math-
ematical skill would have a large bump in other areas of the skull. Figure 1.3B
shows where they located the trait of amativeness (sexiness). A person with a
bump there would be predicted to have a strong sex drive, whereas a person
low in this trait would have a depression in the same region.

Gall and Spurzheim identified a long list of behavioral traits that were bor-
rowed from English or Scottish psychology. Each trait was assigned to a par-
ticular part of the skull and, by inference, to the underlying part of the brain.
Figure 1.4 shows the resulting map that they devised. Spurzheim called the
study of the relation between the skull’s surface features and a person’s facul-
ties phrenology (phren is a Greek word for “mind”). The map of the relation
between brain functions and the skull surface is called a phrenological map.

Gall and Spurzheim went to considerable effort to gather evidence for their
theory. As Gall described it, he devoted himself to observation and waited
patiently for nature to bring her results to him. Thus, in developing his idea of
the carnivorous instinct, Gall compared the skulls of meat- and plant-eating
animals, collecting evidence from more than 50 species, including a
description of his own lapdog. His studies of human behavior included
accounts of a patricide and a murderer, as well as descriptions of peo-
ple who delighted in witnessing death or torturing animals or who
historically were noted for cruelty and sadism. He also examined the
skulls of 25 murderers and even considered evidence from paintings
and busts.

Interestingly, Gall placed no emphasis on evidence from cases
of brain damage, even though he is credited with giving the first
complete account of a case in which left frontal brain damage
was followed by loss of the ability to speak. The patient was a
soldier who had had a sword pierce his brain through the eye.
Note that, on the phrenological map in Figure 1.4, language is
located below the eye. Yet Gall felt that this type of finding was not
evidence per se but rather confirmation of a finding that was already
established by the phrenological evidence.

Phrenology was seized on by some people as a means of making
personality assessments. They developed a method called cranioscopy, in
which a device was placed around the skull to measure the bumps and depres-
sions there. These measures were then correlated with the phrenological
map to determine the person’s likely behavioral traits. Cranioscopy invited
quackery and thus, indirectly, ridicule by association. Because most of its prac-
titioners produced extremely superficial personality analyses, the entire
phrenological endeavor was eventually brought into disrepute. There were
other problems intrinsic to the theory. For example, the faculties described in
phrenology—characteristics such as faith, self-love, and veneration—are
impossible to define and to quantify objectively. The phrenologists also failed
to recognize that the superficial features of the skull reveal little about the
underlying brain. The outer skull does not mirror even the inner skull, much
less the surface features of the cortex.

A historical remnant from the phrenology era is that the lobes of the cortex
are named after the bones of the skull; for example, the lobes in the front of the
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Figure 1 4 Originally, Gall's
system identified putative locations
for 27 faculties. As the study of
phrenology expanded, the number of
faculties increased. This drawing
shows the location of faculties
according to Spurzheim. Language,
indicated in the front of the brain
(below the eye), actually derived from
one of Gall’s case studies. A soldier
had received a knife wound that
penetrated the frontal lobe of his left
hemisphere through the eye. The
soldier lost the ability to speak. That
case represented the first
comprehensive report of speech loss
following left frontal damage.
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cortex are called frontal lobes and those on the side are called temporal lobes
after the respective overlying bones. Additionally, despite the failure of scien-
tific attempts to correlate appearance with various aspects of behavior, it is not
uncommon to hear people accord virtues to others on the basis of their physi-
cal appearance. Readers might ask themselves how accurate they would be if
asked to judge intelligence on the basis of photographs. Social psychologists
have found that, when university students are asked to make such judgments,
the rule that they apply to the task is, “Beauty equals intelligence.” In fairness
to Gall, we must note that his science attempted an actual physical measure-
ment. His conclusions were inaccurate in part because he did not test his
hypotheses with experiments, a method that was to come into general use only
much later.

Recovery of Function

French physiologist Pierre Flourens (1794-1867) is generally credited with the
demolition of phrenology. Flourens disagreed with Gall and Spurzheim’s cor-
relation of bumps and depressions with behavior, but he did not use argument
alone to decide whose ideas were most accurate. He developed the method of
controlled laboratory experiments. He was not, however, above using ridicule
as well, as the following story from his book Comparative Psychology shows:

The famous physiologist, Magendie, preserved with veneration the
brain of Laplace (a famous French mathematician). Spurzheim had the
very natural wish to see the brain of a great man. To test the science of
the phrenologist, Mr. Magendie showed him, instead of the brain of
Laplace, that of an imbecile. Spurzheim, who had already worked up
his enthusiasm, admired the brain of the imbecile as he would have
admired that of Laplace. (Krech, 1962)

Flourens’s experimental method consisted of removing parts of the brains of
animals to study the changes produced in their behavior. He removed a small
piece of cortex and then observed how the animal behaved and how it recov-
ered from the loss of brain tissue. In essence, he created animal models of
humans who had received injury to a part of the brain by a blow to the head or
by having the skull pierced by a missile. To search for different functions in the
cortex, he varied the location from which he removed brain tissue.

Flourens found that, after he removed pieces of cortex, animals at first
moved very little and neglected to eat and drink, but with time they recovered
to the point at which they seemed normal. This pattern of loss and recovery
held for all his cortex experiments, seeming to refute the idea that different
areas of the cortex had specialized functions. He did find that parts of the
brainstem had specialized functions. For example, he found that the brainstem
is important for breathing, because animals suffocated if it was damaged. He
also found that the cerebellum, a part of the brainstem, coordinates locomo-
tion. Gall had proposed that the cerebellum was the location of “amativeness”
(see Figure 1.3).

Flourens’s experiments furnished neuropsychologists with a number of new
ideas. A strict Cartesian, even to the point of dedicating his book to Descartes,
Flourens invested the cortex with the properties that Descartes had ascribed to
the mind, including the functions of will, reason, and intelligence. Today, we
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recognize that the cortex is indeed central to most cognitive functions.
Another key contribution was the discovery that, after damage to a part of the
brain, substantial behavioral recovery could be expected. A central area of
investigation in neuropsychology today is the paradox of how a behavior recov-
ers even after the area of the brain thought to be central to the behavior has
been damaged. Flourens used these findings to argue, however, that the cortex
worked as a whole. For example, recovery from a cortical injury was possible
because the remaining cortex could do the same things that the missing cortex
had done and so could take over. Flourens’s studies were mainly cursory
descriptions of changes in the motor behavior of animals, however, and so he
has been criticized because he was not really able to adequately test the idea
that different regions of the cortex had different functions.

Localization and Lateralization of Language

A now-legendary chain of observations and speculations led to the discovery
that really launched the science of neuropsychology, the localization of lan-
guage. On 21 February 1825, a French physician named Jean Baptiste
Bouillaud (1796-1881) read a paper before the Royal Academy of Medicine in
France in which he argued from clinical studies that certain functions are local-
ized in the neocortex and, specifically, that speech is localized in the frontal
lobes, in accordance with Gall’s beliefs and opposed to Flourens’s beliefs.
Observing that acts such as writing, drawing, painting, and fencing are carried
out with the right hand, Bouillaud also suggested that the part of the brain that
controls them might possibly be the left hemisphere. Physicians had long rec-
ognized that damage to a hemisphere of the brain impaired movement of the
opposite side of the body. Why, he asked, should people not be left-brained for
the movements of speech as well? A few years later, in 1836, Marc Dax read a
paper in Montpellier, France, about a series of clinical cases demonstrating that
disorders of speech were constantly associated with lesions of the left hemi-
sphere. Dax’s manuscript received little attention, however, and was not pub-
lished until 1865, when it was published by his son.

Although neither Bouillaud’s nor Dax’s work had much effect when first
presented, Ernest Auburtin, Bouillaud’s son-in-law, took up Bouillaud’s
cause. At a meeting of the Anthropological Society of Paris in 1861, he
reported the case of a patient who lost the ability to speak when pressure was
applied to his exposed frontal lobe. Auburtin also gave the following descrip-
tion of another patient, ending with a promise that other scientists inter-
preted as a challenge:

For a long time during my service with M. Bouillaud I studied a patient,
named Bache, who had lost his speech but understood everything said
to him and replied with signs in a very intelligent manner to all ques-
tions put to him. This man, who spent several years at the Bicetre [a
Parisian mental asylum], is now at the Hospital for Incurables. I saw
him again recently and his disease has progressed; slight paralysis has
appeared but his intelligence is still unimpaired, and speech is wholly
abolished. Without a doubt this man will soon die. Based on the symp-
toms that he presents we have diagnosed softening of the anterior lobes.
If, at autopsy, these lobes are found to be intact, I shall renounce the
ideas that I have just expounded to you. (Stookey, 1954)

1"
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Paul Broca (1824-1880), founder of the society, attended the meeting and
heard Auburtin’s challenge. Five days later he received a patient, a Monsieur
Leborgne, who had lost his speech and was able to say only “tan” and utter an
oath. He had paralysis on the right side of his body but in other respects
seemed intelligent and normal. Broca recalled Auburtin’s challenge and invit-
ed Auburtin to examine Tan, as the patient came to be called. Together they
agreed that, if Auburtin was right, Tan should have a frontal lesion. Tan died
on 17 April 1861, and the next day Broca submitted his findings to the
Anthropological Society (this submission is claimed to be the fastest publica-
tion ever made in science). Auburtin was correct, the left frontal lobe was the
focus of Tan’s lesion. By 1863, Broca had collected eight more cases similar to
Tan’s and stated:

Here are eight instances in which the lesion was in the posterior third
of the third frontal convolution. This number seems to me to be suffi-
cient to give strong presumptions. And the most remarkable thing is
that in all the patients the lesion was on the left side. (Joynt, 1964)

As a result of his studies, Broca located speech in the third convolution
(gyrus) of the frontal lobe on the left side of the brain (Figure 1.5). Thus, he
accomplished two feats. He demonstrated that language was localized; thus
different regions of the cortex could have specialized functions. He also dis-
covered something new: functions could be localized to a side of the brain, a
property that is referred to as lateralization. Because speech is thought to be
central to human consciousness, the left hemi-
sphere is frequently referred to as the dominant
hemisphere, to recognize its special role in lan-
guage. In recognition of Broca’s contribution, the
anterior speech region of the brain is called Broca’s
area, and the syndrome that results from its dam-
age is called Broca’s aphasia (from the Greek 4, for
“not,” and phasia, for “speech”).

An interesting footnote to this story is that
Broca did not do a very careful examination of Tan’s
brain. Broca’s anatomical analysis was criticized by
French anatomist Pierre Marie, who reexamined
the brains of Broca’s first two patients, Tan and a
Monsieur Lelong, 25 years after Broca’s death.
Marie pointed out in his article titled “The Third
Left Frontal Convolution Plays No Particular Role
in the Function of Language” that Lelong’s brain
showed general nonspecific atrophy, common in

Figure 1 5 (A) A sketch of the lateral view of the left hemisphere
of the brain showing the superior, middle, and inferior convolutions
(gyri) of the frontal lobes. The convolutions are also referred to as
the first, second, and third. Broca’s area is located in the posterior
third of the inferior convolution. (B) A photograph of the left
hemisphere of the brain of Leborgne (“Tan"), Broca’s first aphasic
patient. (Part B from the Musee Dupuytren; courtesy of Assistance
Publique, Hospitaux de Paris.)
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senility, and that Tan had additional extensive damage in his posterior cortex
that may have accounted for his aphasia. Broca had been aware of Tan’s poste-
rior damage but concluded that, whereas the posterior damage contributed to
his death, the anterior damage had occurred earlier, producing his aphasia.
The question of the extent to which specific functions are localized within the
brain is still being explored today, as we shall see.

Sequential Programming and Disconnection

Broca’s description of aphasia as a condition resulting from left frontal lesions
made the following two-part argument: (1) a behavior, such as language, is
controlled by a specific brain area; and (2) destroying the area selectively
destroys the behavior. People who interpreted Broca’s findings in this way are
called strict localizationists. Many other scientists began to find that other
regions of the brain had localized functions and to interpret their findings in
this way. The first notable scientist to dissent was German anatomist Carl
Wernicke (1848-1904). Wernicke was aware that the part of the cortex that
receives the sensory pathway, or projection, from the ear—and is thus called
the auditory cortex—is located in the temporal lobe, behind Broca’s area. He,
therefore, suspected a relation between the functioning of hearing and speech,
and he described cases of aphasic patients with lesions in this auditory projec-
tion area that differed from those described by Broca.

For Wernicke’s patients, (1) there was damage in the first temporal gyrus;
(2) there was no contralateral paralysis (Broca’s aphasia is frequently associ-
ated with paralysis of the right arm, as described for Tan); (3) the patients could
speak fluently, but what they said was confused and made little sense (Broca’s
patients could not articulate, but they seemed to understand the meaning of
words); and (4) although the patients were able to hear, they could not under-
stand or repeat what was said to them. Wernicke’s finding that the temporal
lobe also was implicated in language disproved the strict localizationists’ view
that language was localized to a part of the frontal lobe. Temporal lobe apha-
sia is sometimes called fluent aphasia, to emphasize that the person can say
words. It is more frequently called Wernicke’s aphasia, however, in honor of
Wernicke’s description. The region of the temporal lobe associated with the
aphasia is called Wernicke’s area.

Wernicke also provided the first model for how language is organized in the
left hemisphere (and the first modern model of brain function). It hypothesizes
a programmed sequence of activities in Wernicke’s and Broca’s language areas
(Figure 1.6). Wernicke proposed that auditory information is sent to the tem-
poral lobes from the ear. In Wernicke’s area, sounds are turned into sound
images or ideas of objects and stored. From Wernicke’s area, the ideas can be
sent through a pathway called the arcuate fasciculus (from the Latin ar¢, for
“bow,” and fasciculus, for “band of tissue,” because the pathway arcs around
the lateral fissure as shown in Figure 1.6) to Broca’s area, where the represen-
tations of speech movements are retained. From Broca’s area, instructions
are sent to muscles that control movements of the mouth to produce the
appropriate sound. If the temporal lobe were damaged, speech movements
could still be mediated by Broca’s area, but the speech would make no sense,
because the person would be unable to monitor the words. Because damage to
Broca’s area produces loss of speech movements without the loss of sound

13
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(A) Wernicke’s model on a chimpanzee brain

(B) Wernicke's model on a human brain
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Figure ] B () Wernicke’s 1874 model
shows how language is organized in the brain.
Sounds enter the brain through the auditory
pathway (a). Sound images are stored in
Wernicke’s area (a’) and are sent to Broca’s
word area (b) for articulation through the
motor pathway (b’). Lesions along this route
(a—a’—b—b') could produce different types of
aphasia, depending on their location.
Curiously, Wernicke drew all his language
models on the right hemisphere and not the
left, which is the dominant hemisphere for
language, as Wernicke believed. Also curious is
that he drew the brain of an ape, which could
not speak, as Wernicke knew. (B) Geschwind’s
model of the neurology of language shows the
regions of the cortex involved in human
speech. Although the model was a useful
summary when published, more recent PET
data have shown it to be limited in explanatory
value. (Part A after Wernicke, 1874.)

Sound images are
stored in
Wernicke's area...

Sound enters the
brain via the
auditory pathway.

images, Broca’s aphasia is not accompanied by a loss
of understanding.

Wernicke also predicted a new language disorder,
although he never saw such a case. He suggested
that, if the arcuate fibers connecting the two speech
areas were cut, disconnecting the areas but without
inflicting damage on either one, a speech deficit that
Wernicke described as conduction aphasia would
result. In this condition, speech sounds and move-
ments would be retained, as would comprehension,
but speech would still be impaired because the
person would not be able to judge the sense of the
words that he or she heard uttered. Wernicke’s pre-
diction was subsequently confirmed. Wernicke’s
speech model was updated by American neurologist
Norman Geschwind in the 1960s and is now some-
times referred to as the Wernicke-Geschwind model.

Wernicke’s idea of disconnection was a completely
new way of viewing some of the symptoms of brain
damage. It proposed that, although different regions
of the brain have different functions, they are inter-
dependent in that, to work, they must receive infor-
mation from one another. Thus, just as cutting a tele-
phone line prevents two people from speaking and so
prevents them from performing a complex action
such as concluding a business deal, cutting connect-
ing pathways prevents two brain regions from com-
municating and performing complex functions.
Using this same reasoning, French neurologist
Joseph Dejerine (1849-1917) in 1892 described a case in which the loss
of the ability to read (alexia, meaning “word blindness,” from the Greek
lexia, for “word”) resulted from a disconnection between the visual area
of the brain and Wernicke’s area. Similarly, Wernicke’s student Hugo
Liepmann (1863-1925) was able to show that an inability to make
sequences of movements (apraxia, from the Greek praxis, for “move-
ment”) resulted from the disconnection of motor areas from sensory
areas. Disconnection is an important idea because it predicts that com-
plex behaviors are built up in assembly-line fashion as information col-
lected by sensory systems enters the brain and travels through different
structures before resulting in an overt response of some kind.
Furthermore, the disconnection of structures by cutting connecting
pathways can result in impairments that resemble those produced by
damaging the structures themselves.

Electrophysiological Confirmation of Localization

Although many researchers were excited by the idea of the localization
of function, others voiced equally strong objections, largely because they
still believed in the indivisibility of the mind. A new approach was devel-
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oped for using electrical stimulation to study the brain, and it, too, supported
the idea of functional localization. This new technique consisted of placing a
thin insulated wire, an electrode, onto or into the cortex and passing a small
electrical current through the uninsulated tip of the wire, thus exciting the tis-
sue near the electrode tip.

In 1870, Gustav Theodor Fritsch (1838-1929) and Eduard Hitzig
(1838-1907) described the new technique in an extraordinary paper, “On the
Electrical Excitability of the Cerebrum.” Hitzig may have derived the idea of
stimulating the cortex from an observation that he made while dressing the
head wound of a soldier in the Prussian war: mechanical irritation of the sol-
dier’s brain caused twitching in the contralateral limbs. Working in Hitzig’s
bedroom, the two colleagues performed successful experiments with a rabbit
and then a dog in which they showed that stimulating the cortex electrically
could produce movements. Furthermore, not only was the neocortex excitable,
it was selectively excitable. Stimulation of the frontal lobe produced move-
ments on the opposite side of the body, whereas stimulation of the parietal
lobe produced no movement. Stimulation of restricted parts of the frontal
lobe elicited movement of particular body parts—for example, neck, forelimb,
and hind limb (Figure 1.7)—which suggested that the cortex possesses topo-
graphic representations of the different parts of the body. Fritsch and Hitzig
summarized their interpretation of these findings in the paper’s conclusion:

Furthermore, it may be concluded from the sum of all our experiments
that, contrary to the opinions of Flourens and most investigators who
followed him, the soul in no case represents a sort of total function of
the whole cerebrum, the expression of which might be destroyed by
mechanical means in toto, but not in its individual parts. Individual
psychological functions, and probably all of them, depend for their
entrance into matter or for their formation from it, upon circum-
scribed centers of the cerebral cortex. (Fritsch and Hitzig, 1960)

The first experiment in which the electrical stimulation of a human cortex
was formally reported was performed in 1874 by Roberts Bartholow
(1831-1904) in Cincinnati. Mary Rafferty, a patient in his care, had a cranial
defect that exposed a part of the cortex in each hemisphere. The following
extract is from Bartholow’s report:

Observation 3. 1o test faradic reaction of the posterior lobes. Passed an insu-
lated needle into the left posterior lobe so that the non-insulated portion
rested entirely in the substance of the brain. The other insulated needle
was placed in contact with the dura mater, within one-fourth of an inch
of the first. When the circuit was closed, muscular contraction in the
right upper and lower extremities ensued, as in the preceding observa-
tions. Faint but visible contraction of the left orbicularis palpebrarum
[eyelid], and dilation of the pupils, also ensued. Mary complained of a
very strong and unpleasant feeling of tingling in both right extremities,
especially in the right arm, which she seized with the opposite hand and
rubbed vigorously. Notwithstanding the very evident pain from which
she suffered, she smiled as if much amused. (Bartholow, 1874)

Bartholow’s publication caused a public outcry and he was forced to leave
Cincinnati. Researchers today believe that he probably stimulated the brain-
stem, not the cortex, because his account says the electrodes were inserted

Electrical stimulation of the
frontal lobe at various points
produced movements on the
opposite side of the body.
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Figure ] 7 Drawing of the brain of
a dog from Fritsch and Hitzig (1870).
The areas from which movements of
the opposite side of the body were
evoked with electrical stimulation are
restricted to the frontal cortex. Note
that the dog’s cortex does not
completely cover the brainstem; so
the cerebellum can be seen.
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about an inch into the brain tissue. The cortex is only a few millimeters thick.
Nevertheless, he had demonstrated that the electrical-stimulation technique
could be used with a conscious person, who could then report the subjective
sensations produced by the stimulation. (The pain that Mary was reported to
have suffered was not caused by stimulation of pain receptors in the brain—
because there are none—but was probably evoked by a part of the brain that
normally receives pain messages from other parts of the body.)

Subsequent research clarified that the movements produced by cortical
stimulation were transmitted along a pathway from the cortex to the spinal
cord through the pyramidal tract, the pathway that Gall had described nearly
a 100 years earlier. David Ferrier (1843-1928), an English physiologist, refined
the stimulation technique and duplicated Fritsch and Hitzig’s results in many
other animals, including primates. The primate studies were especially impor-
tant because they provided a stepping stone for the construction of similar
maps in humans. The technique was adopted by Wilder Penfield (1891-1976)
at the Montreal Neurological Institute in Montreal, Canada, for identifying
functional areas in human patients who were undergoing elective brain surgery
for epilepsy or brain tumors. The maps that he made of a patient’s cortex
helped guide the surgery.

Hierarchical Organization of the Brain

When Fritsch and Hitzig made their historical discovery that stimulation of
restricted parts of the neocortex resulted in specific movement, they concluded
that the cortical area evoking a given movement was necessary and sufficient
for producing that movement. The experiments performed by Friedrich L.
Goltz (1834-1902) in 1892 were intended specifically to test this idea.

Goltz argued that, if a part of the neocortex had a function, then removal of
the cortex should lead to a loss of that function. He made large lesions in three
dogs, removing the cortex and a good deal of underlying brain tissue, and then
studied the dogs for 57 days, 92 days, and 18 months, respectively, until the
dogs died. The dog that survived for 18 months was studied in the greatest
detail. After the surgery, it was more active than a normal dog. Its periods of
sleep and waking were shorter than normal, but it still panted when warm and
shivered when cold. It walked well on uneven ground and was able to catch its
balance when it slipped. If placed in an abnormal posture, it corrected its posi-
tion. After hurting a hind limb on one occasion, it trotted on three legs, hold-
ing up the injured limb. It was able to orient to touches or pinches on its body
and snap at the object that touched it, although its orientations were not very
accurate. If offered meat soaked in milk or meat soaked in bitter quinine, it
accepted the first and rejected the second. It responded to light and sounds,
although its response thresholds were elevated.

In sum, removal of the cortex did not appear to completely eliminate any
function, though it seemed to reduce all functions to some extent. This
demonstration appeared to be a strong argument against the localization of
function and even to cast doubt on the role of the cortex in behavior. We
will see, however, that a new theory of brain function was able to resolve the
seemingly irreconcilable difference between Fritz and Hitzig’s conclusions
and Goltz’s.
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The fundamental disagreement between Goltz and those whom his experi-
ments were intended to contradict was resolved by the hierarchical organiza-
tion concept of brain function proposed by English neurologist John
Hughlings-Jackson (1835-1911). Hughlings-Jackson thought of the nervous
system as being organized in a number of layers arranged in a functional hier-
archy. Each successively higher level would control more complex aspects
of behavior but do so through the lower levels. Often Hughlings-Jackson
described the nervous system as having three levels: the spinal cord, the brain-
stem, and the forebrain. But equally often he assigned no particular anatomi-
cal area to a given level. He had adopted the theory of hierarchy from philos-
opher Herbert Spencer’s argument that the brain evolved in a series of steps,
each of which brought animals the capacity to engage in new behaviors.
Spencer in turn derived his idea from Charles Darwin, who had proposed that
animals evolved from simple to more complex forms. What Hughlings-
Jackson did with Spencer’s theory, however, was novel. He suggested that dis-
eases or damage that affected the highest levels would produce dissolution, the
reverse of evolution: the animals would still have a repertoire of behaviors, but
the behaviors would be simpler, more typical of an animal that had not yet
evolved the missing brain structure.

If the logic of this argument is followed, it becomes apparent how the results
from Goltz’s experiments can be reconciled with those of his opponents. Goltz’s
dogs were “low level” dogs. They were able to walk and to eat but, had food not
been presented to them (had they been required to walk to find food), they
might have failed to take the necessary action and starved. Under the experi-
mental conditions, the walking did not serve a useful biological function.
Hughlings-Jackson’s concepts allowed the special role of the cortex in organiz-
ing purposeful behavior to be distinguished from the role of lower-level brain
areas in supporting the more elementary components of behavior.

Hughlings-Jackson applied his concepts of hierarchical organization to
many other areas of behavior, including language and aphasia. It was his view
that every part of the brain functions in language, with each part making some
special contribution. The relevant question was not where language is local-
ized but what unique contribution is made by each part of the cortex.
Hughlings-Jackson was ahead of his time—so much so, in fact, that his ideas
are central to the way in which we now think about brain function. We now
recognize that functions are localized in one sense but are also distributed over
wide areas of the brain in another sense. An expression sometimes used today
to encompass Hughlings-Jackson’s idea is that behaviors are organized in dis-
tributed systems.

The Neuron Hypothesis

After the development of the brain hypothesis, that the brain is responsible
for all behavior, the second major influence on modern neuropsychology
was the development of the neuron hypothesis, the idea that the nervous
system is composed of discrete, autonomous units, or neurons, that can inter-
act but are not physically connected. In this section, we will first provide a
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Dendrites

Figure 1 8 The major parts of a
neuron include the dendrites, the cell
body, and the axon.

brief description of the cells of the nervous system, and then we will
describe how the neuron hypothesis led to a number of ideas that are cen-
tral to neuropsychology.

Nervous System Cells

The nervous system is composed of two basic kinds of cells, neurons and glia
(a name that comes from the Greek word for “glue”). The neurons are the
functional units that enable us to receive information, process it, and produce
actions. The glia help the neurons out, holding them together (some do act as
glue) and providing other supporting functions. In the human nervous system,
there are about 100 billion neurons and perhaps 10 times as many glial cells.
(No, no one has counted them all. Scientists have estimated the total number
by counting the cells in a small sample of brain tissue and then multiplying by
the brain’s volume.)

Figure 1.8 shows the three basic parts of a neuron. The neuron’s core
region is called the cell body. Most of a neuron’s branching extensions are
called dendrites (Latin for “branch”), but the main “root” is called the axon
(Greek for “axle”). Neurons have only one axon, but most have many den-
drites. Some small neurons have so many dendrites that they look like gar-
den hedges. The dendrites and axon of the neuron are extensions of the cell
body, and their main purpose is to extend the surface area of the cell. The
dendrites of a cell can be a number of millimeters long, but the axon can
extend as long as a meter, as do those in the pyramidal tract that extend from
the cortex to the spinal cord. In the giraffe, these same axons are a number
of meters long.

Understanding how billions of cells, many with long, complex extensions,
produce behavior is a formidable task, even with the use of the powerful instru-
mentation available today. Just imagine what the first anatomists with their
crude microscopes thought when they first began to make out some of the
brain’s structural details. But insights into the cellular organization did follow.
Through the development of new, more powerful microscopes and techniques
for selectively staining tissue, good descriptions of neurons emerged. By apply-
ing new electronic inventions to the study of neurons, researchers began to
understand how axons conduct information. By studying how neurons interact
and by applying a growing body of knowledge from chemistry, they discovered
how neurons communicate and how learning takes place.

The Neuron

The earliest anatomists who tried to examine the substructure of the nervous
system found a gelatinous white substance, almost a goo. Eventually it was dis-
covered that, if brain tissue were placed in alcohol or formaldehyde, water
would be drawn out of the tissue, making it firm. Then, if the tissue were cut
into thin sections, many different structures could be seen.

Early theories described nerves as hollow, fluid-containing tubes; however,
when the first cellular anatomist, Anton van Leeuwenhoek (1632-1723), exam-
ined nerves with a primitive microscope, he found no such thing. He did men-
tion the presence of “globules,” which may have been cell bodies. As micro-
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scopes improved, the various parts of the nerve came into ever sharper focus,
eventually leading Theodor Schwann, in 1839, to enunciate the theory that
cells are the basic structural units of the nervous system, just as they are for the
rest of the body.

An exciting development in visualizing cells was the introduction of staining,
which allows different parts of the nervous system to be distinguished. Various
dyes used for staining cloth in the German clothing industry were applied to
thinly cut tissue with various results: some selectively stained the cell body,
some stained the nucleus, and some stained the axons. The most amazing cell
stain came from the application of photographic chemicals to nervous system
tissue. Italian anatomist Camillo Golgi (1843-1926) in 1875 impregnated tissue
with silver nitrate (one of the substances responsible for forming the images in
black-and-white photographs) and found that a few cells in their entirety—cell
body, dendrites, and axons—became encrusted with silver. This technique
allowed the entire neuron and all its processes to be visualized for the first time.
Golgi never described how he had been led to his remarkable discovery.

Microscopic examination revealed that the brain was nothing like an amor-
phous jelly; rather, it had an enormously intricate substructure with compo-
nents arranged in complex clusters, each intercon-
nected with many other clusters. How did this o
complex organ work? Was it a net of physically &

interconnected fibers or a collection of discrete and Sy (&,
separate units? If it were an interconnected net, then a8 iy

i

changes in one part should, by diffusion, produce ‘
changes in every other part. Because it would be dif-
ficult for a structure thus organized to localize func-
tion, a netlike structure would favor a holistic, or

“mind,” type of brain function and psychology. Original dendrites
are pruned back...

Alternatively, a structure of discrete units function-
ing autonomously would favor a psychology charac-
terized by localization of function.

In 1883, Golgi suggested that axons, the longest
fibers coming out of the cell body, are intercon-
nected, forming an axonic net. Golgi claimed to
have seen connections between cells, and so he did
not think that brain functions were localized. This
position was opposed by Spanish anatomist
Santiago Ramén y Cajal (1852-1934), on the basis
of the results of studies in which he used Golgi’s
own silver-staining technique. Cajal examined the
brains of chicks at various ages and produced beau-
tiful drawings of neurons at different stages of
growth. He was able to see a neuron develop from
a simple cell body with few extensions to a highly
complex cell with many extensions (Figure 1.9). He
never saw connections from cell to cell. Golgi and Cajal jointly received the
Nobel Prize in 1906; each in his acceptance speech argued his position on the
organization of neurons, Golgi supporting the nerve net and Cajal supporting
the idea of separate cells.

A single axon with
two collaterals...

Purkinje cells are
found in the
cerebellum.
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..and the remaining ones grow
to form an extenswe arbor.
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* Cell body

...becomes more
luxuriant.

Figure 1 9 Successive phases
(A-D) in the development of
branching in a type of neuron called
a Purkinje cell as drawn by Ramén y
Cajal (1937).
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On the basis of Cajal’s work on nerve cells, the expression neuron hypothesis
has come to describe the idea that neurons are not physically connected
through their axons. Images produced by electron microscopes in the twenti-
eth century fully support this hypothesis.

Information Conduction

We have mentioned early views that suggested a hydraulic flow of liquid
through nerves into muscles (reminiscent of the way that filling and empty-
ing changes the shape and hardness of a balloon). Such theories have been
called balloonist theories. Descartes espoused the balloonist hypothesis,
arguing that a fluid from the ventricles flows through nerves into muscles to
make them move (see Figure 1.2). English physician Francis Glisson
(1597-1677) in 1677 made a direct test of the balloon hypothesis by immers-
ing a man’s arm in water and measuring the change in the water level when
the muscles of the arm were contracted. Because the water level did not rise,
Glisson concluded that no fluid entered the muscle (bringing no concomi-
tant change in density). Johan Swammerdam (1637-1680) in Holland
reached the same conclusion from similar experiments on frogs, but his man-
uscript lay unpublished for 100 years. (We have asked students in our classes
if the water will rise when an immersed muscle is contracted. Many predict
that it will.)

The impetus to adopt a theory of electrical conduction in neurons came
from an English scientist, Stephen Gray (1666-1736), who in 1731 attracted
considerable attention by demonstrating that the human body could conduct
electricity. He showed that, when a rod containing static electricity was
brought close to the feet of a boy suspended by a rope, a grass-leaf electro-
scope (a thin strip of conducting material) placed near the boy’s nose would
be attracted to the boy’s nose. Shortly after, Italian physicist Luigi Galvani
(1737-1798) demonstrated that electrical stimulation of a frog’s nerve could
cause muscle contraction. The idea for this experiment came from his obser-
vation that frogs’ legs hanging on a metal wire in a market twitched during
an electrical storm. In 1886, Joseph Bernstein (1839-1917) developed the
theory that the membrane of a nerve is polarized (has a positive charge on
one side and a negative charge on the other) and that an electric potential can
be propagated along the membrane by the movements of ions across the
membrane. Many of the details of this ionic conduction were worked out by
English physiologists Alan Hodgkin (1914-1988) and Andrew Huxley
(1917- ), who received the Nobel Prize in physiology in 1963. Their expla-
nation of how neurons conduct information will be more fully described in a
later chapter.

As successive findings refuted the hydraulic models of conduction and
brought more dynamic electrical models into favor, hydraulic theories of
behavior also were critically reassessed. For example, Viennese psychiatrist
Sigmund Freud (1856-1939) had originally envisioned the biological basis of
his theory of behavior, with its three levels of id, ego, and superego, as being a
hydraulic mechanism of some sort. Although conceptually useful for a time, it
had no effect on concepts of brain function, because there was no evidence of
the brain functioning as a hydraulic system.
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Connections Between Neurons As the Basis of Learning

Even though neurons are independent structures, they must influence one
another. Charles Scott Sherrington (1857-1952), an English physiologist,
examined how nerves connect to muscles and first suggested how the connec-
tion is made. He applied an unpleasant stimulation to a dog’s paw, measured
how long it took the dog to withdraw its foot, and compared that rate with the
speed at which messages were known to travel along axons. According to
Sherrington’s calculations, the dog took 5 milliseconds too long to respond.
Sherrington theorized that neurons are connected by junctions, which he
called synapses (from the Greek word for “clasp”), and that additional time is
required for the message to get across the junction. The results of later elec-
tron microscopic studies were to confirm that synapses do not quite touch the
cells with which they synapse. The general assumption that developed in
response to this discovery was that a synapse releases chemicals to influence the
adjacent cell. In 1949, on the basis of this principle, Donald Hebb proposed a
learning theory stating that, when individual cells are activated at the same time,
they grow connecting synapses or strengthen existing ones and thus become a
functional unit. He proposed that new or strengthened connections, sometimes
called Hebb or plastic synapses, are the structural bases of memory. Just how
synapses are formed and change is a vibrant area of research today.

Modern Developments

Given the nineteenth-century advances in knowledge about brain structure
and function—the brain and neuron hypotheses, the concept of the special
nature of cortical function, and the concepts of localization of function and
of disconnection—why was the science of neuropsychology not established
by 1900 rather than after 1949, when the word mneuropsychology first
appeared? There are several possible reasons. In the 1920s, some scientists
still rejected the classical approach of Broca, Wernicke, and others, arguing
that their attempts to correlate behavior with anatomical sites were little
more sophisticated than the attempts of the phrenologists. Then two world
wars disrupted the progress of science in many countries. In addition, psy-
chologists, who traced their origins to philosophy rather than to biology,
were not interested in physiological and anatomical approaches, directing
their attention instead to behaviorism, psychophysics, and the psychoana-
lytical movement.

A number of modern developments have contributed to the emergence of
neuropsychology as a distinct scientific discipline: neurosurgery; psychometrics
(the science of measuring human mental abilities) and statistical analysis; and
technological advances, particularly those that allow a living brain to be imaged.

Neurosurgery

Wilder Penfield and Herbert Jasper, pioneers in brain surgery, have provided
a brief but informative history of neurosurgery. They note that anthropologists
have found evidence of brain surgery dating to prehistoric times: neolithic
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Figure 1 1 U (Left) A trephined skull.
(Right) In the Zulu Nation of southern
Africa, shamans carry a model skull
indicating locations at which holes
should be made to relieve pressure on the
brain in warriors who have received head
injuries in battle. (Top, Keith and Betty
Collins/Visuals Unlimited, Inc.; Bottom,
Obed Zilwa/AP.)

Figure 1 1 1 A human patient held in a

stereotaxic device for brain surgery. The device

allows the precise positioning of electrodes
head. (Michael English, M.D./ Custom Medi
Stock.)

skulls that show postsurgical healing have been found in Europe (Figure
1.10). Similar skulls were left by the early Incas of Peru. It is likely that these
early peoples found surgery to have a beneficial effect, perhaps by reducing
pressure within the skull when an injured brain began to swell up.
Hippocrates gave written directions for trephining (cutting a circular hole
in the skull) on the side of the head opposite the site of an injury
as a means of therapeutic intervention to relieve pressure from a
swelling brain. Between the thirteenth and nineteenth centuries, a
in the number of attempts were documented, some of which were quite
cal successful, to relieve various symptoms with surgery.

The modern era in neurosurgery began with the introduction of
antisepsis, anesthesia, and the principle of localization of function.
In the 1880s, a number of surgeons reported success with operations
for the treatment of brain abscesses, tumors, and epilepsy-producing
scars. Later, the Horsley-Clarke “stereotaxic device” was developed
for holding the head in a fixed position (Figure 1.11). This device
immobilizes the head by means of bars placed in the ear canals and
under the front teeth. A brain atlas is then used to localize areas in
the brain for surgery. Local anesthetic procedures were developed so
that the patient could remain awake during surgery and contribute
to the success of the operation by providing information about the
effects of localized brain stimulation.

The development of neurosurgery as a practical solution to
some types of brain abnormality in humans had an enormous influ-
ence on neuropsychology. In animal research, the tissue-removal,
or lesion, technique had been developed to the point that it became
one of the most important sources of information about
brain-behavior relations. Research on the human brain, however,
was minimal. Most information came from patients with relatively
poorly defined lesions—blood-vessel damage that included the
brainstem, as well as the cortex, or brain-trauma lesions that were
diffuse and irregular. And human patients often lived for years
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after injury; so histological localization (localization of structures on a
microscopic level) was not possible. (Recall Pierre Marie’s criticism of
Broca’s description of Tan’s lesion.) Neurosurgery provided a serendipitous
solution. The surgical removal of cortical tissue in humans was as localized
as the tissue removal in animal experiments. The surgeon would draw a map
of the lesion, sometimes after stimulating the surrounding tissue electrically
to discover the exact extent of the damages. As a result, good correlations
were obtained between focal lesions in the brain and the changes in behav-
ior that resulted from the lesions. Information about behavior obtained
from patients who have undergone surgery is very useful for diagnosing the
causes of problems in other patients. For example, if tissue removal in the
temporal lobes is found to be related to subsequent memory problems, then
people who develop memory problems might also have injury or disease of
the temporal lobes.

Psychometrics and Statistical Evaluation

The first experiments to measure individual differences in psychological func-
tion were made by an astronomer, Friedrich Wilhelm Bessel, in 1796. Bessel
had become curious about the dismissal of an assistant at the Greenwich
observatory near London for always being a second or so slower than his
superior in observing stars and setting clocks. Bessel began a study of reaction
time and found quite large variations among people. Individual differences
were very much a part of Gall and Spurzheim’s phrenology but, unlike their
idea of localization of function, this aspect of their research attracted little
interest.

The question raised by such observations is, How do we explain indi-
vidual differences? Charles Darwin’s cousin Francis Galton (1822-1911)
maintained a laboratory in London in the 1880s, where he gave subjects three
pennies to allow him to measure their physical features, perceptions, and reac-
tion times with the goal of finding individual differences that could explain
why some people were superior in ability to others. Galton’s elegant innova-
tion was to apply the statistical methods of Adolphe Quetelet (1796-1874), a
Belgian statistician, to his results and so rank his subjects on a frequency dis-
tribution, the so-called bell-shaped curve (a graphical representation showing
that some people perform exceptionally well, some perform exceptionally
poorly, and most fall somewhere in between on almost every factor measured).
This innovation was essential for the development of modern psychological
tests. It seems fitting that Galton’s work was directed to describing individual
differences, because Darwin’s evolutionary theory of natural selection
required that individual differences exist. To Galton’s surprise, the perceptual
and reaction time differences that he measured did not distinguish between
the people he was predisposed to think were average and those he thought
were eminent.

French biologist Alfred Binet (1857-1911) came up with a solution to
Galton’s problem of identifying who would perform poorly on a test. In 1904,
the minister of public instruction commissioned Binet to develop tests to iden-
tify retarded children so that they could be singled out for special instruction.
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In collaboration with Theodore Simon, Binet produced what is now known as
the 1905 Binet-Simon scale, designed to evaluate judgment, comprehension,
and reason, which Binet thought were essential features of intelligence. The
tests were derived empirically by administering questions to 50 normal 3- to
11-year-old children and some mentally retarded children and adults. The
scale was revised in 1908; unsatisfactory tests were deleted, new tests were
added, and the student population was increased to 300 children aged 3 to 13
years. From the tests, a mental level was calculated, a score attained by 80%
to 90% of normal children of a particular age. In 1916, Lewis Terman in the
United States produced a version of the Stanford-Binet test in which the intel-
ligence quotient (IQ)—mental age divided by chronological age times 100—
was first used. He set the average intelligence level to equal 1Q 100.

Hebb first gave IQ tests to brain-damaged people in Montreal, Canada, in
1940, with the resultant surprising discovery that lesions in the frontal lobes—
since Gall’s time considered the center of highest intelligence—did not
decrease 1Q scores. Lesions to other main areas not formerly thought to be
implicated in “intelligence” did reduce IQ scores. This counterintuitive find-
ing revealed the utility of such tests for assessing the location of brain damage
and effectively created a bond of common interest between neurology and psy-
chology. Many of the clever innovations used for assessing brain function in
various patient populations are strongly influenced by intelligence-testing
methodology. The tests are brief, easily and objectively scored, and standard-
ized with the use of statistical procedures. In addition, neuropsychologists use
the IQ test to assess patients’ general level of competence; many other tests
that they administer are 1Q-like in that they are rapidly administered paper-
and-pencil tests. Although certain applications of “mental testing” are liable to
criticism, even harsh critics concede that such tests have appropriate uses in
neuropsychology. In turn, mental tests are continually being modified in light
of new advances in neuropsychology.

Advances in Technology

Because advances in technology have been numerous and because we will con-
sider the most important of them later on, we will not describe individual tech-
nological advances here. Instead, we offer Flourens’s often-repeated observa-
tion that “methods give the results,” which was his argument in advocating the
experimental method over Gall’s anecdotal, merely confirmatory approach. It
was repeated by Fritsch and Hitzig when they overthrew Flourens’s dogma
concerning the mind and the cortex. Progress in science requires advance-
ments in theory and methodology, but it also depends on improvements in
technology. In fact, in response to the question of why papers on methods are
those most cited in science, one wag declared that you cannot conduct an
experiment with a theory. Only through technological advance could the in-
ternal structure of neurons be visualized, their electrical activity recorded,
and their biochemical activity analyzed and modified. Only through technol-
ogy can the processes of disease, degeneration, and regeneration in the ner-
vous system be understood. In fact, methodology and results are often so
intimately linked that they cannot be dissociated. Technological advances pro-
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vide new opportunities to review old and well-established ideas, and old and
well-established ideas should be thrown into the mill of technological innova-
tion for confirmation or modification.

An important current area of technological advance is brain imaging, of
which there are a variety of methods. All of them take advantage of the ability
of computers to reconstruct images of the brain. The images describe regional
differences in structure or function, electrical activity, cell density, or chemical
activity (such as the amount of glucose that a cell is using or the amount of oxy-
gen that it is consuming). Whereas once the neurologist and the psychologist
administered time-consuming batteries of tests to patients to locate the site of
brain injury, brain-imaging techniques quickly provide a picture of the brain
and the injury. The use of such techniques does not mean that neurologists and
neuropsychologists are no longer needed. Individual assessments of patients
are still required for treatment and research. Moreover, individual brains can
be surprisingly different, and so it is difficult to predict what job a given brain
region does for a given person.

Brain-imaging methods are important in another way, too. Some imaging
techniques can reveal changes in the brain at the very moment a task is being
performed or learned or both. The imaging methods thus provide a new and
extremely powerful research tool for investigating how the brain produces
behavior and changes with experience.

Summary

This chapter has sketched the history of two formative ideas in neuropsycholo-
gy: (1) the brain is the organ of the mind and (2) the cell is its functional unit.
The chapter has also examined some early ideas of how the brain functions.
Early scientists argued about whether each specific brain function—language
for example—is localized in a particular part of the brain or whether many dif-
ferent brain areas participate to produce the function. The conclusion was that
brain functions are localized and require the participation of a number of dif-
ferent brain areas as well. Extensive damage in the cortex was found to leave
surprisingly complex functions intact. The theory of hierarchical organization
accounted for this observation by proposing that the brain evolved in steps, with
each step adding a new level of complexity to behavior. The brain is composed
of cells, and neurons are its functional units. Neurons are autonomous but can
work in conjunction through existing synapses or by forming new synapses.

Studies of human surgical patients with well-localized brain lesions,
improvements in the use of statistics to develop and interpret behavioral tests,
and the continuing development of technology have all provided new ways of
evaluating favored theories.

Although this chapter has focused on the history of the current science of
neuropsychology, the history presented is selective. Many important people
and interesting stories have been omitted. We wish nevertheless to leave the
reader with the thought that to know history is to be able to replicate it, to
advance it, and even to confound sphinxes with it.
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Origins of the Human Brain
and Behavior

A badger recounts the story that God created all animals as embryos and called them be-
fore his throne, offering them the changes that they desired. They opted for specialized
adult features, claws, teeth, hoofs, antlers, and so forth. But the human embryo, trusting
God’s judgment, accepted the way it was made. The creator was delighted and said that
it would therefore remain an embryo until buried but would dominate the other animals,

walk upright, and feel sorrow and feel joy. (White, 1958)

he embryo who walks upright belongs to the primate order, a group of an-
imal families that includes lemurs, tarsiers, monkeys, and apes, all having
diverged from a common ancestor. The primate order is shown in Figure 2.1 in
the form of a cladogram, a graph that shows the relative time of origin of

Lemurs Tarsiers New World 0ld World Gibbons Oraﬁahtans Gorillas Chimpanzees Humans
and lorises monkeys monkeys

In general, brain size
increases, with humans
having the largest brains.

Figure 21 A cladogram illustrating a hypothetical relation between
the families of the primate order. Humans are members of the family of
apes. In general, brain size increases from left to right across the
groupings, with humans having the largest brains.

Common
ancestor
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various closely related groups. Primates have excellent vision, including color
vision and eyes positioned in the front of the face to enhance depth perception,
and they use this excellent vision to deftly guide their hand movements. Female
primates usually produce only one infant per pregnancy, and they spend a great
deal more time caring for their young than most other animals do.

In the past 5 million to 8 million years, the embryo that walked upright di-
verged from its ancestral ape lineage, acquiring a number of characteristics that
distinguished it from other apes. It was taller, and there was less difference in
height between males and females. It was bipedal, had long legs, and was such
a great traveler that its descendents populated every habitable continent.
Changes in hand structure allowed the skilled use of tools. Changes in tooth
structure and a massive reduction in jaw size facilitated the consumption of a
more varied diet. Its brain underwent an unmatched evolution in size, increas-
ing to about five times its original volume.

Although the purpose of this book is to describe the functions of the human
brain as we know it today, an important clue to understanding the brain of
modern humans is to consider its origins and the evolutionary forces that
sculpted it. In this chapter, we shall examine the evolutionary history of this
special brain.

Species Comparison

Why Study Nonhuman Animals?

Many people draw a sharp distinction between the study of the human brain
and behavior and the study of nonhuman animals. They assume that both hu-
man neuroanatomy and human cognitive processes (that is, thinking) differ
fundamentally from those of other animals. After all, humans talk, read, write,
and do all sorts of things that monkeys and rats do not.

"This line of reasoning is wrong. Human and chimpanzee bodies are very
similar, their brains are very similar, and their behavior is very similar. Thus,
psychologists who work with chimps and other apes assume that the things
learned about them are applicable to the human brain and to human behavior.
Researchers also find that comparisons with more distantly related species,
such as rats or cats and even slugs and fruit flies, are very informative. The be-
havior of the rat is extremely complex. Most structures of the rat brain are
much like those of the human brain, and many aspects of neocortical function
in laboratory rats are remarkably similar to those of humans. Slugs are espe-
cially useful for studying how neurons interconnect to produce behavior be-
cause their nervous systems are relatively simple. Fruit flies are useful for
studying the genetic basis of behavior because many generations of flies can
quickly be produced in the laboratory.

In emphasizing the utility of interspecies comparisons, we are not saying
that other animals are merely little people in fur suits. We are emphasizing,
rather, that the similarities between humans, monkeys, rats, and other animals
suggest that the study of other animals can make an important contribution to
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an understanding of human behavior-brain relations. Behavior-brain compar-
isons across species provide information that would be difficult to obtain from
the study of a single species, even one as interesting as humans. Additionally,
the behavior-brain relations of other animals are interesting in themselves, as
bird watchers, pet owners, and naturalists will confirm.

Questions That Can Be Addressed by Using Nonhuman Animals

What questions can be addressed through the study of nonhuman species?
There are three primary lines of neuropsychological research in animals:
(1) studies directed toward understanding the basic mechanisms of the brain,
(2) studies designed to produce models of human neurological disorders,
and (3) studies that aim to describe the phylogenetic (evolutionary) develop-
ment of the brain. We shall consider each of them separately in the following
paragraphs.

One purpose of cross-species comparisons in neuropsychology is to arrive
at an understanding of the basic mechanisms of brain function. For example,
the eye, a very complex organ for detecting light, takes different forms in dif-
ferent species. Thus, fruit flies and mammals have eyes that appear to have lit-
tle in common. Although their apparent differences were taken as evidence
that the eye evolved a number of times, the results of recent studies of the
genes responsible for coding information about how the eye should develop
suggest that the same genes are implicated in all species. According to Hetzer-
Egger and coworkers, a gene called Pax may be responsible for eye develop-
ment in all seeing animals, suggesting a much closer relationship between
apparently very diverse kinds of animals than had been suspected previously.
Similarly, very similar genes, called homeobox genes, take part in body seg-
mentation in both fruit flies and humans. Thus, segmentation of the human
nervous system into the spinal cord, brainstem, and forebrain is produced by
genes first discovered in fruit flies. The differences in structure of the eye and
the nervous system in different animal species are the products of slight alter-
ations, called mutations, in genes and in the way the products of those genes
interact with the products of other genes.

The second goal of comparative work is to produce models of human neu-
rological disorders. The aim is to produce the disorder, then manipulate nu-
merous variables to understand the cause, and ultimately formulate a
treatment. For example, Parkinson’s disease is associated with aging in hu-
mans and can affect as many as 1% of the population older than 65 years of
age. The symptoms include rigidity that impedes voluntary movement, bal-
ance problems, and tremors of the hands and limbs. The cause of Parkinson’s
disease is unknown, and there is no cure. Thus, scientists have three goals in
finding treatments: to prevent the disease, to slow its progression once it has
occurred, and to treat the symptoms as the disease progresses. Models have
been developed in the mouse, rat, and monkey to seek the causes of this ab-
normal behavior and to find treatments. The animals are substitutes for hu-
mans, because similar principles are assumed to underlie the emergence and
treatment of the disorder in humans and nonhumans alike.

The third rationale for using nonhuman species is to provide a description
of how the mammalian brain and behavior evolved. Studying the evolutionary
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Figure 22 A phylogenetic tree showing the probable
times of origin and affinities of the orders of mammals
most commonly studied in comparative psychology and
neuropsychology. Note that all contemporary species are
the same evolutionary age. (After Young, 1962.)
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development of the human brain may be as important
to understanding what humans are as the study of in-
fants is to understanding what adults are. The re-
search is done in two ways. First, experiments with
rats, cats, dogs, and rhesus monkeys permit infer-
ences about how the environments in which such a
species lived shaped its evolution, brain, and behav-
ior. All these species evolved independently from
some primitive mammalian ancestor, as shown in
Figure 2.2. Second, because these species are related,
commonalities can tell us something about what we
inherited in common with them and especially with
the species in our own primate lineage.

The Use of a Quasi-Evolutionary Sequence

To do comparative work from a phylogenetic per-
spective, researchers choose species that constitute
what Hodos and Campbell termed a quasi-evolu-
tionary sequence. That is, they use a series of animals
thought to represent consecutive stages in evolution-
ary history. In some cases, an animal is chosen because
it is the living descendant of an ancestor that is no
longer available to be studied. For example, the lin-
eage to which humans belong includes ancestors of
hedgehogs, tree shrews, bush babies, monkeys, and
apes (to name just a few). Researchers gen-
erally assume that these present-day ani-
mals resemble the common ancestor
closely enough to stand in for it. Notice in
Figure 2.3 that, when a quasi-evolutionary
sequence is constructed, a comparison of
the brains and behaviors of the animals in
the sequence reveals a correspondence be-
tween new structural developments and
new behaviors. For example, striate cortex
(cortex with a striped appearance) is visual
cortex, and its presence in tree shrews con-
fers an ability to see branches, heights, and
insects. This ability is not important to
(and not present in) the ground-dwelling
hedgehog, which represents an earlier

Human

Millions of years ago

Figure 23 Phylogenetic relationships among the experimental subjects forming a
quasi-evolutionary lineage. Hedgehogs, tree shrews, bush babies, monkeys, and apes
are living animals taken to be close approximations of the ancestors of humans. Note
the brain changes that occurred at the branches in this lineage. (After Masterton and

Skeen, 1972.)
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10 0 stage in the sequence. By the same token,
the large temporal lobe in the bush baby is
related to this animal’s ability to select for
itself a highly varied diet of insects, fruits,
leaves, and more. The large frontal lobes
of the rhesus monkey are related to its very

complex group social life. The large pari-
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etal lobe of humans is probably a correlate of our abilities to perform the skilled
movements required in toolmaking. Thus, tracking the evolution of new brain
features and the evolution of new behavioral features can be a source of insight
into what the different parts of the brain do.

Human Origins

The story of our knowledge about human origins begins in 1859 with Darwin’s
publication of Origin of Species. Darwin carefully avoided the then inflamma-
tory subject of human ancestry, preferring to emphasize his studies of barna-
cles, extinct clams, and exotic animals from the faraway Galapagos Islands. His
only reference to human evolution appears at the end of the book, where he
states: “Light will be thrown on the origin of man and his history.” Later, in
1871 Darwin concluded in his book The Descent of Man that humans descended
from a “hairy, tailed quadruped, probably arboreal in its habits.” Through the
years, the public has largely grown accustomed to the idea of being descended
from apes.

Scientists study the evolution of modern humans by examining the fossil re-
mains of hominids, our humanlike ancestors and their near relatives, and arti-
facts such as tools that are found with those remains. These scientists carefully
examine the structure of hominid bones, make a morphological reconstruction
of a specimen, and compare it with other examples in extinct and living species.
Figure 2.4 shows a morphological reconstruction of Neanderthal, who lived in
Europe and is related to modern humans but disappeared about 40,000 years
ago. Contrary to the original assumption that the Neanderthal people were
brutish, stooped characters, reconstructions demonstrate how similar to us
they really were. Using the ages of the sediments within which the bones of

Figure 24 Reconstruction of the facial features of Neanderthal man. To the bare bones, temporal
muscles and an outline of the skin are added. Arrows mark points where thickness is based on needle
probes of humans or orangutans. Nose shape is based on projections from bony landmarks. The
reconstruction contrasts markedly with previous depictions that represented Neanderthals as dull
witted and stooped. (Reconstruction by Jay Matternes. From B. Rensherger. Facing the past. Science
41-81, October 1981. Copyright © 1981. Reprinted with permission.)
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different hominids are found, researchers have created a lineage of hominid
species that includes their approximate time of origin.

The Episodic Evolution of Humankind

According to Darwin, evolution is shaped largely by processes of natural se-
lection and sexual selection. By natural selection, Darwin meant the accidental
development of skills that allowed animals to exploit new habitats or niches
and therefore survive when other animals didn’t. By sexual selection, he meant
the development of characteristics in one sex of a species that members of the
other sex found appealing. Individual organisms with such characteristics
would be more likely to mate, producing offspring with the same characteris-
tics. Many of the differences in appearance of the two human sexes are the re-
sult of sexual selection. Darwin believed that the evolution of species was slow,
occurring on time scales of tens of thousands of years.

Today, a hundred years after Darwin, the fossil record is well documented
and has given rise to a new theory about the pace of evolution, the theory of
punctuated, or episodic, evolution. This theory suggests that speciation occurs
very rapidly, probably over a few hundred or a few thousand years. Instead of
changing gradually throughout their existence, most species exhibit little sig-
nificant change during their tenure on earth. They disappear in the fossil record
looking much the same as when they appeared in it. Although modern humans
do have ancestors, the appearance of modern humans was indeed sudden.

Although life may have existed on earth for some 650 million years, the fos-
sil record shows that true mammals made their appearance only about 150 mil-
lion years ago, and monkeylike mammals, or primates, first appeared only
about 25 million years ago. Those first ancestors of ours lived during what was
perhaps truly the age of primates. Almost the entire land mass of the planet was
covered by jungles, a habitat in which primate species thrive.

Relatedness between humans and apes can be determined by comparing pro-
teins, such as hemoglobin or albumin, two important constituents of blood.
Proteins are chains of hundreds of amino acids, and in any protein many of the
amino acids can vary without affecting the function of the protein. The amino
acid sequence of a protein in one species can be compared with the amino acid
sequence in the same protein in another species. A change in one amino acid may
occur on average about once every million years; so the differences between pro-
teins provide a molecular clock that can be used to compare the ages of different
species. For example, geological evidence says Old- and New-World monkeys
diverged from each other 30 million years ago. Their 24 differences in albumin
amino acids suggest a rate of one amino acid change every 1.25 million years. If
we apply this rate of change to apes, we can conclude that chimpanzees and hu-
mans diverged from each other about 5 million to 8 million years ago.

The relatedness of different species can also be determined by comparing their
deoxyribonucleic acid (DNA), the genetic material in the nucleus of a cell. Genes
are segments of DNA that specify what proteins a cell should make. Each gene is
a long chain of four kinds of nucleotide bases. Through mutations, the sequence
of bases can change to some extent and still leave a functional gene. Researchers
use enzymes to cut DNA into short segments that they then place in a synthetic
gel and subject to an electrical current. The current causes the segments to line up,
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longest to shortest, producing a signature of the gene’s owner. Signatures of dif-
ferent species or even different individual members of the same species can be
compared and calibrated by using known time relations (as described earlier) to es-
tablish relatedness. Signatures of modern humans and chimpanzees suggest that
they have 99% of their genes in common and are each other’s closest living rela-
tives. So chimps and humans have a common ancestor. Obviously, the difference

of 1% still produces a huge difference between the two species.

Behavioral studies also indicate that humans and chimps are closely related.
Ethologist Jane Goodall’s behavioral studies of chimpanzees paint a picture of a
species so similar to humans that one has the impression of looking into a mirror.

These animals occupy large territories that the males defend as a group. The
males wage war and kill neighbors to expand their territories. The animals
are great travelers, ambulating along the ground, at a rate that humans have
difficulty matching, for distances of 8 km or more a day. They are omni-
vores, eating vegetation, fruit, and insects, but they can also hunt coopera-
dvely to catch monkeys, pigs, and other mammals. They have complex
social groups within which family relations are important both for the indi-
vidual chimpanzee and for the group structure. Finally, they have rich man-
ual, facial, and vocal communication capabilities, and they construct and use
tools for defense and to obtain food and water.

Australopithecus: The East Side Story

The evolution of humans from an ape ancestor to Homo sapiens was not
as linear as people tend to imagine. The human (hominid) family tree is
really a bush: for much of hominid history, many family members were
alive at the same time. Today, however,
our species is the only surviving member,  (B)
sitting alone on the last living branch
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characteristic: they walked upright. The conclusion that they walked upright is
based on the description of numerous bones and on the discovery of fossilized
footprints dated from 3.6 million to 3.8 million years ago. The footprints fea-
ture a well-developed arch and big toe and point straight ahead, a pattern much
more like that of humans than that of apes. Fossilized remains show that there
were a number of distinct species of Australopithecus living in East Africa and
Ethiopia. (For an enjoyable account of the discovery of the Ethiopian fossils,
we recommend D. Johanson and M. Edey’s book, Lucy: The Beginnings of
Humankind.) According to Pickford, the first hominids may have appeared
much earlier, as long ago as 6 million years, making Australopithecus a long-lived
family group consisting of many species, one of which gave rise to the ancestors
of modern humans.

Why did the hominid lineage diverge from its ape ancestor? Coppens ad-
vanced what he calls the “east side theory.” Geological deposits on the east side
of the Great Rift Valley, which runs from north to south dividing Africa in two,
have yielded many fossils of hominids deposited through millions of years, but
no fossils of apes at all. On the west side of the rift valley, the fossil record in-
dicates that chimpanzees and gorillas currently live pretty much unchanged
from what they were more than 15 million years ago. Coppens proposed that
about 8 million years ago a tectonic crisis (a deformation of the earth’s crust)
produced the Great Rift Valley, leaving a wet jungle climate to the west and a
much drier climate to the east. To the west the apes continued unchanged,
whereas to the east the apes had to evolve rapidly to survive in the mixture of
trees and grass that formed their new brushwood habitat. According to Teaford
and Ungar, a distinctive feature of the new hominids was a change in dentition
that included a reduction in the size of the incisors and a flattening of the mo-
lars. These animals were able to consume a much more varied diet than that
consumed by ancestral apes. Their legs were longer, too, and thus better suited
to over-ground locomotion.

There are two versions of how the evolution of hominids took place. The
down-from-trees hypothesis proposes that the trees’ being farther apart required
apes to adopt bipedal locomotion. The accompanying change in posture re-
duced the area of the body exposed to the sun and permitted the loss of body
hair. The water-baby hypothesis, proposed by Hardy, suggests a different order
of events, beginning with a hypothetical naked ape swimming and foraging on
the beaches of the ocean and later forced to abandon its semiaquatic habitat
when the ocean receded. In this scenario the animal is described as finding
bipedalism and lack of body hair advantageous in swimming; it then retains
these features when it adapts to the land. Whichever story is correct, the ape
continued to climb trees but changed to an upright posture and adopted a
much more varied diet. Brain size did not change much, an indication that
changes in brain size could not have been due simply to adopting an upright
posture and thus having the hands free.

Homo Habilis: The Omo Story

The oldest fossils to be designated as Homzo (the genus to which modern hu-
mans belong) were found by English anthropologist Louis Leakey in the
Olduvai Gorge in Tanzania in 1964, dated at about 1.75 million years old. The
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specimens bear a strong resemblance to Australopithecus, but Leakey argued
that the dental pattern is more similar to that of modern humans. The animal
apparently made simple stone tools, which were also found in the Olduvai
Gorge, and so Leakey named the species Homo habilis (that is, “handyman”).
There were a number of species of Homo alive at this time, which raises the
question whether Homo habilis or some other, similar species is the ancestor of
modern humans. Homo habilis was not necessarily the first toolmaker. Semaw
suggested that stone tools were made as early as 2.6 million years ago by
Australopithecus.

Coppens argued that the appearance of Homo habilis was related to climatic
change. He studied a site on the Omo River that contained a continuous strati-
graphic record starting 4 million years ago and ending 1 million years ago. The
record indicates that 4 million years ago the climate was more humid and the
vegetation was brushwood, whereas 1 million years ago the area was less hu-
mid and the vegetation was savanna or grassland with only occasional trees. It
was during the latter period that Homo habilis appeared, having a distinctively
larger brain and using tools.

In early descriptions, Homo habilis was characterized as a hunter-gatherer,
with the males specializing in hunting and the females specializing in collect-
ing nuts and digging for roots. One consequence of the hunter-gatherer the-
ory was the idea that men’s superiority in spatial skills (compared with those of
women) can be explained by the Homzo habilis males’ having to navigate long
distances in search of prey, which they then killed by throwing spears. A corol-
lary to this idea was that females, confined to the home base, developed social,
language, and clothes-making skills that were important for instructing chil-
dren and maintaining the social structure of the group.

This theory has some improbable features. Early hominids were not large:
males were less than 5 feet tall and weighed about 100 pounds; females were
smaller still. The animals on the savannas were much like the animals that live
there today, and it is difficult to see how these early hominids could have been
successful in hunting them. The animals are much too fast and dangerous, and,
furthermore, the hominids would have been relatively defenseless and subject
to predation from large cats and packs of dogs.

A more recent theory, suggested by Blumenschine and Cavallo, is that the
most likely ecological niche for a savanna hominid to occupy was that of a scav-
enger. Many animals would die as a result of age, hunger during droughts, or
predation. Carcasses could be found on the open savanna, around water holes,
or in trees where they had been placed by leopards. The meat would be fresh
for a day or two after death. A scavenger that could locate and butcher them
quickly by daylight could compete with nocturnal scavengers such as jackals
and large cats and so would have an ample supply of food. Such a scavenger
would have to learn to read the environment and watch the activities of vul-
tures, predators, and animal herds. Lacking the sharp teeth (for tearing skin)
and strong jaws (for crushing bones to get the marrow) that other scavengers
possessed, the new scavenger would need to be adept with sharp flakes of rock
and hammers. It would also have to be a good carrier to retreat quickly to the
safety of trees or rocks without abandoning the meat and bones. Importantly,
scavenging, toolmaking, and butchering would have been a family affair.
Children, with their keen eyesight, would have made an important contribution
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by locating carcasses, and the entire community would have participated in
toolmaking, butchering, and carrying.

There was a big difference in brain size between Australopithecus and Homo
habilis, which may have been related to scavenging. Such a life-style would have
depended heavily on sensory, motor, and social skills. The fact that Homo ha-
bilis artifacts include the tools required for scavenging—stone flakes and ham-
mers—but not the tools used for hunting provides additional support for the
scavenging hypothesis.

Homo Erectus: The Traveler

Homo habilis is thought to have given rise to another species, Homo erectus (“up-
right human”), so named because of a mistaken notion that its predecessors
were stooped. It first shows up in the fossil record about 1.9 million years ago
and lasts until at least 400,000 years ago. Homzo erectus has a pivotal position in
this history. Its brain was significantly larger than that of any preceding animal
and, unlike Australopithecus and Homo habilis, this creature was a globetrotter;
its remains are found in East Africa as well as in Java (Java man) and China
(Peking man). It first left Africa about 1.9 million years ago, making a number
of new invasions into Europe and Asia in the next million years.

Homo Sapiens: The Eve Story

There are two explanations of the origins of modern humans. Until about 30,000
years ago, Africa, Europe, and Asia were occupied by a variety of human groups.
The Neanderthal group occupied Europe. Neanderthal looked very much like
us, having as large a brain but a stockier and stronger body, built more for
strength than for swiftness. Neanderthals apparently buried their dead with
flowers, arguably the first evidence of religious belief. Thorne and Wolpoff point
out that modern humans living in Asia have physical features that resemble those
of ancient hominids who lived there as long ago as 500,000 years. Modern hu-
mans living in Europe have the physical features of ancient hominids who lived
in Europe. Thus, argue Thorne and Wolpoff, modern humans evolved in many
places, from many hominid groups, at about the same rate. New adaptive genes,
such as those that might have increased brain size, were disseminated through-
out these diverse populations by migration, trade, and other social interactions.

The other explanation is based on biochemical evidence. A mitochondrial
analysis of modern people by Cann and her coworkers suggests that all mod-
ern people descended from an ancestral “Eve” who lived in Africa about
200,000 years ago. Mitochondria are tiny, DNA-containing structures found in
every cell and help produce energy for the cell’s use. They are passed from fe-
males to their offspring in the cytoplasm (inner fluid) of the ovum. In other
words, whereas humans receive nuclear DNA from both parents, they receive
mitochondrial DNA from the mother only. The DNA of mitochondria is an-
alyzed in the way described earlier for nuclear DNA.

Besides confirming a common ancestor for all modern humans within the
past 200,000 years, Cann’s analysis also suggests that there has been extensive in-
termingling between different modern human populations. These conclusions
have since been supported by an analysis by Jin and Su of DNA from the Y chro-
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mosome (the male sex chromosome), which permits the tracking of relationships
through substances passed only between males. Asiatic males have mutations on
the Y chromosome that are similar to the mutations on the Y chromosome of
African males. The logic of parsimony says it is unlikely that these mutations oc-
curred twice. Instead, the ancestors of Asiatic males probably originated in
Africa. In sum, the evidence points to an ancestral stock that divided into two
groups, one of which remained in Africa while the other migrated into Europe
and elsewhere. The analysis further suggests that modern humans did not sim-
ply migrate, settle, and develop into different races. Rather, modern humans mi-
grated continually, populating and repopulating all habitable parts of the world
and intermingling several times, as they continue to do today. The kind of mi-
gration, intergroup contact, and intermingling that so typifies the past few cen-
turies has apparently been the historical pattern for Homo sapiens.

There is considerable debate about what happened to the Neanderthals in
Europe, as well as to similar populations elsewhere, with the arrival of modern
humans. The biochemical measures give no evidence that the new arrivals
mated with the local inhabitants, even though the archeological record indi-
cates that the groups overlapped for a considerable period of time. Perhaps
they intermingled but have no living descendants. A failure to mix and mate
would be difficult to explain. Perhaps modern humans had such advanced lan-
guage abilities that they were effectively separated from any lasting interaction
with the Neanderthals and others.

If we consider the effects that Europeans have had on several of the human
populations that they have encountered in more recent times, then we can
imagine some of the ways in which the Neanderthals and other early popula-
tions were completely replaced. Within a few years of the Europeans’ arriving
in the Americas, the numbers of indigenous people were drastically reduced by
alien diseases and war, and in some places whole populations disappeared.
Much the same thing happened in Tasmania. It is possible that the early his-
tory of Homo included similar interactions.

The Origin of Brain Size

Brain size presents a fascinating problem. According to Jerison’s “principle of
proper mass,” the size of a brain, or a given part of a brain, is related to the
complexity of its owner’s behavior. The human brain ranges in size (that is,
mass) from 1000 to 2000 g, with an average size ranging between 1300
and 1400 g. This mass is larger than that of the brains of most other animals,
but how can we know whether it is simply proportional to the mass of the hu-
man body? The elephant’s body size would lead us to expect its brain to be
larger than the human brain, and indeed it is roughly three times as large.

The Encephalization Quotient

Neuroanatomists long ago realized that to compare brain sizes across species, it
is necessary to factor out body size. Jerison developed what he terms the en-
cephalization quotient (EQ): the ratio of actual brain size to expected brain
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size. The expected brain size is based on an average for living mammals that
takes body size into account. Thus, the average typical mammal (which inci-
dentally is the cat) has an EQ of 1.0. As animals increase in body size, the size
of the brain increases somewhat less, about two-thirds the extent of the increase
in body size. With the use of Jerison’s formula, an EQ can be calculated for an
animal of any size by knowing only its body size and brain size. Figure 2.6 shows
a graph of the body and brain sizes of some common mammals. Animals that
deviate from 1.0, the diagonal line, have brains larger or smaller than would be
expected for a mammal of that particular body size. Relatively larger brains are
above the line and relatively smaller brains are below the line. Note that the
modern human brain is the farthest above the diagonal line, indicating that it

has the relatively largest size.

Table 2.1 summarizes the EQs for common laboratory animals and for hu-
mans. Notice that the rats EQ is only 0.4, whereas the human’s EQ is

The position of the modern human brain,
at the farthest upper left, indicates it has
the largest relative brain size.
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Figure 26 Brain and body sizes of some common mammals. The measurements
along the axes increase logarithmically to represent the wide range of body and
brain sizes. The shaded polygon contains the brain and body sizes of all mammals.
The line through the polygon illustrates the expected increase in brain size as body
weight increases. Animals that lie above the diagonal line have brain sizes that are
larger than would be expected for an animal of that size. Modern humans have the
largest brain relative to body size of any animal and lie farthest away from the
diagonal line. (After Jerison, 1973.)

7.3. The rat’s brain, then, has about half
the mass expected for a mammal of
the rat’s body size, and the brain of a
human is 7.3 times as large as that ex-
pected for a mammal of our body size.
Note that the chimpanzee brain is about
2.5 times as large as that predicted for a
mammal of a chimpanzee’s body size
(EQ =2.48), but its EQ is still only about
one-third the EQ of humans. These mea-
surements make it clear that the human
brain really is larger than those of other
primates. An EQ of this magnitude is
not unique to humans, however; the EQ
of the dolphin is comparable, having a
value of about 6.0. The EQ of an ele-
phant, 1.3, on the other hand, is only a
little bigger than expected for an animal
of its size.

Changes in the Neocortex

Stephan and colleagues compared the
brains of more than 60 species of mam-
mals and found that, although nearly all
structures of the brain increase in size as
the EQ increases, the cortex shows the
most dramatic increase. Thus, it seems
reasonable to suppose that, if the human
brain is different in some way, the differ-
ence is most likely to be found in the cor-
tex. This idea has been explored by
comparing the human brain with the
brains of other primates, by using a vari-
ety of measures of cortical structure, in-
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cluding cell density and the volume and distribution
of the cortex. Stephan and his coworkers calculated
that the volume of the human neocortex is 3.2 times
as great as the predicted volume for nonhuman pri-
mates in general and nearly 3 times as great as what
would be predicted for a chimpanzee of the same
body weight. In other words, the human cortex is
very large.

The human cortex, as well as the cortexes of
other animals with disproportionately big brains, is
distinctive in another way. The typical mammalian
cortex can be divided into areas that are specialized

Table 2. 1 Comparison of brain sizes of species most
commonly studied in neuropsychology

Brain volume Encephalization
Species (ml) quotient
Rat 2.3 0.40
Cat 25.3 1.01
Rhesus monkey 106.4 2.09
Chimpanzee 440.0 2.48
Human 1350.0 7.30

for movement, body senses, audition, and vision. In general, the frontal
(movement), parietal (body senses), temporal (audition), and occipital (vi-
sion) lobes subserve these functions in humans (Figure 2.7). In very simple
animals, each of these regions is relatively homogeneous but, in more com-
plex animals, each lobe can be divided into a number of subregions. For ex-
ample, although the visual cortex is in the occipital lobe of all animals, the
squirrel has 4 separate visual areas, the cat appears to have at least 12, and
the owl monkey has as many as 14 (the actual number in humans is not
known but is probably about 30 or more). If each of these areas has a spe-
cial function, as is supposed, then the growth of the human cortex is char-
acterized not only by a larger size but by many more functional areas as well.

The processes that increase brain size can be illustrated by the following
model. Figure 2.8A shows the brain of a primitive mammal, such as a hedge-
hog, and indicates the various regions that participate in movement and sen-
sory processes. Iwaniuk and colleagues proposed that, if the forepaw area
expands in size by means of mutation, then more-complex skilled forepaw
movements for food handling become possible, allowing the animal to exploit
a new habitat. Accordingly, the motor cortex in Figure 2.8B has acquired a new
subregion, becoming comparatively larger and enabling the animal to use its
forepaws more dexterously. Rodents, such as the laboratory rat, are represen-
tative of animals that have undergone such an increase in motor-cortex size:
they have a large forepaw representation in the motor cortex and correspond-

ingly good food-handling skills.

(A) (B)
Frontal Central sulcus Parietal
lobe lobe

Lateral
fissure

Temporal >
lobe lobe

Figure 27 A lateral view of the
human brain illustrating the lobes of
the brain and their general functional
correlates. The functional regions of
the human brain consist of many
subregions, each representing a
subfunction within that modality.
(Photo courtesy of Yakolev
Collection/AFIP.)
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The cortex of a primitive mammal
has regions for various functions.

As new behaviors are added,
cortical size gets bigger, and new
areas are added.

(B) Hand motor Hand sensory

area area

A hypothetical mammal has a
larger cortex that allows for
increased development of areas
involved in skilled food handling.
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Asstill larger brain allows for
new visual abilities, which, in
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Figure 28 (A) The brain of a hedgehog, illustrating the extent and number of the
sensory and motor areas of the cortex. (B) A hypothetical rodent that developed skilled
forelimbs for food handling. The paw area of the sensory and motor cortex has increased
in size to represent new receptors in the hands and the increased complexity of muscle
arrangement. (C) A hypothetical primate that has developed color vision and vision for
depth to improve further locomotion and feeding in the trees. There are two new visual
areas in the cortex, one to represent each new ability. Note the increase in brain size
associated with the expansion of areas and the addition of areas.

Primates are characterized by their ability to get around in an
arboreal habitat. Good depth perception is useful to them in gaug-
ing their jumps from one small branch to another. They acquired
depth perception because some cells in each eye became specialized
for seeing the same object from different views, a development
made possible by the association of these cells with a new region of
the visual cortex. The new cortical area added mass to the primate
brain, as is shown in Figure 2.8C.

Animals that are antecedent to primates have a very large olfac-
tory system, and most of their motor behavior, such as locating
food, is done by sniffing. Primates use vision to locate food. The
switch from olfaction to vision in primates is associated with a sud-
den growth of the neocortex. The shift is not surprising, because
the use of vision to control motor behavior would not only require
new visual areas, but would also require the visual part of the cor-
tex to connect to the motor cortex and control it. If other new abil-
ities became adaptive, such as color vision for detecting ripe fruit,
the brains of primates would acquire still more areas and grow still
larger. Thus, both an increase in the size of existing areas and the
development of new areas increase cortical size. Note that both the
increase in the motor cortex allowing increased forepaw skill and
the increase in the number of areas in the visual cortex increase
cortical size.

Growth of the Hominid Brain

Unlike skulls and other bones, soft tissues such as brains do not
leave fossil records. The size and organization of a fossil’s brain
must, therefore, be inferred from the shape, size, and other features
of the inside of the skull. A measure commonly used for such in-
ferences is cranial capacity, the volume of the cranial cavity. The
cranial capacity of a skull can provide a reasonable estimate of the
size of an animal’s brain.

The brain of the early australopithecines was about the same
size as that of a modern chimpanzee, about 400 g. None of the
australopithecine species developed particularly large brains, de-
spite the genus’ lasting for about 5 million years. Homo habilis had
a slightly larger brain. The great expansion in brain size occurred
in Homo erectus, whose brain shows an increase in size equal to that
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of the entire australopithecine brain (Figure 2.9). The sudden appear-  (A) Absolute brain size

ance of large-brained Homo erectus implies that there probably was not a
gradual selection of individuals with larger brains but rather that having
a larger brain must have conferred a decisive and immediate advantage.

There are many theories for why the human brain changed in size,
and they can be divided into two groups. Prime mover theories are
theories that point to single causes. For example, it was once proposed
that having free hands led to toolmaking and that toolmaking led to hav-
ing a larger brain. We now know that chimpanzees and many other ani-
mals use tools and that the first upright apes did not have larger brains
than other apes, which weakens this particular prime mover argument.
General mover theories point to many simultaneously acting causes.
Whatever the driving factors, any increase in brain size would have pro-
duced selective advantages in the form of increased abilities, and these
increased abilities in turn would have rapidly reinforced the trend.

One prime mover theory is proposed by Dean Falk. Impressed by
the observation that a car engine can get bigger only if its cooling sys-
tem is improved, she investigated the way in which blood cools the
brain. She suggested that a change in the brain’s venous blood flow
(blood that is returning to the heart) removed a constraint that had to
that point placed an upper limit on the growth of the ape’s brain.
Although the brain comprises less than 2% of the body, it uses 25% of
the body’s oxygen and 70% of its glucose. As a result it generates a
great deal of heat and is at risk of overheating under conditions of ex-
ercise or heat stress. Falk suggests that this risk of overheating places a
limit on how big the brain can be and has kept the brain of the chim-
panzee at its current size. When examining the holes in the skull
through which blood vessels pass, Falk noted a difference in pattern
between the skull holes of australopithecines and those of Homzo erectus.
In Homo erectus and their descendents, the holes suggest a much more
widely dispersed outward flow of blood from the brain, which Falk speculates
served as a radiator to help cool the brain. She suggests that it was selected
in response to the upright posture of Homo erectus and helped to cool a body
that was exposed to daytime savanna heat.

The blood-flow change had the fortuitous effect of allowing the brain to
grow larger in response to other kinds of pressure. A condition that could
fortuitously lead to further developments is called a preadaption, and im-
proved blood cooling was a preadaption for the growth of the brain. When a
behavior has been changed to exploit a new habitat, other new sources of in-
fluence may come into play to encourage further change. The sequence of ef-
tects in regard to brain size might have been as follows:

Australopithecus

Homo

Australopithecus

Homo

Bipedalism — development of a radiator — opportunity for brain expansion

General mover theories point to a number of mechanisms through which
subsequent increases in brain size may have taken place. One is neoteny, a pro-
cess in which an individual’s rate of maturation slows down in such a way that
some of the juvenile features of predecessors become the adult features of
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Figure 29 Endocranial volume
(A) and encephalization quotients (B)
for fossil hominids. Notice the sudden
increase in brain size in H. erectus.
(Data from McHenry, 1975.)
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(A) Juvenile chimp

\

Figure 21 0 Ajuvenile (A) and
adult (B) chimpanzee, showing the
greater resemblance of the baby
chimp to humans and illustrating the
principle of neoteny in human
evolution. (After Gould, 1981.)

descendants. Because an infant’s head is large relative to body size, this process
is postulated as having led to “adult babies” with large brains. Many features of
the human anatomy resemble juvenile stages of other primates, including a
small face; a vaulted cranium; a large brain-to-body size ratio; an unrotated big
toe; an upright posture; and primary distribution of hair on the head, armpits,
and pubic areas (Figure 2.10). Humans also retain behavioral features of their
forebears’ infants, including exploration, play, and flexible behavior. An
important part of the answer to the Sphinx’s riddle about the nature of humans
is that the adult who walks on two legs is sort of an infant chimpanzee.

Other influences that could have led to brain growth include social devel-
opment and changes in food-gathering practices. Humans are social, and as
their groups increased in size and complexity, individuals with larger brains
may have had an advantage. Hominids also changed diet, which changed the
face and head structure; this change in turn may also have contributed to in-
creased brain size. From the beginning, hominids were tool users, and changes
in hand structure and increasing dexterity may have contributed to an increase
in brain size. Even sexual selection could have contributed to increased brain
size. There is evidence that males favor females who have more infantile facial
features, and one such infantile facial feature is a greater head size relative to
body size.

Variations in Modern Human Brain Size

Given species differences in brain size and the general association between the
brain size and the behavioral complexity of different species, it is logical to ask
whether variations in the size of the modern human brain are similarly related
to behavioral complexity. The answer is yes—but in ways that are perhaps
surprising.

Nineteenth-century investigators attempted to correlate gross human brain
size and behavior with three questions in mind. They asked whether brain size
was related to individual intelligence, whether brain size was related to in-
telligence differences between sexes, and whether brain size was related to in-
telligence differences between nationalities and races. Gould reviews these
investigations in his book The Mismeasure of Man and concludes that they were
completely invalidated by inadequate procedures for measuring brain size and
by the absence of any method for measuring intelligence. For example, the in-
vestigators made little attempt to control for body size, were insensitive to the
fact that head size and brain size are not closely correlated, and were not aware
that the brain loses mass with age (most of the brains that were measured came
from people who had died in old age). In the end, French investigators con-
cluded that the French had the largest brains and German investigators con-
cluded that Germans had the largest brains.

This line of investigation was no more successful in the twentieth century,
even though the investigators had by that time solved two of the previous prob-
lems. First, with magnetic resonance imaging (MRI, described in Chapter 7),
they were able to create a virtual representation of the brain of a young healthy
adult. Figure 2.11 shows such an image juxtaposed with a photograph of a brain.
Second, IQ tests allowed the investigators to estimate and compare intelligence
by using a single number, the IQ. The IQ is the average of a subject’s scores on
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a number of tests, including tests of information, arithmetic, memory,  (A)
and so on. The twentieth-century investigators found wide variation in
gross brain size among individuals, among members of the same national
and racial groups, and among people of the same sex (as well as a statisti-
cal difference between the sexes), together with wide variation in intelli-
gence, but little or no correlation between gross brain size and
intelligence when individuals, nations, races, or sexes are compared.

In addition to the absence of a strong relation between gross brain
size and intelligence among humans, there are other good reasons to be-
lieve this line of inquiry is a superficial one. First, even though between-
species differences in brain size may be correlated with between-species
differences in behavior, to apply the correlation within a species is faulty,
because within-species behavior is much more uniform. Second, intelli-
gence is not well defined or understood, and IQ is a superficial measure- (B
ment at best, one markedly influenced by culture. For example, when 1Q
tests that were given to young adults 50 years ago are given to young
adults today, today’s subjects score as much as 25 points higher (a phe-
nomenon called the Flynn effect). Taken at face value (though it shouldn’t
be), the increase would suggest that intelligence has risen to such a de-
gree in two generations that most young adults fall in the superior 1Q
category relative to their grandparents. (Obviously, the change has not
been accompanied by a similar increase in brain size.)

Attempts to correlate overall brain size and intelligence also overlook
much more interesting issues. For one thing, the brain appears to be or-
ganized in functional units, each of which mediates a different kind of be-
havior. Variation in the size of specific functional units may be related to
specific skills. For example, Nottebohm and colleagues showed that, in
song birds, the size of the auditory and vocal regions of the brain are related to
the complexity of song. Gardner and colleagues argued that there is not just one
but many different kinds of human intelligence, each related to a different re-
gion of the brain. A second interesting observation is that brain size can be
markedly affected by injury, especially if the injury occurs early in life. Kolb and
colleagues reported that slight injury to the rat cortex within the first 10 days of
life can result in disproportionate brain-size reductions of more than 25%. Rat
pups at 10 days are equivalent in age to late-stage human embryos.
Consequently, it is likely that a host of prenatal injuries can and do affect hu-
man brain size. A third observation is that, beginning with findings obtained by
Rosensweig and colleagues more than 50 years ago, it is now well established
that environmental experiences can affect cortical size. The Rosensweig team
found that rats raised in a visually enriched environment undergo an increase in
cortical size and a disproportionate increase in the size of visual regions of the
cortex. Storfer suggested that similar enrichment of human experience, such as
learning to read and write, also enlarges the size of the human cortex.

The Acquisition of Culture

The evolution of humans, from the first “hominid” to the appearance of mor-
phologically modern men and women, took less than 6 million years, an ex-
tremely short span of time in evolutionary terms. Thus, the evolution of the

Figure 21 1 Comparison of an
actual human brain (A) and a virtual
brain produced by functional MRI (B).
(Part A from Holser/Visuals
Unlimited, Inc.; part B from
Collection CNRI/Phototake)
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change has quickened further in the past 10,000 years. Agriculture and animal
husbandry were established in the Middle East by 7000 B.C., followed by ideo-
graphic writing in the same region by 3000 B.C. Saint Ambrose, who lived in
the fourth century A.D., is reported to have been the first person who could
read silently. The modern technological age began in about A.D. 1500: it was
after this time that most of what we see around us today was invented or dis-
covered. How interesting that most of what we associate with modern humans
is of such very recent origin, considering that the basic tools (a big brain, free
hands, and bipedal locomotion) had been with us long before.

Summary

The divergence of the human brain from that of other living species has a his-
tory of at least 5 million years. In the past 2 million years, this history has been
characterized by a major expansion of the brain that apparently took place in a
number of quick steps, resulting in a number of different humanlike animals
being alive at one time. Climatic changes seem to be closely correlated with the
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Organization of the Nervous System

To say that the human cerebral cortex is the organ of civilization is to lay a very heavy
burden on so small a mass of matter. One is reminded of Darwin’s amazement that the
wonderfully efficient and diversified behavior of an ant can be carried on with so small a
brain, which is “not so large as the quarter of a small pin’s head.” The complexity of the
human brain is as far beyond that of an ant as human conduct is higher than ant’s be-

havior. (C. Juston Herrick, 1926)

he complexity of the human brain and the complexity of human be-

havior present a major challenge to anyone trying to explain how the
one produces the other. The human brain is composed of more than 180 bil-
lion cells, more than 80 billion of which are directly engaged in information
processing. Each cell receives as many as 15,000 connections from other
cells. If there were no order in this complexity, we would have to give up
hope of ever understanding how the brain functions. Fortunately, we can
obtain some tentative answers about how this machinery works, because it
is possible to see a great deal of organization in the way that things are
arranged. For example, cells that are close together make most of their con-
nections with one another. Thus, they are like human communities, whose
inhabitants share most of their work and engage in social interactions with
others who live nearby. Each community of cells also makes connections
with more-distant communities through quite large pathways made by their
axons. These connections are analogous to the thoroughfares linking human
communities.

Although the sizes and shapes of the brains of different people vary, just as
their facial features do, the component structures—the communities and main
roads of the brain—are common to all human beings. In fact, most of these
structures seem to be common to all mammals. About a hundred years ago,
anatomist Lorente de N6 examined a mouse brain through a microscope and
discovered to his surprise that its fine structure is similar to that of the human
brain. Because brain cells are similar in all animals with nervous systems, it is
possible to show through experiments that these cells are responsible for be-
havior. Because the brains of different kinds of animals show structural differ-
ences as well as similarities, it is possible to learn about the function of specific
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brain structures by comparing the behavior of creatures that have those
structures with the behavior of creatures that do not. This chapter begins with
an overview of the anatomy of the brain and then describes some of its major
structures and their function in more detail.

An Overview of the Nervous System

The nervous system is composed of many parts. Individually and in interac-
tions with one another, they are responsible for different aspects of behav-
ior. This section describes the cells of the nervous system and some of the
ways in which they are organized to form the different anatomical structures
of the brain.

Neurons and Glia

The brain of the embryo has its origin in a single undifferentiated cell called

a stem cell (also called a germinal cell). Not only do this stem cell and its

progeny produce the various specialized kinds of cells that make up the adult

brain, but they also produce additional stem cells that persist into adulthood

in a brain region called the ventricular zone, a region adjacent to the ven-

tricles of the brain, as well as in the

retina and spinal cord. A stem cell has an

extensive capacity for self-renewal. To  Celltype Process

initially form a brain, it divides and pro-

duces two stem cells, both of which can

divide again (Figure 3.1). In the adult,

one stem cell dies after each division; so

the brain contains a constant number of

dividing stem cells. These stem cells

serve as a source of new cells for certain

parts of the adult brain and so may play

a role in brain repair after brain injury. Blast N ESS Eie
In the developing embryo, stem cells glioblasts produced

give rise to precursor cells, which in turn

give rise to primitive types of nervous

system cells called blasts. Some blasts

differentiate into the neurons of the

nervous system, whereas others differ-

entiate into the glia. These two basic  Specialized  Neuronsand

brain-cell types—neurons and glia— glia differentiate

take many forms and make up the entire

adult brain. Neuroscientists once thought

Stem Self-renewal

Precursor  Precursor produced

that the newborn child had all the Interneuron

neurons it would ever possess. Among

Figure 3] Cells in the brain
begin as multipotential stem cells,
which become precursor cells, which
become blasts, which finally develop
into specialized neurons and glia.
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the most remarkable discoveries of the past few years is that, in fact, new
neurons are produced after birth and, in some regions of the brain, continue
to be produced into adulthood.

Neurons differ chiefly in overall size and in the complexity of their dendritic
processes. Figure 3.2 shows examples of the differences in size and shape that
characterize neurons from different parts of the nervous system. Note that the
simplest neuron, called a bipolar neuron, consists of a cell body with a dendrite
on one side and an axon on the other. Sensory neurons that project from the
body’s sensory receptors into the spinal cord are modified so that the dendrite
and axon are connected, which speeds information conduction because messages
do not have to pass through the cell body. Neurons within the brain and spinal
cord have many dendrites that branch extensively but, like all neurons, a brain or
spinal-cord neuron has only one axon. The architecture of cells differs from re-
gion to region in the brain. These differences provide the basis for dividing the
brain into different anatomical regions. There are also various types of glial cells,
each with a different function; some of them are described in Table 3.1.

Table 3. | Types of glial cells

Type Appearance Features and function
Ependymal cell Small, ovoid; secretes cerebrospinal fluid (CSF)

Astrocyte Star shaped, symmetrical; nutritive and support
function

Microglial cell Small, mesodermally derived; defensive function

Oligodendroglial W\ Asymmetrical; forms myelin around axons in brain

cell \ Q} and spinal cord

Schwann cell Asymmetrical; wraps around peripheral nerves
- to form myelin
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Gray, White, and Reticular Matter

When a human brain is cut open to reveal
its internal structures, some parts appear
gray, some white, and some mottled. In
general, these visually contrasting parts
are described as gray matter, white matter,
and reticular matter (Figure 3.3). With
respect to our analogy equating brain re-
gions with communities and roads, com-
munities are gray and roads are white.
Gray matter acquires its characteristic
gray brown color from the capillary blood
vessels and neuronal cell bodies that pre-
dominate there. White matter consists
largely of axons that extend from these cell
bodies to form connections with neurons
in other brain areas. These axons are cov-
ered with an insulating layer of glial cells,
which are composed of the same fatty sub-
stance (lipid) that gives milk its white ap-
pearance. As a result, an area of the
nervous system rich in axons covered with glial cells looks white. Reticular mat-
ter (from the Latin 7ete, meaning “net”) contains a mixture of cell bodies and ax-
ons, from which it acquires its mottled gray and white, or netlike, appearance.

(B)
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sulcus

Y
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Nuclei Nerves and Tracts

A large, well-defined group of cell bodies is called a nucleus (from the Latin nzw,
meaning “nut”) because of its appearance. Some groups of cells are organized lin-
early, in a row, and are called layers. The ease with which we can visually distin-
guish these groupings suggests that each nucleus or layer has a particular function,
and such is indeed the case. A large collection of axons projecting to or away from
a nucleus or layer is called a tract (from Old French, meaning “path”) or, some-
times, a fiber pathway. Tracts carry information from one place to another within
the central nervous system; for example, the corticospinal (pyramidal) tract car-
ries information from the cortex to the spinal cord. The optic tract carries infor-
mation from the retina of the eye (the retina, strictly speaking, is actually part of
the brain) to other visual centers in the brain. Fibers and fiber pathways that en-
ter and leave the central nervous system are called nerves, such as the auditory
nerve or the vagus nerve, but once they enter the central nervous system they, too,
are called tracts. Because cell bodies are gray, nuclei are a distinctive gray; because
glial cells make axons appear white, tracts and nerves are a distinctive white. Thus,
the nuclei and layers of the brain are its communities, and the tracts are their con-
necting roadways.

Staining

Because of their respective gray and white coloring, the larger nuclei and tracts
of the brain are easy to see in fresh brain tissue or in brain tissue cut into thin
sections. The differences in the appearance of smaller nuclei and tracts must
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Figure 33 This frontal section
through the brain shows some
internal features. The brain is (A) cut
and (B) viewed at a slight angle. The
regions that are relatively white are
largely composed of fibers, whereas
the relatively gray areas are
composed of cell bodies. The large
bundle of fibers joining the two
hemispheres is the corpus callosum.
Each ventricle is a fluid-filled cavity.
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be enhanced to make them visible. The technique of staining to differentiate
brain tissue consists of placing brain tissue into dyes or certain biochemical
agents. Variations in the chemical composition of cells cause them to respond
differently to particular coloring agents.

Staining techniques have an important role in neuroscience and are contin-
ually being refined. Stains now exist for coloring different parts of a cell, dif-
ferent kinds of cells, cells that contain distinctive proteins or other chemicals,
immature or mature cells, sick cells, dead cells, and even cells that have re-
cently played a part in learning some new behavior.

A Wonderland of Nomenclature

"To the beginning student, the nomenclature for nuclei and tracts of the nervous
system might seem chaotic. It is. Many structures have several names, often
used interchangeably. For example, the precentral gyrus, which we introduce
later in this chapter as the primary motor cortex, is variously referred to as “the
primary motor cortex,” “area 4,” “the motor strip,” “the motor homunculus,”
“Jackson’s strip,” “area pyramidalis,” “the somatomotor strip,” “gyrus precen-
tralis,” and “M1” (it can be seen in Figure 3.13 under the name “precentral”).
"This proliferation of terminology corresponds to the long, complex history of
the neurosciences. Greek, Latin, and French terminology alternate with
English: mesencephalon is Greek for “midbrain,” fasciculus opticus is Latin for “op-
tic tract,” and bouton terminean is French for “synaptic knob.”

The neuroanatomist’s imagination has compared brain structures to body
anatomy (mammillary bodies), flora (amygdala, or “almond”), fauna
(hippocampus, or “sea horse”), and mythology (Ammon’s horn). Some ter-
minology is a tribute to early pioneers: the fields of Forel, Rolando’s fissure,
and Deiters’s nucleus. Other terms make use of color: substantia nigra
(“black substance”), locus coeruleus (“blue area”), and red nucleus. The
longest name for a brain structure is nucleus reticularis tegmenti pontis
Bechterewi, affectionately known as NRPT because, as you will observe, sci-
entists have a special fondness for abbreviations. Some labels describe con-
sistency: substantia gelatinosa (“gelatinous substance”); some a lack of
knowledge: substantia innominata (“unnamable substance”), zone incerta
(“uncertain area”), nucleus ambiguus (“ambiguous nucleus”). Some are based
entirely on expediency: cell groups A-1 to A-15 or Bl to B9 (which, inciden-
tally, were named only recently).

We attempt to use consistent and simple terms in this book, but in many
cases alternative terms are widely used, and so we have included them where
necessary.

” «

Describing Locations in the Brain

Many structures of the brain are labeled according to their locations relative to
other structures and landmarks. One convention makes use of seven terms that
indicate anatomical direction: superior or dorsal (above), lateral (to the side), mze-
dial (to the inside), ventral (below), anterior (in front of), and posterior (behind).
Thus one structure can be said to lie superior, lateral, medial, ventral, anterior,
or posterior to another.
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The nervous system is arranged symmetrically, with a left side and a
right side. If two structures lie on the same side, they are said to be ipsilat-
eral; if they lie on opposite sides, they are said to be contralateral to each
other; if one lies on each side, they are said to be bilateral; that is, there is
one in each hemisphere. Moreover, structures that are close to one another
are said to be proximal; those far from one another are said to be distal.
Finally, a projection that carries messages toward a given structure is said
to be afferent; one that carries messages away from the structure is said to
be efferent.

Approaches to the Study of Anatomy

Neuroanatomists study the structure of the brain by using any of four main
conceptual approaches: (1) comparative, (2) developmental, (3) cytoarchitec-
tonic, and (4) functional.

The Comparative Approach

The comparative approach examines the brain’s evolution from the primitive
cord in simple wormlike animals to the large, complex “ravelled knot” in the
human head. In addition, it looks for correlations between the increasing com-
plexity of the nervous system and the emergence of new and more complex be-
haviors in the animals under study. For example, comparing the nervous
systems of animals that do not move with those of animals able to swim, crawl,
walk, climb, or fly enabled scientists to piece together the story of how neu-
rons and muscles evolved together to produce various movements and behav-
iors. Such analysis is not necessarily simple. The limbic system, a middle layer
in the mammalian brain, first became prominent in the brains of amphibians
and reptiles. Is its function to control the new modes of locomotion those an-
imals employ, to orient their travels through a terrestrial rather than an aquatic
world, to negotiate the more complex social groups in which they live, or to
confer more advanced learning abilities on them than fish seem to enjoy? The
answer is uncertain.

The comparative approach has yielded a key piece of information in neu-
ropsychology: a mammal can be distinguished from other animals by its large
cortex, and this structure is particularly large in humans. This observation first
suggested to neuroscientists that the cortex must have an important function
in conferring abilities unique to mammals, especially humans. As a result, the
cortex receives proportionately more attention in human neuropsychology
than do other structures.

The Developmental Approach

The developmental approach (also called the ontogenetic approach) exam-
ines the changes in brain structure and size that take place as an individual
mammal develops from an egg to an adult.
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As each individual organism matures, it passes through the same general
phylogenetic stages as its ancestral species did in the course of evolution.
This principle has been stated as “ontogeny recapitulates phylogeny” (on-
togeny is the development of an individual organism, and phylogeny is the
evolutionary history of a species). Thus, human babies are at first able to
make only gross body movements; later they crawl, then walk, and eventu-
ally perform highly skilled motions with their hands and mouths. What
changes take place in their nervous systems to make each new behavior pos-
sible? Like the comparative approach, the developmental approach allows
the development and maturation of structures to be correlated with emerg-
ing behaviors.

In addition, the developmental approach acquires general information
about brain function by studying immature brains as if they were simplified
models of the adult brain. Neuropsychologists widely assume, for example,
that the neocortex is particularly immature in newborn infants. Thus they be-
lieve that, by correlating the development of the neocortex with emerging
complex and conscious behavior, they may discover the relations between neo-
cortical structure and function.

Cytoarchitectonic Analysis

Cytoarchitectonic analysis examines the architecture of cells: their differ-
ences in structure, size, shape, and connections, as well as their distribution in
different parts of the brain. The cytoarchitectonic approach has been used to
particular advantage by neuroanatomists to produce various kinds of maps of
the brain.

The newest cytoarchitectonic technique analyzes the brain’s organization by
looking at differences in the cells’ biochemical activity. Cellular activity and
growth are governed by a cell’s nucleus, which releases biochemical “messages”
into the cell that initiate the production of whatever new proteins the cell re-
quires. These message molecules can be stained, allowing cells that are under-
going change to be located, mapped, and observed. It is a useful way of
identifying cells that may be active in specific processes, such as learning or
mediating recovery from brain damage.

Functional Approaches

Functional analysis seeks to discover the roles of the various brain areas,
largely by observing changes in behavior that occur after injury or changes
in metabolic activity that occur in the course of ongoing behavior. For ex-
ample, an active brain area will increase its use of oxygen; so, if oxygen use
can be detected, active areas of the brain can be distinguished from less-
active areas. Various imaging techniques—based on methods for detecting
the activity of cells, measuring their uptake of oxygen, recognizing their
biochemical changes, and so on—allow the activity of different brain re-
gions to be compared under varying circumstances. These methods have
been used to study changes in brain function in the course of development,
during movement, in responses to stimuli, and even during thinking. For ex-
ample, injury to certain brain regions leads to language difficulties. Those
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same regions are observed to use more oxygen during thinking and speech
in normal subjects.

The Origin and Development of the Brain

The developing brain is less complex than the adult brain and provides a
clearer picture of the brain’s basic three-part structural plan (Figure 3.4). Later,
two of the three regions, the front and back components, expand greatly in
mammals and become further subdivided, giving five regions in all.
Embryologists use rather cumbersome names for the regions of the three-part
and five-part brain plans; because some of these names are also used to describe
parts of the adult brain, they are given in Figure 3.4.

The three regions of the primitive developing brain are recognizable as a se-
ries of three enlargements at the end of the embryonic spinal cord. The adult
brain of a fish, amphibian, or reptile is roughly equivalent to this three-part
brain: the prosencephalon (“front brain”) is responsible for olfaction, the
mesencephalon (“middle brain”) is the seat of vision and hearing, and the
rhombencephalon (hindbrain) controls movement and balance (Figure 3.4A).
The spinal cord is considered part of the hindbrain. In mammals (Figure 3.4B),
the prosencephalon develops further to form the cerebral hemispheres (the
cortex and related structures), which are known collectively as the telen-
cephalon (“endbrain”). The remaining part of the old prosencephalon is
referred to as the diencephalon (“between brain”) and includes the hypothal-
amus. The back part of the brain also develops further. It is subdivided into the
metencephalon (“across brain,” which includes the enlarged cerebellum) and
the myelencephalon (“spinal brain”).

(B) Mammals such as rat,
human embryo at 50 days

(A) Fish, amphibian, reptile,
human embryo at 25 days

(C) Fully developed
human brain

Figure 34 Steps in the ontogenic
development of the brain. (A) A three-
chambered brain. (B) A five-
chambered brain. (C) Side view
through the center of the human
brain.
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Figure 35 There are two lateral
cerebral ventricles, one in each
hemisphere, and a third and fourth
ventricle, each of which lies in the
midline of the brain.

The human brain is a more complex
mammalian brain, retaining most of the
features of other mammalian brains and
possessing especially large cerebral
hemispheres (Figure 3.4C).

The brain begins as a tube and, even
after it folds and matures, its interior
remains “hollow.” The four prominent
pockets created by the folding of this

Third verticil] _ hollow interior are called ventri-
Fourth ventricle cles (“bladders”) and are numbered
2 1 through 4 (see Figure 3.4B). The “lat-

eral ventricles” (first and second) form
C-shaped lakes underlying the cerebral
cortex, whereas the third and fourth
ventricles extend into the brainstem
(Figure 3.5). All are filled with a fluid—
cerebrospinal fluid, or CSF—which is
produced by ependymal glial cells located adjacent to the ventricles. The
CSF flows from the lateral ventricles out through the fourth ventricle and
eventually into the circulatory system.

The Spinal Cord

In a very simple animal, such as the earthworm, the body is a tube divided
into segments. Within the body is a tube of nerve cells that also is divided
into segments. Each segment receives fibers from sensory receptors of the
part of the body adjacent to it and sends fibers to the muscles of that part of
the body. Each segment functions relatively independently, although fibers
interconnect the segments and coordinate their activity. This basic plan also
holds for the human body. Let us take a look at our “tube of nerves.”

Spinal-Cord Structure

Figure 3.6 shows the segmental organization of the human body. The seg-
ments, called dermatomes (meaning “skin cuts”), encircle the spinal column
as a stack of rings. Originally, mammalian limbs developed perpendicularly to
the spinal cord, but early humans developed an upright posture; so the ring
formation in our bodies is distorted into the pattern shown in Figure 3.6. As
many as six segments (C4 through T2) can be represented on the arm. If you
imagine the person in the drawing standing on all fours, you can see how this
pattern makes sense.

There are 30 spinal-cord segments: 8 cervical (C), 12 thoracic (T), 5 lum-
bar (L), and 5 sacral (S). Each segment is connected by nerve fibers to the
body dermatome of the same number, including the organs and musculature
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that lie within the dermatome. In the main, the cervical segments control
the forelimbs, the thoracic segments control the trunk, and the lumbar seg-
ments control the hind limbs.

Figure 3.7 shows a cross section of the spinal cord. Fibers entering the dor-
sal part of the spinal cord bring information from the sensory receptors of the
body. These fibers converge as they enter the spinal cord, forming a strand of
fibers referred to as a dorsal root. Fibers leaving the ventral part of the spinal
cord, carrying information from the spinal cord to the muscles, form a similar
strand known as a ventral root.

In the spinal cord itself, the outer part consists of white matter or tracts,
arranged so that with a few exceptions the dorsally located tracts are motor
and the ventrally located tracts are sensory. The tracts carry information to
the brain and from the brain. The inner part of the cord consists of gray mat-
ter; that is, it is composed largely of cell bodies, which in this case organize
movements and give rise to the ventral roots. In cross section, this gray region
has the shape of a butterfly.
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Figure 37 A cross section of the
spinal cord illustrating a sensory
neuron in the dorsal root and a motor
neuron in the ventral root. Collateral
branches of the sensory fiber cross to
the other side of the spinal cord to
influence motor neurons on that side
and extend to adjacent segments to
influence adjacent body parts. The
inner regions of the spinal cord
consist of cell bodies (gray matter)
and the outer regions consist of
tracts traveling to and from the brain
(white matter).

Collateral branches of sensory
neurons may cross to the
other side and influence
motor neurons there.

Fibers entering the dorsal root
bring sensory information
from sensory receptors.
Dorsal root
(sensory)
Sensory
neuron

D RS
@
Ventral —

root (motor)

Motor
neuron

Gray matter

White matter

/Y

White matter fiber tracts
carry information to and
from the brain.

Fibers leaving the ventral root
carry sensory information
to the muscles.

Spinal-Cord Function

Francois Magendie, a French experimental physiologist, reported in a three-
page paper in 1822 that he had succeeded in cutting the dorsal roots of one
group of puppies and the ventral roots of another group (the youth of the
dogs allowed the different surgeries; in adult dogs, the roots are fused). He
found that cutting the dorsal roots caused loss of sensation and cutting the
ventral roots caused loss of movement. Eleven years earlier, in 1811, Charles
Bell, a Scot, had suggested the opposite functions for each of the roots, bas-
ing his conclusions on anatomical information and the results from some-
what inconclusive experiments on rabbits. When Magendie’s paper
appeared, Bell hotly disputed priority for the discovery, with some success.
Today the principle that the dorsal part of the spinal cord is sensory and the
ventral part is motor is called the Bell-Magendie law. Magendie’s experi-
ment has been called the most important ever conducted on the nervous sys-
tem. It enabled neurologists for the first time to distinguish sensory from
motor impairments, as well as to draw general conclusions about the loca-
tion of neural damage, on the basis of the symptoms displayed by patients.
Because of the segmental structure of the spinal cord and the body, rather
good inferences can also be made about the location of spinal-cord damage
or disease on the basis of changes in sensation or movement in particular
body parts. The internal organs, however, although also arranged segmen-
tally, appear not to have their own sensory representation within the spinal
cord. Pain in these organs is perceived as coming from the outer parts of the
dermatome and so is called referred pain. For example, pains in the heart
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are felt in the shoulder and arm, and kidney pain is felt in the back.
Physicians use what is known about the location of referred pains to diag-
nose problems within the body.

Other major advances in the understanding of spinal-cord function came
from the work of Sir Charles Sherrington and his students, who showed that
the spinal cord retains many functions even after it has been separated from the
brain. Sherrington, a British physiologist, published a summary of this re-
search in 1906, and it had an important influence in the treatment of humans
with spinal-cord injury. Persons whose spinal cords are cut so that they no
longer have control over their legs are called paraplegic; if the cut is higher on
the cord so that they cannot use their arms either, they are called quadri-
plegic. Although it was once thought that there was no way to treat such in-
juries, an understanding of spinal-cord function has led to such huge
improvements in treatment that spinal-cord patients today can lead long and
active lives.

Sensory information plays a central role in eliciting different kinds of
movements organized by the spinal cord. Movements dependent only on
spinal-cord function are referred to as reflexes and are specific movements
elicited by specific forms of sensory stimulation. There are many kinds of
sensory receptors in the body, including receptors for pain, temperature,
touch and pressure, and the sensations of muscle and joint movement. The
size of fiber coming from each kind of receptor is distinctive; generally, pain
and temperature fibers are smaller, and those for touch and muscle sense are
larger. The stimulation of pain and temperature receptors in a limb usually
produces flexion movements—movements that bring the limb inward, to-
ward the body. If the stimulus is mild, only the distal part of the limb flexes
in response to it but, with successively stronger stimuli, the size of the move-
ment increases until the whole limb is drawn back. The stimulation of fine
touch and muscle receptors in a limb usually produces extension move-
ments, which extend the limb outward, away from the body. The extensor
reflex causes the touched part of the limb to maintain contact with the stim-
ulus; for example, the foot or hand touching a surface will maintain contact
with the surface through this reflex. Thus, both withdrawal reflexes and fol-
lowing reflexes, as these reflexes are called, are activated by sensory stimula-
tion. Because each of the senses has its own receptors, fibers, connections,
and reflex movements, each can be thought of as an independent sensory sys-
tem. Furthermore, because the movement produced by each sense is distinct
and independent, the senses are thought of as each operating independently
of the rest.

In addition to the local connections that they make within the segment of
the spinal cord corresponding to their dermatome, pain and tactile receptors
communicate with fibers in many other segments of the spinal cord and thus
can produce appropriate adjustments in many body parts. For example, when
one leg is withdrawn in response to a painful stimulus, the other leg must si-
multaneously extend to support the body’s weight. The spinal cord is capable
of producing actions that are more complex than just adjustments of a limb.
If the body of an animal that has had its spinal cord sectioned from the brain
is held in a sling with its feet touching a conveyor belt, the animal is even
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Figure 38 Medial view through
the center of the brain showing
structures of the brainstem.

capable of walking. Thus, the spinal cord contains all of the connections re-
quired for allowing an animal to walk.

Despite the fact that the spinal cord controls both simple and complex
behavior, it does depend on the brain, as evidenced by the severe behavioral
impairments that follow spinal-cord injury. Because the main effect of spinal-
cord injury is to sever connections between the cord and the brain, scientists
believe that simply reestablishing these connections can restore function to
spinal-cord-injured people. Unfortunately, although the fibers in the spinal
tracts do regrow in some vertebrates, such as fish, and in the early stages of
development in other animals, they do not regrow in adult mammals.
Researchers are experimenting with various approaches to induce regrowth.
One approach is based on the idea that new growth is prevented by the pres-
ence of certain inhibitory molecules on the tracts of the cord below the cut.
The idea under investigation is that, if these inhibitory molecules can in turn
be inhibited, fibers will begin to grow across the injured zone. Another line
of research is focused on the scarring that accompanies most spinal-cord
damage and the possibility that scarring inhibits new growth. Some scientists
are conducting experiments in which they attempt to remove the scar,
whereas other scientists are attempting to build bridges across the scar over
which fibers can grow. All of these approaches have been partly successful in
nonhuman animal studies, but they have not been attempted on humans with
spinal-cord injury.

The Brainstem

The section of human brain portrayed in Figure 3.8 shows several of the main
structures of the brainstem. In general, the brainstem produces more-complex
movements than does the spinal cord. In addition to responding to most
sensory stimuli in the environment and regulating eating and drinking, body

Cerebral cortex

Lateral
ventricle

Epithalamus

Third
ventricle

Optic chiasm
¢ Tegmentum
veniicle g /> Superior colliculus
Cerebellum — ~<g. Inferior colliculus Lt

Medulla Cerebral aqueduct

Spinal cord Reticular formation



CHAPTER 3 ORGANIZATION OF THE NERVOUS SYsTEM 99

temperature, sleep and waking, the brain stem can produce the movements
of walking and running, grooming, and sexual behavior (all of which are
more complex than the reflexive movements produced by the spinal cord). The
brains of fish, amphibians, and reptiles are basically equivalent to a mammalian
brainstem; in consequence, the behavior of these animals is a good indication
of the functions of the brainstem. The brainstem can be subdivided into three
parts: the diencephalon, the midbrain, and the hindbrain. Their main struc-
tures and functions are summarized next.

The Diencephalon

The diencephalon consists of the three thalamic structures: the thalamus (“in-
ner room, or chamber”); the epithalamus (“upper room”); and the hypothala-
mus (“lower room”).

The thalamus is composed of a number of nuclei, each of which projects to
a specific area of the neocortex, as shown in Figure 3.9. These nuclei route in-
formation from three sources to the cortex.

1. One group of nuclei relays information from sensory systems to their
appropriate targets. For example, the lateral geniculate body (LGB)
receives visual projections; the medial geniculate body (MGB) receives
auditory projections; and the ventral-posterior lateral nuclei (VPL) re-
ceive touch, pressure, pain, and temperature projections from the body.
In turn, these areas project to the visual, auditory, and somatosensory
regions of the cortex (see page 64 for more details on the organization
of the cortex).

2. Some nuclei relay information between cortical areas. For example, a large
area of the posterior cortex sends projections to and receives projections
back from the pulvinar nucleus (P).

3. Some of the thalamic nuclei relay information from other forebrain and
brainstem regions.

In short, almost all the information that the cortex receives is first relayed
through the thalamus.

The function of the epithalamus is not well understood, but one of its
structures, the pineal body, seems to regulate seasonal body rhythms. Recall

(A) Cortex (B) Thalamus
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Figure 39 Relation between
thalamic nuclei and various areas of
the cortex to which they project. The
arrows indicate the sources of input
and output from the thalamus:
anterior nucleus, A; dorsal medial
nucleus, DM; ventral anterior
nucleus, VA; ventral lateral nucleus,
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VLP; pulvinar, P; lateral geniculate
body, LGB; and medial geniculate
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Figure 31 0 The cerebellum
is necessary for fine coordinated
movements. Like the cerebrum, the
cerebellum (shown in the detailed
cross section) has a cortex,
containing gray and white matter
and subcortical nuclei.

that Descartes, impressed by the unitary character of the pineal body in com-
parison with other brain structures, suggested that it is the rendezvous for
mind and matter and the source of the cerebral spinal fluid that he believed
powers movements.

The hypothalamus is composed of about 22 small nuclei, fiber systems that
pass through it, and the pituitary gland. Although comprising only about
0.3% of the brain’s weight, the hypothalamus takes part in nearly all aspects of
motivated behavior, including feeding, sexual behavior, sleeping, temperature
regulation, emotional behavior, endocrine function, and movement.

The Midbrain

The midbrain has two main subdivisions: the tectum, or “roof,” which is the
roof of the third ventricle, and the tegmentum, or “floor,” which is its floor.
The tectum consists primarily of two sets of bilaterally symmetrical nuclei.
The superior colliculi (“upper hills”) are the anterior pair. They receive pro-
jections from the retina of the eye, and they mediate many visually related
behaviors. The inferior colliculi (“lower hills”) are the posterior pair. They
receive projections from the ear, and they mediate many auditory-related
behaviors. A class of behaviors mediated by the colliculi are orienting behav-
iors. For example, when an owl hears the sound of a moving mouse or a cat
sees a moving mouse, each quickly orients its head toward the stimuli. In each
case, the movement is enabled by the respective colliculi for vision and audi-
tion. The tegmentum contains nuclei for some of the cranial nerves, including
a number of motor nuclei. Thus, in the midbrain as in the spinal cord, the dor-
sal part is sensory and the ventral part is motor.

The Hindbrain

The hindbrain is organized in much the same way as
the midbrain: the part above the fourth ventricle is sen-
sory and the part below the ventricle is motor. Sensory
nuclei of the vestibular system,
Mecrdelumis 8 Y eaon, 1t
necessary for ’
coordinating fine above the fourth VCIItI‘iClC; be-
movements. neath this ventricle are more mo-
tor nuclei of the cranial nerves.
Perhaps the most distinctive

part of the hindbrain is the cere-
bellum. It protrudes above the
core of the brainstem, and its
| \White matter surface is g.athere.d into narrow

(cerebellar cortex)  folds, or folia, which are like the
gyri of the cortex but smaller
(Figure 3.10). At the base of the
cerebellum are several nuclei,
which send connections to other
parts of the brain.

L Subcortical
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—Gray matter
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The cerebellum plays a role in the coordination and learning of skilled move-
ment. Thus, damage to the cerebellum results in equilibrium problems, postural
defects, and impairments of skilled motor activity. The parts that receive most of
their impulses from the vestibular system (the receptors for balance and move-
ment, located in the middle ear) help to maintain the body’s equilibrium, whereas
parts receiving impulses mainly from the receptors in the trunk and limbs control
postural reflexes and coordinate functionally related groups of muscles.

The core of the brainstem consists of nuclei, including those of the cra-
nial nerves, as well as many bundles of fibers. Fibers from the spinal cord
pass through the brainstem on their way to the forebrain; conversely, fibers
from the forebrain connect with the brainstem or pass through it on
their way to the spinal cord. The brainstem’s mixture of nuclei and fibers
creates a network referred to as the reticular formation.

The reticular formation is more commonly known as the reticular acti-
vating system. It obtained this designation in 1949 when Moruzzi and
Magoun stimulated it electrically in anesthetized cats and found that the
stimulation produced a waking pattern of electrical activity in the cats’ cor-
texes. Moruzzi and Magoun concluded that the function of the reticular for-
mation was to control sleeping and waking—that is, to maintain “general
arousal” or “consciousness.” As a result, the reticular formation came to be
known as the reticular activating system. Neuroscientists now recognize that
the various nuclei within the brainstem serve many functions and that only
a few take part in waking and sleeping.

Cranial Nerves

Also leaving or entering the
brainstem are the 12 sets of cra-
nial nerves. The cranial nerves
convey sensory information from
the specialized sensory systems
of the head, and many have nuclei
in the brainstem and send axons
to the muscles of the head. For
example, movements of the eyes
and tongue are produced by cra-
nial nerves. In addition, one of the
cranial nerves, the vagus, makes
connections with many body or-
gans, including the heart. A
knowledge of the organization
and function of the cranial nerves
is important for making neuro-
logical diagnoses. Figure 3.11 il-
lustrates the location of the
cranial nerves, and Table 3.2 de-
scribes their functions and some
of the more common symptoms
that arise when they are damaged.

Figure 31 1 Each of the
12 pairs of cranial nerves
has a different function. A
common device for learning
the order of the cranial
nerves is, “On old Olympus’s
towering top, a Finn and
German view some hops.”
The first letter of each word
is, in order, the first letter of
the name of each nerve.
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Table 32 The cranial nerves

Number
1
2
3

10

11

12

Name
Olfactory
Optic
Oculomotor

Trochlear
Trigeminal

Abducens
Facial

Auditory vestibular

Glossopharyngeal

Vagus

Spinal accessory

Hypoglossal

Functions
(s) Smell*
(s) Vision
(m) Eye movement*

(m) Eye movement

(s, m) Masticatory
movements

(m) Eye movement

(s, m) Facial
movement

(s) Hearing

(s, m) Tongue and
pharynx

(s, m) Heart, blood
vessels, viscera,
movement of lar-
ynx and pharynx

(m) Neck muscles
and viscera

(m) Tongue muscles

Method of examination
Various odors applied to each nostril
Visual acuity, map field of vision

Reaction to light, lateral movements of
eyes, eyelid movement

Upward and downward eye movements

Light touch by cotton baton; pain by
pinprick; thermal by hot and cold
tubes, corneal reflex by touching
cornea; jaw reflex by tapping chin,
jaw movements

Lateral movements

Facial movements, facial expression,
test for taste

Audiogram for testing hearing; stimu-
late by rotating patient or by irrigat-
ing the ear with hot or cold water
(caloric test)

Test for sweet, salt, bitter, and sour
tastes on tongue; touch walls of
pharynx for pharyngeal or gag reflex

Observe palate in phonation, touching
palate for palatal reflex

Movement, strength, and bulk of neck
and shoulder muscles

Tongue movements, tremor, wasting or
wrinkling of tongue

*The letters s and m refer to sensory and motor function, respectively, of the nerve.

Typical symptoms of dysfunction

Loss of sense of smell (anosmia)

Loss of vision (anopsia)

Double vision (Diplopia), large pupil, un-
even dilation of pupils, drooping eye-
lid (ptosis), deviation of eye outward

Double vision, defect of downward gaze

Decreased sensitivity or numbness of
face, brief attacks of severe pain
(trigeminal neuralgia); weakness and
wasting of facial muscles, asymmet-
rical chewing

Double vision, inward deviation of the eye

Facial paralysis, loss of taste over ante-
rior two-thirds of tongue

Deafness, sensation of noise in ear (tin-
nitus); disequilibrium, feeling of dis-
orientation in space

Partial dry mouth, loss of taste (ageu-
sia) over posterior third of tongue,
anesthesia and paralysis of upper
pharynx

Hoarseness, lower pharyngeal anesthe-
sia and paralysis, indefinite visceral
disturbance

Wasting of neck with weakened rotation,
inability to shrug

Wasting of tongue with deviation to side
of lesion on protrusion

The Cortex

Anatomists use the term cortex (from the Latin for “bark,” as in a tree’s bark)
to refer to any outer layer of cells. In neuroscience, the terms cortex and neo-
cortex (new cortex) are often used interchangeably to refer to the outer part
of the forebrain, and so by convention “cortex” refers to “neocortex” unless
otherwise indicated. The cortex is the part of the brain that has expanded
the most in the course of evolution; it comprises 80% by volume of the hu-
man brain.

The human neocortex has an area as large as 2500 cm? but a thickness of
only 1.5 to 3.0 mm. It consists of four to six layers of cells (gray matter) and
is heavily wrinkled. This wrinkling is nature’s solution to the problem of con-
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fining the huge neocortical surface area within a skull that is still small enough
to pass through the birth canal. Just as crumpling a sheet of paper enables it
to fit into a smaller box than it could when flat, the folding of the neocortex
permits the human brain to fit comfortably within the relatively fixed volume

of the skull.

Hemispheres and Lobes

As Figure 3.12 (dorsal view) shows, the cortex consists of two nearly sym-
metrical hemispheres, the left and the right, separated by the longitudinal
fissure. Each hemisphere is subdivided into four lobes: frontal, parietal,
temporal, and occipital. The frontal lobes have fixed boundaries: they are
bounded posteriorly by the central sulcus, inferiorly by the lateral fissure,
and medially by the cingulate sulcus. The anterior boundary of the pari-
etal lobes is the central sulcus, and their inferior boundary is the lateral
fissure. The temporal lobes are bounded dorsally by the lateral fissure. On
the lateral surface of the brain, there are no definite boundaries between the
occipital lobes and the parietal and temporal lobes.

Dorsal view

Lateral view

Figure 31 2 In these views of the
human brain (from top, dorsal;
bottom, ventral; side, lateral; and
middle, medial), the locations of the
frontal, parietal, occipital, and
temporal lobes of the cerebral
hemispheres are shown, as are the
cerebellum and the three major sulci
(the central sulcus, lateral fissure,
and longitudinal fissure) of the
cerebral hemispheres.

Central sulcus

Frontal arietal

Longitudinal Occipital
fissure lobe
Ventral view

Central sulcus

Frontal Parietal

Lateral Temporal " ~ Occipital
fissure lobe lobe
Medial view

Temporal lobe Central sulcus

Cerebellum Parietal

lobe

Frontal Frontal

lobe

Occipital
lobe

‘\Q;

Brainstem

Tempordl
Brainstem lobe

Cerebellum

Fissures, Sulci, and Gyri

"To review some of the main features of the cortex that were introduced in
Chapter 1, the wrinkled surface of the neocortex consists of clefts and
ridges. A cleft is called a fissure if it extends deeply enough into the brain
to indent the ventricles, whereas it is a sulcus (plural sulci) if it is shallower.
A ridge is called a gyrus (plural gyri).
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(A)

Inferior
frontal

(B)

Figure J2.19 Gyri and sulci:
lateral (A) and medial (B) views of
the gyri; lateral (C) and medial
(D) views of the sulci.

Inferior parietal lobule (C) Superior frontal Precentral  Central Postcentral

Superior
parietal lobule

Middle
frontal

Inferior
frontal

Lateral
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Superior
temporal Middle
temporal

(D) Central '—|...and clefts are sulci.
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Parieto-occipital
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Callosal
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Collateral Calcarine

Inferior temporal

Figure 3.13 shows the location of some of the more important fissures, sulci,
and gyri of the brain. There is somze variation in the location of these features
on the two sides of a single individual’s brain, and substantial variation in the
location, size, and shape of the gyri and sulci in the brains of different individ-
uals. Adjacent gyri differ in the way that cells are organized within them; the
shift from one kind of arrangement to another is usually at the sulcus. There
is some evidence that gyri can be associated with specific functions.

As shown in Figure 3.13A, there are four major gyri in the frontal lobe: the
superior frontal, middle frontal, inferior frontal, and precentral (which lies in
front of the central sulcus). There are five major gyri in the parietal lobe: the su-
perior and inferior lobule (small lobe), the postcentral (lying behind the central
sulcus), and the supermarginal and angular (on either side of the lateral fissure).
There are three gyri in the temporal lobe: the superior, middle, and inferior.
Only the lateral gyrus is evident in the occipital cortex in this lateral view.

The Organization of the Cortex in Relation to
Its Inputs and Outputs

Different regions of the neocortex have different functions. Some regions receive
information from sensory systems, other regions command movements, and still
other regions are the sites of connections between the sensory and the motor
areas, enabling them to work in concert. Recall that the inputs are relayed
through the thalamic nuclei. The locations of these various inputs and outputs
can be represented by a map called a projection map. Such a map is constructed
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by tracing axons from the sensory systems into the brain and tracing axons from
the neocortex to the motor systems of the brainstem and spinal cord.

The projection map in Figure 3.14 was constructed in part by following the
axons projected by sensory receptors to see where they end in the neocortex
and in part by locating the sources in the neocortex of motor axons projected
from there to the spinal cord. As Figure 3.14 shows, the projections from the
eye can be traced to the occipital lobe, the projections from the ear to the tem-
poral lobe, and the projections from the somatosensory system to the parietal
lobe. The olfactory system sends projections to the ventral frontal lobe. The
major motor projection to the spinal cord originates in the frontal lobe. These
areas that receive projections from structures outside the neocortex or send
projections to it are called primary projection areas. Note that the lateral
view of the brain presented in Figure 3.14 does not represent the entire extent
of these primary projection areas, because they also extend down into the gyri
and fissures. Much of the auditory zone, for example, is located within the lat-
eral fissure. Nevertheless, the primary projection areas of the neocortex are
small relative to the total size of the cortex.

The primary sensory areas send projections into the areas adjacent to them,
and the motor areas receive fibers from areas adjacent to them. These adja-
cent areas, less directly connected with the sensory receptors and motor neu-
rons, are referred to as secondary areas.

The secondary areas are thought to be

more engaged in interpreting perceptions N
or organizing movements than are the pri-

mary areas. The areas that lie between the .
various secondary areas are referred to as o
tertiary areas. Often referred to as associ-
ation areas, tertiary areas serve to connect '\,
and coordinate the functions of the sec-
ondary areas. Tertiary areas mediate com-

plex activities such as language, planning,
memory, and attention.

Overall, the neocortex can be conceptu-
alized as consisting of a number of fields:
visual, auditory, body senses, and motor.
Because vision, audition, and body senses
are functions of the posterior cortex, this
region of the brain (parietal, temporal, and
occipital lobes) is considered to be largely
sensory; and, because the motor cortex is
located in the frontal neocortex, that lobe
is considered to be largely motor. Finally,
because each lobe contains one of the pri-
mary projection areas, it can roughly be
associated with a general function:

Frontal lobes: motor
Parietal lobes: body senses
Temporal lobes: auditory function ' v

Occipital lobes: visual functions

Figure 31 4 A projection map.
The darkest shading indicates
primary projection areas, which
receive input from the sensory
systems or project to spinal motor
systems. The lighter shading
represents secondary areas. The
unshaded regions are higher-order
association, or tertiary, areas. Arrows
indicate that information flows from
primary to secondary sensory areas
and from secondary motor areas to
primary motor areas. Information
also flows from secondary to
association areas and between
association areas of the lobes.

Primary projection areas
receive sensory input or project
to spinal motor systems.

Secondary areas
interpret inputs or
organize movements.

Association areas (uncolored)
modulate information
between secondary areas.
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Figure 31 5 The cells of the
cortex revealed through the use of
three different stains. The Golgi stain
penetrates only a few neurons but
reveals all of their processes, the
Nissl stain highlights only cell
bodies, and the Weigert myelin stain
reveals the location of axons. Note
that these staining procedures
highlight the different cell types of
the cortex and show that they are
organized into a number of layers,
each of which contains typical cell
types. (After Brodmann, 1909.)

Figure 31 6 (A) Brodmann’s
areas of the cortex. A few numbers
are missing from the original sources
of this drawing, including 12 through
16 and 48 through 51. Some areas
have histologically distinctive
boundaries and are outlined with
heavy solid lines; others, such as 6,
18, and 19, have less-distinctive
boundaries and are outlined with
light solid lines; the remaining areas
have no distinct boundaries but
gradually merge into one another and
are outlined with dotted lines.

(B) Functional areas and Broadmann
cytoarchitectonic areas. (Part A after
Elliott, 1969.)

The Organization of the Cells of the Cortex

Examination of the cells of the cortex shows that the
Uassociation  cortex can be divided into different areas on the basis
of cell organization. Maps of the cortex that are based
on cell structure are called cytoarchitectonic maps.
The neurons of the neocortex are arranged in about
six layers, as shown in Figure 3.15. These six layers
can be separated into three groups by function.

}Input

1. The output cell layers, layers V and VI, send
>Output axons to other brain areas. Both of these layers and
the cells of which they are composed are particularly
large and distinctive in the motor cortex, which sends
projections to the spinal cord. (Large size is typical of cells
that send information long distances.)

Weigert
(fibers) 2. The input cell layer, layer IV, receives axons from

sensory systems and other cortical areas. This layer features
large numbers of small, densely packed cells in the primary areas of vision,
somatosensation, audition, and taste-olfaction, which receive large
projections from their respective sensory organs.

3. The association cell layers, layers I, II, and III, receive input mainly
from layer IV and are quite well developed in the secondary and tertiary
areas of the cortex.

In short, sensory areas have many layer IV cells, motor areas have many
layer V and VI cells, and association areas have many layer I, II, and III cells.
One widely used map of the cortex, known as Brodmann’s map, is pre-
sented in Figure 3.16A. This map represents differences in the density of dif-
ferent kinds of neocortical neurons. In Brodmann’s map, the different areas are
numbered, but the numbers themselves have no special meaning. To do his

(A) Lateral view

Function Map code  Brodmann area
Vision

primary 17

secondary 18, 19, 20, 21, 37
Auditory

primary 41

secondary 22,42
Body senses

primary 1,2, 3

secondary 5,7
Sensory, tertiary [ | 7,22,37,39,40
Motor

primary 4

secondary 6

eye movement 8

speech 44

Motor, tertiary [ 1 9/10,11,45, 46, 47
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analysis, Brodmann divided the brain at the central sulcus and then examined
the front and back halves of the brain separately, numbering new conforma-
tions of cells as he found them but without following a methodical path over
the surface or through the layers. Thus, he found areas 1 and 2 in the poste-
rior section, then switched to the anterior section and found areas 3 and 4, and
then switched back again, and then looked somewhere else.

As it turns out, Brodmann’s map is very useful because the regions depicted
in it correspond quite closely with regions discovered with the use of noncy-
toarchitectonic techniques. Figure 3.16B summarizes some of the relations be-
tween areas on Brodmann’s map and areas that have been mapped according to
their known functions. For example, area 17 corresponds to the primary visual
projection area, whereas areas 18 and 19 correspond to the secondary visual
projection areas. Area 4 is the primary motor cortex. Broca’s area, an area re-
lated to the articulation of words, is area 44. Similar relations exist for other ar-
eas and functions.

One of the problems with Brodmann’s map is that new, more powerful an-
alytical techniques have shown that many Brodmann areas actually consist of
two architectonically distinct areas or more. For this reason, the map is con-
tinually being updated and now consists of an unwieldy mixture of numbers,
letters, and names.

Connections Between Cortical Areas

"The various regions of the neocortex are interconnected by three types of axon
projections: (1) relatively short connections between one part of a lobe and
another, (2) longer connections between one lobe and another, and (3) inter-
hemispheric connections, or commissures, between one hemisphere and
another. Figure 3.17 shows the locations and names of some of these connections.

Most of the interhemispheric connections link homotopic points in the two
hemispheres—that is, contralateral points that correspond to one another in
the brain’s mirror-image structure. Thus, the commissures act as a zipper to
link the two sides of the neocortical representation of the world and of the
body together. The two main interhemispheric commissures are the corpus
callosum and the anterior commissure.

Figure 31 7 Connections
between various regions of the cortex.

(A) Lateral view (B) Medial view (C) Connections between hemispheres
Axon fibers connect one ...one part of a lobe (cross-sectional view)
lobe of the brain to to another part,...

Corpus 4
. - another,... Cingulum  Arcuate fibers callﬁsum \ =
Inferior occipital / Superior occipital '{“\"» & \
ey, frontal tract Y A\%\ |

Superior | )
longitudinal ~\H\\ i I Wi
tract nﬁ
Anteriof o)
nteriof " &
_ commissure
= _ Inferior
ﬁlnfenor callosum longitudinal tract ...and one hemisphere

longitudinal tract of the brain to the other.
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Figure 31 8 (A) This medial view
of the right hemisphere illustrates the
principal structures of the limbic
system, including the cingulate
cortex, the hippocampus, and the
amygdala. (B) A model of the human
limbic system and its major
structures. Note: As proposed by
Papez, the limbic system forms a
circuit in which the hypothalamus
(mammillary bodies) connect to the
hippocampus through the cingulate
gyrus, and the hippocampus connects
to the hypothalamus through the
fornix. (After Hamilton, 1976.)

(A) The limbic lobe, medial view

Cingulate gyrus
(limbic cortex)

Amygdala” / \‘\\@»
Hippocampus (buried ;

in temporal lobe)

The cortex also makes other types of connections with itself. Cells in any
area, for example, may send axons to cells in a subcortical area such as the thal-
amus, and the cells there may then send their axons to some other cortical area.
These types of relations are more difficult to establish anatomically than are
those based on direct connections.

The various connections between regions of the cortex are of considerable
functional interest, because damage to a pathway can have consequences as
severe as damage to the functional areas connected by the pathway. A glance
at Figure 3.17 shows that it is difficult indeed to damage any area of the
cortex without damaging one or more of its interconnecting pathways.

The Limbic Lobe and Basal Ganglia

In addition to the neocortex, there are two other main forebrain structures: the
limbic system and the basal ganglia. A brief description of the anatomy and
function of these regions follows.

The Limbic Lobe

In the course of the evolution of the amphibians and reptiles, a number of
three-layer cortical structures that sheath the periphery of the brainstem de-
veloped. With the subsequent growth of the neocortex, they became sand-
wiched between the new brain and the old. Because of the evolutionary origin
of these structures, some anatomists have referred to them as the reptilian
brain, but the term limbic lobe (from the Latin /imbus, meaning “border” or
“hem”), coined by Broca in 1878, is more widely recognized today.

The limbic lobe is also referred to as the limbic system (although that
may very well be a misnomer, as we soon explain). The limbic lobe consists
of a number of interrelated structures, including the hippocampus (“sea
horse”), septum (“partition”), and cingulate (“girdle”) gyrus (Figure 3.18).
The history of how the limbic “lobe” became the limbic “system” is one of
the most interesting chapters in neuroscience.

(B) The limbic lobe (dissected out)

The limbic lobe
dorsal structures are
in the midline.

Cingulate gyrus  Fornix

The hippocampus
curves away into the
temporal lobe...

Olfactory
bulb

...and the limbic
lobe terminates in
the amygdala.

Amygdala

Mammillary Hippocampus

bodies
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The first theory of limbic function stemmed from the observation that there
are connections between the olfactory system and the limbic lobe. On this evi-
dence, anatomists hypothesized that the limbic structures processed olfactory in-
formation, and so collectively the structures became known as the
rhinencephalon, or “smell-brain.” Subsequently, a number of experiments dem-
onstrated that some limbic structures had little olfactory function. Then, in 1937,
Papez, in what at the time amounted to a scientific tour de force, asked, “Is emo-
tion a magic product, or is it a physiologic process which depends on an anatomic
mechanism?” He suggested that emotion, which had no known anatomic sub-
strate, is a product of the limbic lobe, which had no recognized function. He pro-
posed that the emotional brain consists of a circuit in which information flows
from the mammillary bodies in the hypothalamus to the anterior thalamic nucleus
to the cingulate cortex to the hippocampus and back to the mammillary bodies.
Input could enter this circuit from other structures to be elaborated as emotion.
For example, an idea (“It is dangerous to walk in the dark”) from the neocortex
could enter the circuit to be elaborated as fear (“I feel frightened in the dark”) and
ultimately to influence the hypothalamus to release a hormone that would create
the appropriate physical response to the idea and its emotional corollary.

In 1957, Scoville and Milner described the now-famous patient H. M., who
had had his medial temporal lobe, including his hippocampus, removed bilat-
erally as a treatment for epilepsy. His primary deficits were not emotional. He
displayed little ability to learn new information, although his presurgery
memories were largely intact. Thereafter it was proposed that the limbic sys-
tem is the memory system of the brain; but, in the years since H. M. was first
described, many other regions of the brain also have
become recognized as playing a part in memory, di-
minishing the apparent role of the limbic system in
that function. Today, along with evidence that the
limbic lobe has some involvement in olfaction, emo-
tion, and memory, most major lines of research also
suggest that the limbic system plays a special role in

. . Basal
spatial behavior.

ganglia

The Basal Ganglia

The basal ganglia (“lower knots,” referring to “knots Thalamus
below the cortex”) are a collection of nuclei lying
mainly beneath the anterior regions of the neocortex
(Figure 3.19). They include the putamen (“shell”),
the globus pallidus (“pale globe”), the caudate nu-
cleus (“tailed nucleus”), and the amygdala (“al-
mond”). These structures form a circuit with the
cortex. The caudate nucleus receives projections from
all areas of the neocortex and sends its own projections
through the putamen and globus pallidus to the thala-
mus and from there to the motor areas of the cortex.
The basal ganglia also have reciprocal connections
with the midbrain, especially with a nucleus called the
substantia nigra (“black area”).

Figure 31 gThis frontal section
of the cerebral hemispheres shows
the basal ganglia relative to the
surrounding structures. Two
association structures, the
substantia nigra and subthalamic
nucleus, also are illustrated.

Corpus callosum

Caudate
nucleus

Basal

Putamen .
ganglia

Globus
pallidus

Subthalamic
nucleus

Substantia
nigra
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Figure 320 (Left) This
schematic representation of a rat’s
brain from a dorsal view shows the
projection of visual and
somatosensory input to contralateral
(opposite-side) areas of the cortex
and the projection of the motor cortex
to the contralateral side of the body.
The eyes of the rat are laterally
placed such that most of the input
from each eye travels to the opposite
hemisphere. (Right) In the human
head, the two eyes are frontally
placed. As a result, the visual input
is split in two, and so input from the
right side of the world as seen by
both eyes goes to the left hemisphere
and input from the left side of the
world as seen by both eyes goes to
the right hemisphere. The
somatosensory input of both rats and
humans is completely crossed, and
s0 information coming from the right
paw or hand goes to the left
hemisphere. Note that, although
single arrows are used in the
diagrams to depict the flow of
information going to and from the
brain, there are actually connectors
along each route.

Contralateral
side of cortex

The basal ganglia historically have been described as having two functions.
First, damage to different parts of the basal ganglia can produce changes in
posture, increases or decreases in muscle tone, and abnormal movements such
as twitches, jerks, and tremors; so the ganglia are thought to take part in such
motor functions as the sequencing of movements into a smoothly executed re-
sponse, as occurs during talking. Second, the basal ganglia are also thought to
support stimulus-response, or habit, learning. For example, a bird that learns
after a number of experiences that brightly colored butterflies have a bitter
taste would use its basal ganglia to learn the association between taste and color
and refrain from eating the insects.

The Crossed Brain

One of the most peculiar features of the organization of the brain is that each
of its symmetrical halves responds to sensory stimulation from the contralat-
eral side of the body or sensory world and controls the musculature on the
contralateral side of the body (Figure 3.20). The visual system achieves this
end by crossing half the fibers of the optic tract and by reversing the image
through the lens of the eye. Nearly all the fibers of the motor and so-
matosensory systems cross. Projections from each ear go to both hemi-
spheres, but there is substantial evidence that auditory excitation from one
ear sends a stronger signal to the opposite hemisphere. As a result of this
arrangement, numerous crossings, or decussations, of sensory and motor
fibers are found along the center of the nervous system. Later chapters con-
tain detailed descriptions of some of these crossings, when they are relevant
to the discussion of how a given system works. It is sufficient to say here that,
because of this arrangement, damage to one side of the brain generally causes
sensory and motor impairments not to the same side of the body but to the
opposite side.

Fixation point

- a\ field Right
s Sl figy

Contralateral
side of body
Contralateral
side of body

Contralateral
side of cortex
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Blood Supply

The brain receives its blood supply from two internal carotid arteries and
two vertebral arteries; one of each courses up each side of the neck. The
internal carotid arteries enter the skull at the base of the brain, branching
off into a number of smaller arteries and two major arteries, the anterior
cerebral artery and the middle cerebral
artery, that irrigate the anterior and mid-
dle parts of the cortex. The vertebral ar-
teries also enter at the base of the brain
but then join together to form the basilar
artery. After branching off into several
smaller arteries that irrigate the cerebel-
lum, the basilar artery gives rise to the
posterior cerebral artery, which irri-
gates the medial temporal lobe and the
posterior occipital lobe.

The distribution zones of the anterior,
middle, and posterior cerebral arteries are
shown in Figure 3.21. Note that, if the hand
is placed so that the wrist is on the artery
trunk, the extended digits will give an ap-
proximate representation of the area of the
cortex that is irrigated. These arteries irri-
gate not only the cortex but also subcortical
structures. Thus, a disruption of blood flow
to one of these arteries has serious conse-
quences for subcortical as well as cortical
structures.

Such a disruption occurs in a condition
called stroke: an artery becomes blocked
by the formation of a blood clot, depriving
part of the brain of its blood supply.
Within a few minutes of this deprivation,
the cells in the region begin to die. Sometimes immediate treatment with an
anticoagulant can restore the flow of blood within a couple of hours, rescuing
significant numbers of cells. The symptoms of stroke vary according to the lo-
cation of the loss of blood supply. Note in Figure 3.21 that blockade of the an-
terior cerebral artery results in loss of functions of the medial cortex, which
include limbic functions; stroke of the middle cerebral artery results in im-
pairments in motor function; and blockade of the posterior cerebral artery re-
sults in loss of visual functions.

The veins of the brain, through which spent blood returns to the lungs, are
classified as external and internal cerebral and cerebellar veins. The venous
flow does not follow the course of the major arteries but instead follows a pat-
tern of its own, eventually entering a system of venous sinuses, or cavities, that
drain the dura mater (one of the membranes that protect the brain from injury,
as described next).

Anterior cerebral artery

Lateral view

Figure 321 Distribution of the
major cerebral arteries in the
hemispheres: (left) lateral view;
(right) medial view. If you align

your hand so that your wrist
represents the base of the artery, the
extended digits will spread over the
area of cortex to which blood is
distributed by that artery.

Medial view
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Figure 322 The brain is
protected by the skull and a number
of thick membranes—the dura,
arachnoid, and pia. The
subarachnoid space between the
arachnoid layer and the pia layer
contains cerebral spinal fluid (CSF).

Protection

The brain and spinal cord are supported and protected from injury and infec-
tion in four ways (Figure 3.22). First, the brain is enclosed in a thick bone, the
skull, and the spinal cord is encased in a series of interlocking bony vertebrae.

Second, within these bony cases are three membranes:

L Skull the outer dura mater (from the Latin, meaning “hard

o mother”), a tough double layer of tissue enclosing the

. +—Dura brain in a kind of loose sack; the middle arachnoid mem-
mater

brane (from the Greek, meaning “resembling a spider’s
N Arachnoid web”), a very thin sheet of delicate tissue that follows

I layer the contours of the brain; and the inner piz mater (from
the Latin, meaning “soft mother”), which is a moder-

— Pla mater ately tough tissue that clings to the surface of the brain.
=~ Subarachnoid space Third, the brain is cushioned from shock and sudden
(filled with CSF) changes of pressure by the cerebrospinal fluid, which

fills the ventricles inside the brain and circulates around
the brain beneath the arachnoid membrane, in the subarachnoid space. This
fluid is a colorless solution of sodium chloride and other salts and is secreted con-
tinually by a plexus of glial (ependymal) cells that protrudes into each ventricle.
The CSF flows from the ventricles, circulates around the brain, and is then ab-
sorbed by the venous sinuses of the dura mater. If the outflow is blocked, as oc-
curs in a congenital condition called hydrocephalus, the ventricles enlarge in
response to CSF pressure and, in turn, dilate the skull. The condition can be
ameliorated by draining the ventricles through a tube. Although CSF is not
thought to nourish the brain, it may play a role in removing metabolic wastes
from the brain.

Fourth, the brain is protected from many chemical substances circulating in
the rest of the body by the blood-brain barrier. To form this barrier, the cells
of the capillaries, the very small blood vessels, form tight junctions with one
another, thus preventing many substances from crossing into or out of the
capillaries.

Summary

The brain is composed of neurons and glial cells, each of which are present in
many forms. The brain is organized into nuclei and tracts, with the nuclei ap-
pearing gray and the tracts appearing white to visual inspection. Visualization
of brain anatomy in greater detail requires that tissue be stained to highlight dif-
ferences in the biochemical structures of different groups of nuclei and tracts.
The developing brain first consists of three divisions surrounding a canal
filled with cerebrospinal fluid. In adult mammals, increases in the size and
complexity of the first and third division produce a brain consisting of five sep-
arate divisions. The spinal cord communicates with the body through dorsal
roots, which are sensory, and ventral roots, which are motor. The spinal cord
is also divided into segments, each representing a dermatome, or segment, of
the body. This segmentation and the dorsal-is-sensory and ventral-is-motor
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organization continue into the brainstem, which functions to orchestrate
more-complex behaviors pertaining to balance, vision, audition, and olfaction.

The neocortex, or cortex, comprising about 80% of the adult human brain,
consists of a large sheet of neurons organized into six layers. In the adult brain,
the sheet is crinkled to form gyri and sulci. The cortex can be divided into
function regions, with motor functions in the front and sensory functions in
the rear.

Individual lobes also can be associated with general functions: vision in the
occipital lobe, audition in the temporal lobe, somatosensation in the parietal
lobe, and movement in the frontal lobe. The lobes can be further subdivided
into primary, secondary, and tertiary regions, each of which deals with more-

complex and associative functions.

The cortex does not function in isolation but receives sensory information
through the thalamus and works through the basal ganglia to produce movement
and through the limbic system to organize spatial and emotional behavior.

The brain is protected by the skull and three membranes, the dura, arach-
noid, and pia mater. The brain receives its blood supply from the internal ca-

rotid arteries and the vertebral arteries.
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The Structure and Electrical
Activity of Neurons

When male grayling hutterflies are ready to mate, they begin to notice and pursue female
graylings passing overhead. The male’s recognition of grayling females is not unerringly
accurate, however; sometimes he pursues other passing objects instead. Observing this
behavior, ethologist Nikolaas Tinbergen, working in the first half of the twentieth century,
devised a series of controlled experiments to discover what stimulus or group of stimuli
was eliciting the male’s approach response. Tinbergen made various model female but-
terflies, attached one at a time to the line of a fishing rod, and “flew” them past males to
determine which exerted the greatest attraction. Although the female graylings are
brightly colored and the males can see color, Tinbergen found that color itself was not an
important stimulus. The males were most strongly attracted by dark, large, darting stim-
uli. Furthermore, two or more of these stimulus properties produced a larger response
than did one presented alone, which suggested to Tinbergen that the nervous system of
male hutterflies sums the different features of the stimulating object and then produces a

proportional response.

he results of Tinbergen’s experiments, done with no knowledge or study

of the butterfly’s nervous system, nevertheless yield important clues to
how that system must work; thus, his experiments are a classic example of well-
designed behavioral research. But to progress to the next level of understand-
ing—to discover how the male butterfly produces a response—requires
discovering how information from various stimuli affects neurons, how the in-
formation is conducted into the brain, and how it is added to produce an ap-
propriate response. This story is applicable to neuropsychology. Much can be
learned about people’s behavior through careful observations and controlled
experiments; but, to discover the details of how the nervous system controls
behavior, we need to know the structure of its cells and how they work. This
chapter gives a brief description of (1) the physical features of neurons, (2) the
techniques used to study them, (3) the electrical activity of neurons, and (4) and
the way that neurons send messages.
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The Neuron’s Structure

Neurons are cells that act as the information-conducting units of the nervous
system, and, although they have many characteristics in common with other
cells in the body, they also have special characteristics that help them perform
their information-conducting functions. The word “information” is used
loosely here to mean that we believe the activity of the neuron is meaningful
with respect to the behavior of the animal.

An Overview of a Neuron

Figure 4.1 displays the external and internal features of a neuron. Perhaps the
most prominent distinguishing features are the dendrites, whose presence
greatly increases the cell’s surface area. The dendrites’ surface area is further
increased by many subbranches and by
many small protrusions called dendritic
spines that cover each branch. A neuron
may have from 1 to 20 dendrites, each of
which may have one or many branches,
and the spines on the branches may num-
ber in the many thousands. Because den-
drites collect information from other
cells, their surface areas determine how
much information a neuron can gather.
Because the dendritic spines are the points
of communication between neurons, the
many thousands of spines provide some
indication of how much information a
neuron may receive.

Each neuron has a single axon, ex-
tending out of an expansion of the cell
body known as the axon hillock (hillock
means “little hill”). The axon may have
branches called axon collaterals, which o
usually emerge from it at rig}?t.angles. - S hillock ™ v 7
Toward its end, the axon may divide into e ) Lo :‘/‘ (e

(A) Axon from (B)

another neuron

Dendrites

Figure 4] The major parts of a neuron. (A) A typical
neuron that has been stained by using the Golgi
technique to reveal some of its major physical features, Axon
including the dendrites and cell body. (B) A drawing of collateral
the neuron highlights its dendrites, cell body, and axon.
(C) An electron micrograph image illustrating the
synapse formed where the end foot of the axon of one
neuron connects with the dendritic spine of a dendrite
of another neuron. (D) A high-power light microscopic
view of the cell body revealing the nucleus and the
nucleolus.

/Teleodendria

— End foot
(terminal button)
———= Dendrites from

neighboring neuron
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Figure 42 A schematic

representation of information flow in

a neuron.

a number of smaller branches called teleodendria (“end branches”). At the
end of each teleodendrion is a knob called an end foot or terminal button.
The end foot sits very close to a dendritic spine of another neuron, although
it does not touch it (see inset in Figure 4.1). This “almost connection,” con-
sisting of the surface of the end foot, the corresponding surface of the neigh-
boring dendritic spine, and the space between the two, is called a synapse.
In contrast with the extensive information-gathering capacity of the den-
drites and spines, the single axon limits the neuron to having only one out-
put channel for communication.

Later, we will describe the neuron’s activities in some detail. Here we’ll sim-
ply generalize about its function by examining its shape, by using the analogy
of a river system in which the flow of water represents the flow of information.
A neuron has a cell wall enclosing its contents, much as the banks of a river en-
close the water. The dendrites and the axon are simply fluid-filled ex-
tensions of the cell body. Information flows from the dendrites to the
cell body and axon, just as tributaries feed a river. The axon’s dividing
into teleodendria is analogous to the main river channel’s breaking up
into a number of smaller channels at the river delta before discharging
its contents into the sea. At each end foot, the information, in the form
of a chemical message, is released onto a target. This flow of informa-
tion from the dendritic tree to the end feet is illustrated in Figure 4.2.

Although information does flow from the dendrites to the
cell body and then along the axon, a neuron does not function

ﬁ#!?&gggn simply like an unregulated river system, carrying all the input
that it receives to the delta that disgorges it
1| into the sea. Rather, a neuron is both an infor-
Information from other  Mation-collecting and an  information-
|| neurons is collected processing device. It receives a great deal of
8 at dendrites, ... information on its hundreds to thousands of
g 2 dendritic spines, but it has only one axon; so
= . the message that it sends must be an averaged
< ( . procassed In or summarized version of all the incoming sig-
2 the cell body, ... g s1g
= SBEBEEEE / ‘ nals. Therefore it could also be compared to a
) /ggg }:E]EE?E;'?OQ” river system regulated by a dam located at the
. y .- axon hillock. A dam can be opened or closed
' ) to allow more water flow at some times and
"..and passed less at others.. .
e o i the . Here the river analogy ends. The informa-
xon axon... tion that travels along a neuron does not con-
_ sist of a flow of liquid. Instead, it consists of a
ﬁ]?g(rjrl:agtion flow of electrical current that begins on the
_ ) dendrites and then travels along the axon to
the terminals. In the axon, the electrical flow
]} [l consists of discrete impulses. When each im-
| .' pulse reaches an end foot, the end foot re-
Y leases a chemical into its synapse, and the
----------------- o ...and then to the end

Dendrites of
target neuron

chemical influences the electrical activity of
the receiving cell, thus passing the message
along. The chemical is known as a neuro-

feet, where it is passed
on to a target neuron.
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transmitter substance or a neurotransmitter, for short, because it transmits
the message across the synapse.

The next sections of this chapter will describe how neurons become elec-
trically charged and how changes in electrical charge are able to transmit
information.

The Cell as a Factory

We can picture the cell as a miniature factory, with departments that cooperate
to make and ship the cell’s products, which are proteins. Figure 4.3 illustrates
many of the parts of a cell. As we describe these parts and their functions, you
will see that the factory analogy is apt indeed.

Just as a factory has outer walls that separate it from the rest of the world and
discourage unwanted intruders from entering, a cell has an outer cell membrane
that separates it from its surroundings and allows it to regulate the materials
that enter and leave its domain. The cell membrane envelops the cell body, the
dendrites and their spines, and the axon and its terminals and so forms a bound-
ary around a continuous intracellular compartment. Unassisted, very few sub-
stances can enter or leave a cell, because the cell membrane presents an almost
impenetrable barrier. Proteins embedded in the cell membrane serve as the fac-
tory’s gates, allowing some substances to leave or enter and denying passage to
the rest. Because the role of proteins is important, we will be describing what

Dendrite: Cell extension that collects Dendritic spines: Small protrusions on
information from other cells dendrites that increase surface area
Cell membrane: Membrane

1
Golgi body: -
Membranous
structure that
| packages
protein
molecules for
transport
surrounding the cell

Nucleus: Central structure containing
Mlcrofllaments. Lysosomes: Sacs
Threadlike fibers containing Axon: Extension that transmits

Nuclear membrane: Membrane
surrounding the nucleus

Endoplasmic reticulum: Folded layers
of membrane where proteins
are assembled
G |
Mitochondrion: Structure that
gathers, stores, and releases energy
L
Intracellular fluid: Fluid in which the
cell’s internal structures are suspended
Microtubules: Tiny tubes that
transport molecules and help give
the cell its shape

the chromosomes and genes
1

making up much of | enzymes that information from cell body to

the cell's “skeleton” | break down wastes other cells

Figure 43 The internal structure
of a typical cell. The cell contains a
nucleus and a number of other
organelles (including lysosomes and
the endoplasmic reticulum) enclosed
within their own membranes. It also
contains Golgi bodies to package and
ship the cell products, as well as an
internal tubule system to provide
motility, support, and material
transport. Mitochondria are
organelles that provide the cell with
energy. Many of these structures and
organelles are found in the dendrites
and axon, as well as in the body of
the neuron.
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proteins are in some detail. Within the cell are other membranes that divide its
interior into compartments, similar to the work areas created by a factory’s in-
ner partitions. This compartmentalization allows the cell to concentrate chem-
icals where they are needed and otherwise keep them out of the way. Prominent
among the cell’s internal membranes is the nuclear membrane, which sur-
rounds the cell’s nucleus.

The nucleus, like the executive office of a factory, is where the blue-
prints—genes and chromosomes—for the cell’s proteins are stored and
copied. When needed, the copies are sent to the factory floor, the part of the
cell called the endoplasmic reticulum (ER). The ER, actually an extension
of the nuclear membrane, is where the cell’s protein products are assembled
in accordance with the nucleus’s blueprint instructions. The finished prod-
ucts are packed and addressed in the Golgi bodies, which then pass them
along to the cell’s transportation network, a system of tubules that carries
the packaged proteins to their final destinations (much like the factory’s in-
terior system of trucks and forklifts). Other kinds of tubules constitute the
cell’s structural framework; still others are contractile and aid in the cell’s
movements.

"Two other important components of the cell factory are the mitochondria and
lysosomes. The mitochondria are the cell’s power plants that supply its energy
needs, whereas the lysosomes are sacklike vesicles that not only transport in-
coming supplies, but also move and store wastes. Interestingly, more lysosomes
are found in old cells than in young ones. Cells apparently have trouble dispos-
ing of their garbage just as we do.

With this overview of the cell’s internal structure in mind, let’s look at some
of the components in more detail, beginning with the cell membrane.

The Cell Membrane: Barrier and Gatekeeper

The neurons and glia of the brain may appear to be tightly packed together but,
like all cells, they are separated and cushioned by extracellular fluid. This fluid
is composed mainly of water in which salts and many other chemical substances
are dissolved. Fluid is found inside a cell as well. The intracellular fluid is also
made up mainly of water with dissolved salts and other chemicals, but the con-
centrations of dissolved substances inside and outside the cell are very different.
Later, we will see how this difference helps explain the information-conducting
ability of neurons.

The cell membrane that encases a cell separates the intracellular from the
extracellular fluid and so allows the cell to function as an independent unit.
The special structure of the membrane makes this separation possible (Figure
4.4). The cell membrane also regulates the movement of substances into and
out of the cell. For example, if too much water entered a cell, the cell could
burst and, if too much water left, the cell could shrivel. The cell membrane
helps ensure that neither will happen. The cell membrane also regulates the
concentration of salts and other chemicals on either side. This regulation is
important because precise concentrations of chemicals within a cell are essen-
tial to its normal function.
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What properties of a cell membrane allow it to Y T
regulate water and salt concentrations within the cell? &7
To answer this question, we have to look not only at
the cell membrane but also at the composition of the
intra- and extracellular fluids. The fluid is composed

\
mainly of water molecules, which are slightly polar. Cell
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(A) Phospholipid bilayer

A phospholipid bilayer
separates extracellular
fluid (outside the cell)...

! . . s \ membrane

That is, one part of each water molecule is slightly 0 . > W Extracellular fluid

negatively charged and another part of the water mol- 000000000088

ecule is slightly positively charged. Salts are molecules

that separate into two parts when dissolved in water,

with one part carrying a positive charge and the other

part carrying a negative charge. These charged parti- ..from intracellular 000000006006
fluid (inside the cell). —

cles are collectively called ions. Some salts are rela-
tively simple, such as common table salt, sodium
chloride (NaCl). In water, NaCl dissolves into sodium
ions (Na*) and chloride ions (CI™), both of which are
quite small. Other salts are much more complicated.
For example, protein molecules can ionize in water,
but proteins consist of hundreds of atoms, and so pro-
tein ions are hundreds of times as large as the ions of
table salt. The cell membrane can regulate the move-
ment of a substance because it is sensitive to the elec-
trical charge on the substance; it can also regulate the
movement of ions that differ in size.

The cell membrane is composed of a special kind
of molecule called a phospholipid. This name comes
from the molecule’s structure, which features a “head”
that contains the element phosphorus (P) and two
“tails” that are lipids, or fats. The head is polar, which
means that it has a slight positive charge in one loca-
tion and a slight negative charge in another. The tails
consist of hydrogen and carbon atoms that are tightly
bound to each other in such a way that there are no
polar regions. Figure 4.4 shows a model of this mole-
cule and a symbol used to represent it.

The polar head and the nonpolar tails of a phospholipid molecule are the
underlying reasons why it can form membranes. The head, being polar, is
hydrophilic (from the Greek hydro, meaning “water,” and philic meaning
“love”: literally, “water loving”), which means that it is attracted to water
molecules because they, too, are polar. The nonpolar tails have no such at-
traction for water. They are hydrophobic, or “water hating” (the suffix pho-
bic comes from the Greek word phobia, meaning “fear”). Quite literally,
then, the head of a phospholipid loves water and the tails hate it. These
phospholipid molecules form a two-layered membrane—a bilayer. That is,
the phospholipid molecules form a double layer arranged so that the heads
of one layer are in contact with the intracellular fluid and the heads of the
other layer are in contact with the extracellular fluid. The tails of both lay-
ers point toward the inside of the bilayer, where they are hidden from the

(B) Representation of a
phospholipid molecule

The hydrophilic
head has
polar regions.

The hydrophobic
tails have no
polar regions.

Intracellular fluid

(C) More detailed model of a

phospholipid molecule
()
QO
e —
— »—__| The phosphate

group will bind
to water.

Fatty acid tails

( )< 1 have no binding

sites for water.

Figure 44 The basic structure of
a cell membrane, which separates
the fluid outside a cell from the fluid
within the cell. (A) The membrane is
composed of a bilayer (double layer)
of phospholipid cells, with the tail
side of one of the two layers facing
the tail side of the other. (B) A
conventional symbol for a
phospholipid molecule,
distinguishing its head and tail
regions. (C) A space-filling model of
a phospholipid molecule. The head
has polar regions and so is
hydrophilic; the tail has no polar
regions and is hydrophobic.
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water. The cell membrane is pliant and yet impermeable to a wide variety of
substances. It is impenetrable to intracellular and extracellular water be-
cause polar water molecules can’t pass through the hydrophobic tails of the
membrane. Other polar molecules in the extracellular and intracellular fluid
are prevented from crossing the membrane because they carry charges that
are repelled by the phospholipid heads. In fact, only a few, small, nonpolar
molecules, such as oxygen (O,), can pass freely through a phospholipid
bilayer.

If cell membranes are such effective barriers, the cell must also have
mechanisms that enable substances necessary to the function of the cell to
pass in and out. In other words, the cell factory must have doors of some kind
to facilitate the delivery of supplies, disposal of wastes, and shipment of prod-
ucts. Proteins that are embedded in the cell membrane provide one way for
substances to cross the membrane. Proteins can act as gates and transporta-
tion systems that allow selected substances to pass through the membrane.
We will describe these mechanisms for crossing the cell membrane
a little later. First, however, we will describe how these proteins

i
Each chromosome is
a double-stranded

molecule of DNA.

are manufactured by the cell and transported within it to the cell
membrane.

The Nucleus: The Blueprints for Proteins

The nucleus, as we said, is the cell’s executive office. Here the blue-
prints for making proteins are stored and copied; the copies are then
sent out to the factory floor. These blueprints are called genes,
which are embedded in the chemical structure of special giant mole-
cular complexes in the nucleus called chromosomes. (The name

chromosome means “colored body,” referring to the fact that chro-

Adenine (A) binds
with thymine (T).
Guanine (G) binds

mosomes can be readily stained with certain dyes.) Collectively, the
chromosomes are like a set of books containing all the blueprints

Figure 45 The cell nucleus
contains chromosomes, each of
which contains many genes. A
chromosome is made up of two
strands of DNA twisted in a helix and
bound to each other by their
nucleotide bases. The nucleotide
base adenine (A) binds with thiamine
(T), and the nucleotide base guanine
(G) binds with cytosine (C).

with cytosine (C).

necessary for making a complex building, whereas a gene is like a
page containing a single blueprint—the plan for a door, for example,
or for a corridor between rooms. Each chromosome has a double-
helix structure in which its two strands of molecules are wrapped around
each other, and each chromosome contains hundreds of genes (Figure 4.5).

Chromosomes consist chiefly of a substance called DNA (for deoxyri-
bonucleic acid), which in turn consists of long chains of four nucleotide
bases. A gene is a segment of a DNA strand that encodes the synthesis of a
particular type of protein molecule. The code is contained in the sequence of
the nucleotide bases, much as a sequence of letters spells out a word. The se-
quence of bases “spells out” the particular order in which amino acids, the
building blocks of proteins, should be assembled to construct a certain kind
of protein.

"To initiate the production of a protein, the appropriate gene segment of the
DNA double helix first unwinds. The exposed sequence of nucleotide bases on
one of the DNA strands then serves as a template on which a complementary
strand of ribonucleic acid (RNA) is constructed from free-floating nucleotides.
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This process is called transcription (Figure 4.6).

(Transcribe means to copy, as one would copy in writ- H M E:J
ing a piece of printed text. The sequence of nucleotide DNA m m m
bases in the DNA is reproduced as a similar set of nu- | an
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cleotide bases composing RNA.) The strand of RNA
is called messenger RNA (mRINA) because it carries
the genetic code out of the nucleus to the part of the
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The endoplasmic reticulum consists of membranous
sheets folded to form numerous channels. A distin-
guishing feature of the ER is that it is studded with
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O

ribpspmes, structures that play a vital role in the  yrNA adds one amino acid to a chain. The chain of amino acids
building of proteins. When an mRNA molecule  twists and folds to form a protein. The amino acids in this illustration

reaches the ER, it passes through a ribosome, where  are arganine (Arg), phenylalanine (Phe), glycine (Gly), and serine (Ser).

its genetic code is “read.” Each group of three con-

secutive nucleotide bases along an mRNA molecule

selects one amino acid from the surrounding fluid. These three-base se-
quences are called codons. For example, the nucleotide sequence uracil,
guanine, guanine (abbreviated CGG) encodes the amino acid tryptophan
(Trp), whereas the nucleotide sequence uracil, uracil, uracil (UUU) encodes
the amino acid phenylalanine (Phe). Essentially, each of the different nu-
cleotide codons encodes 1 of the 20 different amino acids found in protein
molecules.

As each codon passes through a ribosome, the appropriate amino acid is
added to the amino acid encoded by the preceding codon. In this way, a chain
of amino acids is formed. The amino acids are linked to one another by a spe-
cial bond called a peptide bond. A chain of amino acids is often called a poly-
peptide chain (meaning “many peptides”). Just as a remarkable number of
words can be made from the 26 letters of our alphabet, a remarkable number
of different peptide chains can be made from the 20 different kinds of amino
acids that form proteins. These amino acids can form 400 (20 X 20) different
dipeptides (two-peptide combinations), 8000 (20 X 20 X 20) different tripep-
tides (three-peptide combinations), and an almost endless number of polypep-
tides. The process of forming an amino acid chain is called translation
because, in effect, it translates the particular sequence of nucleotide bases in
the mRINA into a particular sequence of amino acids. (“Translation” means the
conversion of one language into another and is distinguished from transcrip-
tion, in which one chain of nucleotide bases produces another chain of nu-
cleotide bases.)

A polypeptide chain and a protein are related, but they are not the
same thing. The relation is somewhat analogous to that between a ribbon

81

Figure 46 In preparation for the synthesis of a protein, a strand of
DNA is transcribed into mRNA. Each sequence of three bases in the
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and a bow of a particular size and shape that can be made from the ribbon.
Figure 4.7 shows how a protein is formed when polypeptide chains assume
a particular, functional shape. Long polypeptide chains have a strong ten-
dency to curl into helixes (spirals) or to form pleated sheets, and these sec-
ondary structures, in turn, have a strong tendency to fold together to form
more-complex shapes. The folded-up polypeptide chains constitute a pro-
tein. In addition, two or more polypeptide chains may combine, and the re-
sult also is a protein. Many proteins are globular in shape (roundish),
whereas others are fibrous (threadlike), but within these broad categories
countless variations are possible. Humans have about 30,000 active genes
and can therefore make about 30,000 polypeptide chains. These chains can
be cleaved into pieces or combined with others, leading to recombinations
that, in principle, could result in millions of proteins. What make a protein
functional are its shape and its ability to change shape in the presence of
other molecules, as we will soon describe. Thus, in principle, the nature of
the genetic code is quite simple:

DNA — mRNA — protein

Golgi Bodies and Microtubules: Protein
Packaging and Shipment

Within any one neuron, there may be as many as 10,000 protein molecules, all
of which the cell has manufactured. Some of these proteins are destined to be
incorporated into the structure of the cell, becoming part of the cell mem-
brane, the nucleus, the ER, and so forth. Other proteins remain in the intra-
cellular fluid where they act as enzymes, facilitating many of the cell’s chemical
reactions. Still other proteins are excreted out of the cell as hormones or neu-
rotransmitters. To deliver all these different proteins to the right destinations,
the cell contains a set of components that operate much like a postal service,
dedicated to packaging, labeling, and shipping.

Organelles called Golgi bodies wrap newly formed protein molecules in
membranes and give them labels that indicate where they are to go (Figure
4.8). The packaged proteins are then loaded onto motor molecules that “walk”
along the tubules radiating throughout the cell and carry each protein to its
destination.

If a protein is destined to remain within the cell, it is unloaded into the
intracellular fluid. If it is intended to be incorporated into the cell mem-
brane, it is carried to the membrane and inserts itself there. When a protein
is destined to be excreted at the cell membrane, a process called exocytosis,

Figure 47 Levels of protein structure. (A) The primary structure consists of the chain of amino
acids—that is, the polypeptide chain. (B) Secondary structures are helixes (coils) or pleated sheets
formed by the primary chain. (C) The tertiary structure emerges when the helixes, sheets, and other
parts of the chain fold to form a three-dimensional structure. (D) A quaternary structure is an
association between two or more folded polypeptides. The folding and ultimate shape assumed by a
polypeptide chain are determined by the sequence of its amino acids.
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the membrane in which the protein is wrapped will
fuse with the membrane of the cell, allowing the
protein to be expelled into the extracellular fluid.

What Do Proteins Do?

Proteins embedded in the cell membrane play a num-
ber of important roles, one of which is transporting
substances across the membrane. Knowing some-
thing about how membrane proteins work is useful
for understanding many of the functions of neurons.
We will describe three categories of membrane pro-
teins that assist in the transport of substances across
the membrane. In each case, the protein’s function is
an emergent property of its shape.

1. Channels. Some of these membrane proteins are
shaped in such a way that they create channels,
or holes, through which substances can pass.
Different proteins with different-sized holes al-
low different substances to enter or leave the cell.
Figure 4.9A illustrates a protein whose shape
forms a channel large enough for potassium ions
(K*) to travel through. Other protein molecules
serve as channels for other ions.

2. Gates. An important feature of some protein mol-
ecules is that they can change shape. Figure 4.9B
illustrates a channel, called a gated channel, that
opens and closes to allow Na* ions to enter at
some times but not at others. Some gates work by
changing shape when another chemical binds to
them. In these cases, the embedded protein mole-
cule acts as a door lock. When a key of the

Proteins formed in
the ER enter the
Golgi bodies, where
they are wrapped in a
membrane and given
a shipping address.
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Figure 48 The steps in handling a protein consist of packaging,
transport, and in some cases exocytosis.
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Figure 41 0 The giant axons,
projecting from the stellate ganglion
to the mantle, form by the fusion of
many smaller axons. Their size allows
them to convey messages with
extreme rapidity, instructing the
mantle to contract.

appropriate size and shape is inserted into it and turned, the locking de-
vice changes shape and becomes activated. Other gates change shape when
certain conditions in their environment, such as electrical charge or tem-
perature, change.

3. Pumps. In some cases, a membrane protein acts as a pump or transporter
to move substances across the membrane. The protein shown in Figure
4.9C changes its shape to pump sodium ions (Na*) in one direction and
chlorine (CI7) ions in the other direction. These pumps require energy to
function. Many substances are transported across cell membranes by such
mechanisms.

Channels, gates, and pumps play an important role in a neuron’s ability to
convey information, a process whose underlying mechanism we describe in the
next sections.

The Neuron’s Electrical Activity

The neurons of most animals, including humans, are very tiny, on the order of
1 to 20 micrometers (pm) in diameter (1 pm = one-thousandth of a millime-
ter). This size makes the neuron too small to be seen by the eye and too small
to facilitate experimentation. To measure a neuron’s electrical charge requires
a much larger neuron.

British zoologist J. Z. Young, dissecting the North Atlantic squid Lo/igo,
noticed that it has truly giant axons, as much as a millimeter (1000 pm) in di-
ameter. These axons lead to the squid’s body wall, or mantle, which contracts
to propel the squid through the water. The squid itself, portrayed in Figure
4.10, is not giant. It is only about a foot long. But these particular axons are
giant as axons go. Each is formed by the fusion of many smaller axons into a
single large one. Because larger axons send messages faster than smaller ax-
ons, these giant axons allow the squid to jet propel away from predators.

In 1936, Young suggested to Alan Hodgkin and Andrew Huxley, two neu-
roscientists at Cambridge University in England, that these axons were large
enough to be used for electrical recording studies. A giant axon could be re-
moved from a live squid and kept functional in a bath of liquid designed to ap-
proximate the squid’s body fluids. In this way, Hodgkin and Huxley could
easily study the neuron’s electrical activity and so lay the foundation for what
we now know about the electrical activity of neurons.

Recording from an Axon

Hodgkin and Huxley’s experiments with the giant squid axon were made pos-
sible by the invention of the oscilloscope, an instrument that turns electrical
fluctuations into visible signals. You are familiar with one form of oscilloscope,
a television set. An oscilloscope can also be used as a sensitive voltmeter to
measure the very small and rapid changes in electrical currents that come from
an axon, as shown in Figure 4.11. Sensitivity is important because the durations
and size of electrical charges are very small, on the order of milliseconds (ins;
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1 ms = one-thousandth of a second) and
millivolts (mV; 1 mV = one-thousandth
of a volt). Oscilloscopes are still used to-
day for recording the activities of neu-
rons, although the job also can be—and
frequently is—performed with the use of
computers.

Recordings from the axon are made
with microelectrodes, which are insu-
lated wires with very tiny, uninsulated
tips. Placing the tip of a microelectrode
on an axon provides an extracellular mea-
sure of the electrical current from a very
small part of the axon. If a second micro-
electrode is used as a reference, one tip
can be placed on the surface of the axon
and the other inserted into the axon.
This technique provides a measure of
voltage or electrical charge across the cell
membrane. The voltage is a measure of
the current that will flow from one elec-
trode, through a wire to the voltmeter,
and from there through another wire to
the tip of the other electrode, when there
is a difference in charge at the tips of the
two electrodes. Using the giant axon of
the squid, an oscilloscope, and two mi-
croelectrodes, Hodgkin and Huxley re-
corded the electrical voltage across the
axon’s membrane and proposed a model
for explaining a nerve impulse. The basis
of this electrical activity is the movement
of intracellular and extracellular ions,

which carry positive and negative charges. Therefore, before exploring the
neuron’s electrical activity, we will briefly summarize the principles underly-

ing the movement of ions.

How the Movement of lons Creates
Electrical Charges

The intracellular and extracellular fluids of a neuron are filled with various
kinds of ions, including positively charged Na* (sodium) and K* (potassium)
ions, and negatively charged Cl~ (chloride) ions. These fluids also contain nu-
merous negatively charged protein molecules. Negatively charged ions are
called anions (A~), a term that we will use for negatively charged protein mol-
ecules, too. Three factors influence the movement of ions into and out of cells:
(1) concentration gradient, (2) voltage gradient, and (3) the structure of the

membrane.

(A)
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of electrons toward a screen.
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Figure 41 1 (A) The principal
parts of an oscilloscope. The vacuum
tube contains an electron gun that
shoots a beam of electrons toward a
screen. Vertical plates are connected
to a sweep generator that controls
charge on the plates, moving the
beam of electrons in the horizontal
plane. Horizontal plates are
connected to an axon from which
recordings are made. Changes in
electrical current across the axon’s
membrane deflect the electron beam
in the vertical plane. (B) A recording
of voltage change. The horizontal axis
measures time in milliseconds (ms),
whereas the vertical axis measures
voltage in millivolts (mV). The graph
illustrates a change in voltage (from
—60 to +30) recorded from the axon.
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(A) A concentration gradient

All molecules have an intrinsic kinetic energy called thermal motion or heat:
they move constantly. Because of this motion, they spontaneously spread out
from where they are more concentrated to where they are less concentrated.
This spreading out is called diffusion. Requiring no work, diffusion results
from the random motion of molecules as they jostle and bounce about, gradu-
ally dispersing through the solution. Ink poured into water diffuses from its

initial point of contact to every part of the liquid. When salts are
placed in water, they dissolve into ions surrounded by water mol-

If ink is dropped into
water, it will flow
away from the initial
point of contact...

(B) An electrostatic gradient

...until it is equally
distributed through-
out the water.

ecules. Carried by the random motion of the water molecules,
the ions diffuse throughout the solution until every part of it has
very nearly the same concentration. When diffusion is complete,
the system is in equilibrium, with each kind of component mol-
ecule distributed evenly throughout.

Concentration gradient describes the relative difference in
the concentration of a substance at different locations in space
when the substance is not evenly dispersed. As illustrated in Figure
4.12A, a little ink placed in water will start out concentrated at the
site of first contact; but, even in the absence of mechanical stirring,
the ink will quickly spread away from that site. The ink spontane-
ously diffuses down a gradient from a place of high concentration
to places of low concentration untl it is equally distributed
throughout the water. At that point, all of the water in the con-
tainer will be equally dark. The process is similar when a salt so-
lution is poured into water. The solution’s concentration is
initially high in the location where the solution enters the water,

If a salty solution
is poured into
the water...

Salt water

Figure 41 2 (A) A concentration
gradient. If a small amount of ink is
dropped into a beaker of water, the
ink will flow away from the point of
initial contact, where it has a high
concentration, into areas of lower
concentration until it is equally
distributed throughout the water.

(B) An electrostatic gradient. If a
salty solution is poured into a beaker
of water, the positive and negative
ions will flow down their electrostatic
gradients until positive and negative
charges are everywhere equal.

...the positive and
negative ions will flow
down their electrostatic
gradients until positive
and negative charges
are everywhere equal.

but it then diffuses from that location to other regions of the wa-
ter untl the concentrations of ions are uniform throughout.

The second factor that influences the movement of ions is
their voltage gradient, a measure of relative concentrations of
electrical charge. Because ions carry an electrical charge, their
movement can be described not only by a concentration gradi-
ent but also by a voltage gradient. Ions will move down a voltage
gradient from an area of high charge to an area of lower charge,
just as they move down a concentration gradient from an area of
high concentration to an area of lower concentration. Figure
4.12B illustrates this process. It shows that, when salt is dissolved
in water, its diffusion can be described either as movement down
a concentration gradient (for sodium and chloride) or as movement down a
voltage gradient (for the positive and negative charges).

The third factor that influences the movement of ions in the nervous system
is the cell membrane. The container in Figure 4.12B allows unimpeded move-
ment of ions throughout the mixture. Fully dispersed, the ions and their posi-
tive and negative charges balance one another, and so there is no concentration
gradient or voltage gradient. Such is not the case with intracellular and extra-
cellular fluid, because the cell membrane acts as a partial barrier to the move-
ment of ions between the cell’s interior and its exterior. As stated earlier, a cell
membrane is composed of a phospholipid bilayer with its hydrophobic tails
pointing inward, toward one another, and its hydrophobic heads pointing out-
ward. This membrane is impermeable to salty solutions because the salt ions,
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which are encased in water molecules, will not pass through the membrane’s hy-
drophobic tails.

An imaginary experiment will help illustrate how a cell membrane influ-
ences the movement of ions. Figure 4.13A shows a container of water that is
divided in half by a membrane. If we place a few grains of salt (NaCl) in one
half of the container, the salt dissolves and the ions diffuse down their concen-
tration gradients until the water in that side of the container is in equilibrium.
At this point, within that side of the container, there is no longer a concentra-
tion gradient for either sodium or chloride ions, because the water everywhere
in that side is equally salty. There are no concentration gradients for these ions
within the other side of the container either, because there are no sodium and

chloride ions there. But notice how there #re concentration gra-
dients for both sodium and chloride ions across the membrane—
that is, from one side of it to the other.

You learned earlier that various protein molecules are em-
bedded in the cell membrane and that some of these protein
molecules form channels that act as pores to allow certain kinds
of ions to pass through the membrane. Returning to our men-
tal experiment, we’ll place a chloride channel in the membrane
and imagine how the channel will affect the activity of the dis-
solved particles. Chloride ions are now permitted to cross the
membrane and will move down their concentration gradient
from the side of the container where they are abundant to the
side of the container from which they were previously excluded.
The sodium ions, in contrast, will still be unable to cross the
membrane. Although chloride ions are larger than sodium ions,
sodium ions have a greater tendency to hold on to water mole-
cules; as a result, the sodium ions are bulkier and unable to en-
ter the chloride channels.

If the only factor influencing the movement of chloride ions
were the chloride concentration gradient, the efflux (outward
flow) of chloride from the salty to the unsalty side of the con-
tainer would continue until chloride ions were in equilibrium
on both sides. But this result is not what actually happens.
Because the chloride ions carry a negative charge, they are at-
tracted back toward the positively charged sodium ions (oppo-
site charges attract). Consequently, the concentration of
chloride ions remains higher in the first half of the container

Figure 41 3 (A) When salt is placed in one side of a glass of water that is
divided by a barrier, the salt dissolves. Positive and negative ions distribute
themselves throughout half of the container but cannot cross the barrier. (B) If the
barrier has a hole through which Cl~ can pass but Na* cannot pass, Cl~ will diffuse
from the side of high concentration through the hole in the barrier. The CI~ ions will
not be equally distributed on the two sides of the container, because of the voltage
gradient pulling the negative chloride ions back toward the positive sodium ions. At
equilibrium, one side of the container will be positively charged, the other side will
be negatively charged, and the voltage difference will be greatest close to the
membrane.
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If the barrier has a hole
through which CI~ can
pass but Na* cannot, CI-
will diffuse from the
side of high
concentration through
the hole in the barrier.

CI~ will not be equally
distributed on the
two sides because of
the voltage gradient
pulling them back
toward the positve
sodium ions.

At equilibrium, one
half of the container
will be positively
charged...

...and one half will be
negatively charged, and
the voltage difference
will be greatest close

to the membrane.
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than in the second half, as illustrated in Figure 4.13B. In short, with reference
to Figure 4.13B, the movement of chloride ions from the left side of the con-
tainer to the right side, down the chloride concentration gradient, is counter-
acted by the movement of chloride ions from right to left down the chloride
voltage gradient. At some point, an equilibrium is reached in which the con-
centration gradient of chloride ions is balanced by the voltage gradient of neg-
ative charge. At that point,

Concentration gradient = volgate gradient

At this equilibrium, there are different ratios of positive and negative ions
on each side of the membrane, and so a voltage gradient exists across the mem-
brane. The first side of the container is positively charged because some chlo-
ride ions have crossed to the other side, leaving a preponderance of positive
(Na*) charges behind them. The second side of the container is negatively
charged because some chloride ions (C17) have crossed into it, and no ions (of
any charge) were there before. The charges are highest on the surfaces of the
membrane, where positive and negative ions accumulate in an attempt to bal-
ance each other.

"This example is similar to what happens in a real cell, as we are about to see.
Keep it in mind as we describe and explain five aspects of the cell membrane’s
electrical activity—(1) the resting potential, (2) graded potentials, (3) the ac-
tion potential, (4) the nerve impulse, and (5) saltatory conduction—and the
role that ion channels, gates, and pumps play in these processes.

The Resting Potential

An undisturbed axon has a difference in electrical charge across its membrane,
much like the charge difference across the membrane in our thought experi-
ment. This difference is called the resting potential. Figure 4.14A graphs the
voltage difference recorded in the laboratory when one microelectrode is
placed on the outer surface of an axon’s membrane and another microelectrode
is placed on its inner surface. The difference is about 70 mV. Although the
charge on the outside of the membrane is actually positive, scientists follow the
convention of assigning it a charge of 0 mV. Therefore, the inside of the mem-
brane is —70 mV relative to the outside.

If we were to continue recording for a long period of time, the charge across
the membrane would remain much the same. This charge has the potential to
change, however, given certain changes in the membrane. In other words, the
charge is currently stable but is a store of potential energy (thus the expression
“resting potential”). The word “potential” here is used in the same way as we
might use it in talking about the financial potential of someone who has money
in the bank. Just as the money can be spent at some future time, the resting po-
tential is a store of energy that can be used at a later time. The resting poten-
tial is not identical on every axon. It can vary from —40 mV to —90 mV on
axons of different animal species.

Four kinds of charged particles interact to produce the resting potential:
sodium ions (Na*), chloride ions (CI™), potassium ions (K*), and large pro-
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tein anions (A7). As Figure 4.14B shows, these
charged particles are distributed unequally across
the axon’s membrane, with more protein anions and
K* ions in the intracellular fluid, and more CI~ and
Na* ions in the extracellular fluid. Let’s consider
how each contributes to the membrane’s resting
potential.

Large protein anions are manufactured inside cells.
Because there are no membrane channels through
which they can leave the cell, they remain in the intra-
cellular fluid, and their charge contributes to the nega-
tive charge on the inside of the cell membrane. The
negative charge of protein anions alone is sufficient to
produce a transmembrane voltage gradient. Because
most cells in the body manufacture these large, nega-
tively charged protein molecules, most cells have a
charge across their membranes.

"To balance the negative charge of the large protein
anions in the intracellular fluid, cells accumulate
positively charged potassium ions (K*) inside their
membranes. Potassium ions pass through the cell
membrane through open potassium channels—to the
extent that about 20 times as much potassium is inside
the cell as outside it. With this very high concentra-
tion of potassium inside the cell, however, an efflux of
K ions also is produced, owing to the potassium con-
centration gradient across the membrane. In other
words, some potassium leaves the cell because the in-
ternal concentration of K* ions is much higher than
the external K* concentration. The efflux of even a
very small number of K* ions is enough to contribute
to the charge across the membrane, with the inside of
the membrane being negatively charged relative to the
outside.

You may be wondering whether you read that last
sentence correctly. If there are 20 times as many posi-
tively charged potassium ions on the inside of the cell
as on the outside, why should the inside of the mem-
brane have a negative charge? Shouldn’t all of those K*
ions in the intracellular fluid give the inside of the cell
a positive charge instead? No, because of the nega-
tively charged protein anions. Think of it this way. If
there were no restriction on the number of potassium
ions that could accumulate on the inside of the mem-
brane, the positive charges on the intracellular potas-
sium ions would exactly match the negative charges on
the intracellular protein anions, and there would be no
charge across the membrane at all. But there /s a limit
on the number of K* ions that accumulate inside the
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Figure 41 4 The basis and method of recording a resting
potential. Protein ions are represented by A~.
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cell because, when the intracellular potassium concentration becomes higher
than the extracellular concentration, potassium starts moving out of the cell
down its concentration gradient. The equilibrium of the potassium voltage
gradient and the potassium concentration gradient results in some potassium
ions remaining outside the membrane. Only a few potassium ions are needed
outside the membrane to produce a relative negative charge on the inside of
the membrane. As a result, potassium contributes to the charge across the
membrane.

But what about the other two ions that contribute to the production of the
resting potential—sodium (Na*) and chloride (C17)? If positively charged so-
dium ions were free to move across the membrane, they could diffuse into the
cell and reduce the transmembrane charge produced by the unequal distribu-
tion of potassium ions. In fact, a cell membrane does have sodium channels,
but they are ordinarily closed, blocking the entry of most sodium ions. Still,
given enough time, sufficient sodium could leak into the cell to reduce its
membrane potential to zero. What prevents this from occurring?

The high concentration of sodium outside relative to inside the cell mem-
brane is caused by the action of a sodium—potassium pump. This pump is a
protein molecule embedded in the membrane. A nerve membrane’s many
thousands of sodium—potassium pumps work continuously, each one exchang-
ing three intracellular Na* ions for two K* ions with each pumping action. The
K* ions are free to leave the cell through open potassium channels, but closed
sodium channels prevent reentry of the Na*. Consequently, there are about 10
times as many sodium ions on the outside of the axon membrane as there are
on the membrane’s inside.

Unlike sodium ions, Cl~ ions move in and out of the cell through open
chloride channels in the membrane. The equilibrium at which the chloride
concentration gradient equals the chloride voltage gradient is approximately
the membrane’s resting potential; so ordinarily chloride ions contribute little
to the resting potential of the membrane. At this equilibrium point, there are
about 12 times as many Cl~ ions outside the cell as inside it.

As summarized in Figure 4.14C, this unequal distribution of ions leaves a
neuron’s intracellular fluid negatively charged relative to the outside of the
cell. We have seen that the membrane’s bilayer structure, as well as the pres-
ence of channels and pumps, contributes to this resting potential. First, it
keeps in large negatively charged protein molecules, keeps out positively
charged Na* ions, and allows K* and CI~ ions to pass relatively freely.
Second, the membrane has a Na*~K* pump that extrudes Na*. The summed
charges of the unequally distributed ions give the inside of the membrane a
charge of —70 mV relative to the outside. This charge is the membrane’s
resting potential.

Graded Potentials

The resting potential provides an energy store that can be expended if the
membrane’s barrier to ion movement is suddenly removed. This energy store
can also be restored by other modifications to the flow of ions. More specifi-
cally, if the barrier to the flow of ions is changed, the voltage across the
membrane will change. Slight, sudden changes in the voltage of an axon’s
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membrane are called graded potentials, which are highly localized, being re-
stricted to the vicinity of the spot on the axon where they are produced. Just as
a small wave produced in the middle of a large, smooth pond disappears before
traveling much of a distance, graded potentials produced on a membrane de-
cay before traveling very far.

Note that there is no reason for an isolated axon to experience a sponta-
neous change in charge. In order for a graded potential to occur, an axon must
receive some kind of stimulation that changes the flow of ions. Stimulating the
axon electrically through a microelectrode is one way to alter its membrane’s
voltage and produce a graded potential. If the current applied to the membrane
is negative, the membrane potential becomes more negative by a few millivolts
(increasing its charge). As illustrated in Figure 4.15A, it may suddenly change
from the resting potential of —70 mV to a new, slightly higher potential of, say,
—73 mV. This type of change is called hyperpolarization, to indicate that the
polarity of the membrane becomes larger. Conversely, if the current applied to
the membrane is positive, the membrane potential becomes more positive by a
tew millivolts (decreasing its charge). As illustrated in Figure 4.15B, it may
suddenly change from a resting potential of —70 mV to a new, slightly lower
potential of, say, —65 mV. This type of change is called depolarization, be-
cause the polarity of the membrane becomes smaller. Such changes are brief,
lasting no more than milliseconds.

What are the specific causes of these changes in the membrane’s polarity?
The answer is that electrical stimulation influences the opening and closing of
protein gates on membrane channels, and
the opening and closing of various gates
causes the membrane potential to change.
For the membrane to become hyperpolar-
ized, the outside must become more posi-
tive, which can be accomplished with an

efflux of K* ions (or an influx of CI~ ions).  (A) Hyperpolarization
When gates that allow the passage of K* 0

ions or Cl™ ions open, K* or CI™ efflux can

take place.

One piece of evidence that gated
potassium channels have a role in hyper-
polarization is that the chemical terra-
ethylammonium (TEA), which blocks
potassium channels, also blocks hyperpo-
larization. Bug, if potassium channels are
ordinarily open, how can a greater-than-
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channels that are normally closed. The involvement of sodium chan-
nels in depolarization is indicated by the fact that the chemical
tetrodotoxin, which blocks sodium channels, also blocks depolarization.

Puffer fish, which are considered a delicacy in certain countries, espe-
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Figure 4] B Experiment demonstrating that the action potential on
an axon is due to an inward flow of sodium ions and an outward flow of

potassium ions. (A) The separate contributions of sodium and potassium

channels can be demonstrated by blocking potassium channels with
tetraethylammonium (TEA) and sodium channels with tetrodotoxin.
(B) Sodium channels open first, allowing an influx of Na* ions, and
potassium channels open slightly later, allowing an efflux of K* ions.

(C) The combined influx of sodium and efflux of potassium is responsible

for the action potential.

cially Japan, secrete this potentially deadly poison; so
skill is required to prepare this fish for dinner. The
fish is lethal to the guests of careless cooks because
its toxin impedes the electrical activity of neurons.

The Action Potential

An action potential is a brief but extremely large
change in the polarity of an axon’s membrane, last-
ing about 1 millisecond (Figure 4.16). In an action
potential, the voltage across the membrane sud-
denly reverses, making the inside positive relative
to the outside, and then abruptly reverses again, af-
ter which the resting potential is restored. Because
the duration of the action potential is so brief, many
action potentials can occur within a second.

"This rapid change in the polarity of the membrane
takes place when electrical stimulation produces a
large graded potential that causes the membrane’s
potential to drop to about —50 mV. At this voltage
level, called the threshold potential, the membrane
undergoes a remarkable change without any further
contribution from the stimulation. When the
threshold potential has been reached, the voltage
of the membrane suddenly drops to 0 mV and then
continues to become more positive until the charge
on the inside of the membrane is as great as
+30 mV. This is a total voltage change of 100 mV.
Then, almost as quickly, the membrane potential re-
verses again, returning to its resting potential and
then bypassing it and becoming slightly hyperpolar-
ized. This change is a reversal of a little more than
100 mV. After this second reversal, the membrane
gradually returns to its resting potential.

The changes in voltage that produce an action
potential are caused by a brief, large influx of so-
dium ions and a brief, large efflux of potassium ions.
If an axon’s membrane is stimulated to produce an
action potential while immersed in a solution con-
taining TEA (to block potassium channels), a some-
what smaller-than-normal action potential occurs
that is due entirely to sodium influx. Similarly, if an
axon’s membrane is stimulated to produce an action
potential while the axon is immersed in a solution
containing tetrodotoxin (to block sodium channels),
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a slightly different action potential occurs that is due entirely to the efflux of
potassium. These results show that the action potential on an axon normally
consists of the summed voltage changes caused by the flow of both sodium
and potassium ions through their respective gated channels.

The Role of Voltage-Sensitive Channels
There are many different kinds of sodium and potassium chan-
nels in the membrane of a neuron. The channels responsible for
initiating the action potential belong to a class of gated ion
channels that are sensitive to the membrane’s
voltage. These channels are called voltage-sen-
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sitive sodium channels and voltage-sensitive
potassium channels. Voltage-sensitive chan-
nels are closed when an axon’s membrane is
at its resting potential, and so ions cannot
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pass through them. But, when the mem-
brane reaches the threshold voltage, the
configuration of the voltage-sensitive
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other words, the voltage to which these

channels are sensitive is the threshold gittevﬁltage- )

voltage of —50 mV. At this point, sodium  ggpsitive) Na*

and potassium ions are free to cross the
membrane. The voltage-sensitive sodium
channels are more sensitive than the
potassium ones, and so the voltage change
due to sodium influx occurs slightly be-
fore the voltage change due to potassium
efflux.

Opening of gate 1
of sodium channels
initiates
depolarization...

...and closing of gate 2
ends depolarization.

Refractory Periods
Although a nerve can exhibit hundreds of action potentials in a second, their
frequency has an upper limit. If the axon membrane is stimulated during the de-
polarizing or repolarizing phases of the action potential, it does not respond
with a new action potential. The axon in this phase is described as absolutely
refractory. If, on the other hand, the axon membrane is stimulated during the
hyperpolarization phase, a new action potential can be induced, but only if the
intensity of stimulation is higher than that which initiated the first action po-
tential. During this phase, the membrane is described as relatively refractory.
The refractory periods place a limit on how frequently action potentials can oc-
cur. An axon can produce action potentials at a maximum rate of about 200 per
second, but neurons typically fire at a much lower rate of about 30 action po-
tentials per second.
Refractory periods are caused by the way in which the gates of the voltage-
sensitive sodium and potassium channels open and close. The sodium channels
have two gates and the potassium channels have one gate. Figure 4.17 illustrates

The potassium channel
gates open more slowly
and contribute to
repolarization.

The resting potential is
restored with the gates
in the initial position.

Figure 4] 7 Changes in voltage-
sensitive sodium and potassium
channels are responsible for the
phases of the action potential. The
opening of gate 1 of the sodium
channel initiates depolarization, and
the closing of gate 2 ends
depolarization. The potassium
channel gates open more slowly and
contribute to repolarization and
hyperpolarization. Restoration of the
initial condition of the gates is
associated with restoration of the
resting potential. The membrane is
absolutely refractory when gate 2 of
the sodium channels closes and
relatively refractory until the resting
membrane potential is restored.



94 part |

BACKGROUND

the position of these gates before, during, and after the various phases of the ac-
tion potential. During the resting potential, gate 1 of the sodium channel is
closed and only gate 2 is open. At the threshold level of stimulation, gate 1 also
opens. Gate 2, however, closes very quickly after gate 1 opens. This sequence
produces a brief period during which both gates are open followed by a brief
period when gate 2 is closed. When gate 2 is closed, the membrane cannot be
changed by further stimulation, at which time the axon membrane is absolutely
refractory. Both of the sodium gates are eventually restored to their resting po-
tential positions, with gate 1 closed and gate 2 open. But, because the potassium
channels close more slowly than the sodium channels, the hyperpolarization
produced by a continuing efflux of potassium ions makes the membrane rela-
tively refractory for a period of time after the action potential has occurred. The
refractory periods have very practical uses in conducting information, as you
will see when we consider the nerve impulse.

A lever-activated toilet provides an analogy for some of the stages of an ac-
tion potential. Pushing the lever slightly produces a slight flow of water,
which stops when the lever is released. This is analogous to a graded poten-
tial. A harder press of the lever brings the toilet to threshold and initiates
flushing, a response that is out of all proportion to the pressure on the lever.
This is analogous to the action potential. During the flush, the toilet is ab-
solutely refractory, meaning that another flush cannot be induced at that time.
During the refilling of the bowl, in contrast, the toilet is relatively refractory,
meaning that reflushing is possible, but harder to bring about. Only after the
cycle is over and the toilet is once again “resting” can the usual flush be pro-
duced again.

Sending a Message Along an Axon

"The ability of the membrane of an axon to produce an action potential does not
of itself explain how a neuron sends messages. A message has to travel along the
length of the axon. In some cases, the trip is a long one, as it is along the axons
of corticospinal tract neurons, which extend from the cortex to the spinal cord,
and in squid, where the message must travel from the ganglia to the mantle
muscles. In this section, we will describe how the action potential travels and
serves to carry information.

The Nerve Impulse

Suppose you place two recording electrodes at a distance from each other on an
axon’s membrane and then electrically stimulate an area adjacent to one of these
electrodes with a current sufficient to bring the membrane to threshold (Figure
4.18). That electrode would immediately record an action potential, which
would very quickly be followed by a similar recording by the second electrode.
Apparently, an action potential has arisen near the second electrode also, even
though the electrode is some distance from the original point of stimulation. Is
this second action potential simply an echo of the first, being felt along the axon?
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No, that cannot be the case, because the size and shape
of the action potential is exactly the same at the two
electrodes. The second is not just a faint, degraded
version of the first but instead is equal to the first in
magnitude. Somehow the full action potential has
moved along the axon. This movement of an action
potential along an axon is called a nerve impulse.

Why does an action potential move? Remember
that the voltage change during an action potential is
100 mV, which is far beyond the 20-mV change
needed to bring the membrane to the threshold level
of =50 mV. A 100-mV voltage change at the point of
the original action potential is large enough to bring
adjacent parts of the membrane to a threshold of
—50 mV. When the membrane of an adjacent part of
the axon reaches —50 mV, the voltage-sensitive
channels at that location pop open to produce an ac-
tion potential there as well. This action potential, in
turn, induces a change in the voltage of the mem-
brane still farther along the axon, and so on, and so
on, down the axon’s length. Figure 4.18 illustrates
this process by which a nerve impulse travels along
an axon. The nerve impulse is produced because each
action potential propagates another action potential
on an adjacent part of the axon membrane. The word
propagate means to give birth, which is exactly what
happens. Each successive action potential gives birth
to another down the length of the axon. Because a
membrane is refractory for a brief period of time
during an action potential, the action potential can-
not reverse direction and move back to where it came
from. Thus the creation of a single, discrete impulse
that travels in one direction is ensured.

To summarize the action of a nerve impulse, an-
other analogy may help. Think of the voltage-sensi-
tive ion channels along an axon as a series of
dominoes. When one domino falls, it knocks over its
neighbor, and so on down the line. The wave cannot
return to its starting position until the dominoes are
set back up again. There is also no decrement in the
size of the propagated event: the last domino falls ex-
actly the same distance and just as heavily as did the
first one. Essentially the same can be said about volt-
age-sensitive ion channels: the opening of one chan-
nel triggers the opening of the next, just as one
domino knocks over its neighbor. When gate 2 on a
voltage-sensitive sodium channel closes, that channel
is inactivated, much as a domino is temporarily
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Figure 41 8 A nerve impulse is a series of action potentials along
an axon. When voltage-sensitive N* channels and K* channels are
opened, the voltage change spreads to adjacent sites of the membrane,
inducing voltage-sensitive gates to open at those locations and
spreading the voltage change farther along. Because the gates are
briefly inactivated after closing, the impulse cannot travel back in the
direction from which it has come. Here, the voltage changes are shown
in one direction and on one side of the membrane only.
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inactivated after it has fallen over. Both channel and domino must be restored
to their original condition before they can work again, and this restoration re-
quires the same expenditure of energy for each domino. Furthermore, the
channel-opening response does not grow any weaker as it moves along the
axon. The last channel opens exactly like the first, just as the domino action
stays constant until the end of the line. Because of this behavior of voltage-
sensitive ion channels, a single nerve impulse of constant size moves in one
direction along an axon.

Saltatory Conduction and Myelin Sheaths

Various properties of axons allow large axons to convey impulses quickly,
whereas smaller axons convey impulses slowly. Because the giant axons of
squids are so large, they can send nerve impulses very quickly. But large axons
take up a substantial amount of space; so a squid cannot accommodate many
of them, because its body would become too bulky. For us mammals, with our
repertoires of complex behaviors, giant axons are out of the question. Our ax-
ons must be extremely slender because our complex behaviors require a great
many of them. Our largest axons are only about 30 pm wide, and so the speed
with which they convey information should not be especially fast. And yet
most mammals are far from sluggish creatures. We process information and
generate responses with impressive speed. How do we manage to do so if our
axons are so thin? The mammalian nervous system has evolved a solution that
has nothing to do with axon size.

Glial cells play a role in speeding nerve impulses in the mammalian nervous
system. Schwann cells in the peripheral nervous system and oligodendroglia in
the central nervous system wrap around each axon, insulating it except for the
small region between each glial cell. This insulation is referred to as myelin or
a myelin sheath, and insulated axons are said to be myelinated. The uninsu-
lated regions between the myelinated segments of the axon are called nodes of
Ranvier. Larger mammalian axons tend to be more heavily myelinated than
smaller axons, and on larger axons the nodes are farther apart.

Action potentials cannot be produced where myelin surrounds an axon.
For one thing, the myelin creates a barrier to the flow of ionic currents. For
another, regions of an axon that lie under myelin have few channels through
which ions can flow and, as you know, such channels are essential to gener-
ating an action potential. But, as we have just seen, the axons are not totally
encased in myelin. The nodes of Ranvier are richly endowed with voltage-
sensitive ion channels. These tiny gaps in the myelin sheath are sufficiently
close to one another that an action potential at one of them can trigger volt-
age-sensitive gates to open at an adjacent one. In this way, an action poten-
tial jumps from node to node, as shown in Figure 4.19. This mode of
conduction is called saltatory conduction (from the Latin verb saltare,
meaning “to leap”).

Jumping from node to node greatly speeds the rate at which an action po-
tential can travel along an axon. On the largest myelinated mammalian axons,
the nerve impulse can travel at a rate as high as 120 meters per second, com-
pared with only about 30 meters per second on smaller, less-myelinated axons.
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Think of how a wave made by spectators consecu-
tively rising to their feet travels around a football sta-
dium. As one person rises, the person’s immediate
neighbor begins to rise also, producing the wave ef-
fect. This wave is like conduction along an uninsu-
lated axon. Now think of how much faster the wave
would complete its circuit around the field if only
spectators in the corners rose to produce it. This is
analogous to a nerve impulse that travels by jumping
from one node of Ranvier to another. That humans
and other mammals are capable of quick reactions is
due in part to this saltatory conduction in their ner-
vous systems.

The Next Neuron

When an action potential reaches the terminal of an
axon, it triggers the release of a chemical neurotrans-
mitter from the terminal. This chemical crosses the
space between the sending axon’s terminal and the
terminal of an adjacent neuron and there attaches to
protein molecules that act as receptors. The neuro-
transmitter causes changes in the receptors, which in
turn cause changes in the channels of the receiving
membrane. Remember from Figure 3.1 that many
neurons have many dendrites covered with dendritic
spines. Input from some neurons onto these spines
causes inhibitory graded potentials while input from
some other neurons onto other spines causes in-
hibitory graded potentials. If the summed influence
of these inputs is sufficient to depolarize the axon
hillock to the neuron’s threshold for firing, an action
potential is propagated at the axon hillock. This
action potential then travels down that neuron’s axon.
Thus the nerve impulse is passed along from one
neuron to the next. We will take up this aspect of
transmission in the next chapter, but let’s return to
Tinbergen’s butterfly for a moment. The explanation
of how information is conducted into the nervous
system of the butterfly is that it is sent in the form
of action potentials. When two different sensory
stimuli are presented to a butterfly, separate neu-
rons carry information about each stimulus. These
action-potential messages can converge because the
separate neurons can release their neurotransmitters
onto a common neuron. Thus, a larger message than
that conveyed by each alone can be sent to the wings
of the butterfly to produce a proportional response.

Node
of Ranvier

(A) Schwann cell
Axon (forms myelin)
\

Long, myelin-sheathed stretches of axons are interrupted by
short nodes of Ranvier, rich in voltage-sensitive channels.

(B)

o/
U
. Voltage spread

N
Cyny .

Na

Axon— oy @y @y

Myelin - Node of Ranvierl

An action potential jumps from one set of
channels at one node to the next...

v

38 0
-70 —j k
Na* Voltage spread
o ﬁf’—?ﬁmf \
K+
A\ J \ J \ J
I

| ...carrying the action potential...

35

N
-70 j —
Na* Voltage spread

) ﬁf Y
K+
Q A \ A \ A

| ...rapidly down the myelinated neuron.

A ¢
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Summary

This chapter has described the various parts of a neuron and illustrated how an
understanding of the parts leads to an understanding of various aspects of neu-
ron function.

Neurons act as factories for making protein molecules. The chromosomes of
the nucleus contain genes, and each gene contains the code for one polypeptide
chain. The DNA of a gene is transcribed into mRNA, which then carries the
code for the polypeptide to a ribosome. The code contained in the mRNA is
translated on the ribosome into a series of amino acids connected by peptide
bonds. The resulting long chains of amino acids fold in different ways and com-
bine to form proteins. The proteins are packaged and shipped by Golgi bodies
and travel on microtubules to various destinations within the cell. Some of these
proteins are embedded in the neuron’s membrane, forming channels, gates, and
pumps that regulate the flow of ions across the cell membrane.

Neurons carry an electrical charge, called the resting potential, across their
membranes. This charge is produced by unequal concentrations of ions across
the membrane, an inequity that is maintained and regulated by membrane ion
channels, gates, and pumps. If the gates on the membrane open briefly, ion ef-
flux or influx can occur briefly, changing the membrane’s charge. Such a
change is called a graded potential. If a graded potential is sufficient to change
the membrane’s charge to the threshold at which voltage-sensitive sodium and
potassium channels open, an action potential is produced. The voltage change
of an action potential on one part of the membrane is sufficiently large to open
adjacent voltage-sensitive channels, thus propagating the action potential
along the membrane. The propagated action potential is called a nerve im-
pulse. On myelinated axons, the action potential can be propagated only at the
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Communication Between Neurons

In 1921, Otto Loewi conducted a now well known experiment on the control of heart rate,

the design of which came to him in a dream. One night, having fallen asleep while read-

ing a short novel, he awoke suddenly and completely, with the idea fully formed. He scrib-

bled the plan of the experiment on a scrap of paper and went back to sleep. The next

morning, he could not decipher what he had written, yet he felt it was important. All day

he went about distracted, looking occasionally at his notes but wholly mystified about

their meaning. That night he again awoke, vividly recalling the ideas in his previous

night's dream. Fortunately, he still remembered
them the next morning. Loewi immediately set
up and successfully performed the experiment.

Loewi’s experiment consisted of electrically
stimulating a frog’s vagus nerve, which leads
from the brain to the heart, while the heart was
immersed in a fluid-filled container. Mean-
while, the fluid in the container was channeled
to a second container holding a second heart

that Loewi did not stimulate electrically. As il-

lustrated in Figure 5.1, the fluid simply flowed

Figure 51 Otto Loewi's 1921 experiment
demonstrating neurotransmission. The vagus nerve
leading to a frog heart maintained in a salt bath is
electrically stimulated, decreasing the heart rate. Fluid
from the bath is transferred to a second bath
containing a second heart. The electrical recording
from the second heart shows that its rate of beating
also decreases. The experiment demonstrates that a
chemical released from the vagus of the first heart can
reduce the beating rate of the second heart.

Fluid is transferred from
first to second container.

Vagus nerve of frog
heart 1 is stimulated.

Recording
device

Stimulating
device

1\ {

nerve
Salt—1_
bath L—J
Frog heart 1 Frog heart 2
Rate of
heartbeats

StlmulatV

Recording from
frog heart 1 shows
decreased rate of
beating after
stimulation,...

..as does the recordmg
from frog heart 2 after
the fluid transfer.

The message is a
chemical released
by the vagus nerve.
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from one container to the other through a tube. Loewi recorded the rate of heating of hoth
hearts. The electrical stimulation decreased the rate of heating of the first heart, but what
was much more important was that the fluid transferred from the first to the second con-
tainer slowed the rate of beating of the second heart, too. Clearly, the fluid was somehow
carrying a message about the speed at which to beat.

But where did the message originally come from? The only way that it could have got-
ten into the fluid was by a chemical released from the vagus nerve. This chemical must
have dissolved into the fluid in sufficient quantity to influence the second heart. The ex-
periment therefore demonstrated that the vagus nerve contains a chemical that tells the
heart to slow its rate of beating. Loewi subsequently identified that chemical as acetyl-
choline (ACh).

In further experiments, Loewi stimulated another nerve, called the accelerator nerve,
and obtained a speeding-up of heart rate. Moreover, the fluid that bathed the accelerated
heart increased the rate of beating of a second heart that was not electrically stimulated.
Loewi identified the chemical that carried the message to speed up heart rate as epi-
nephrine (EP). Together, these complementary experiments showed that chemicals from
the vagus nerve and the accelerator nerve modulate heart rate, with one inhibiting the

heart and the other exciting it.

hemicals that are released by a neuron onto a target are now referred to
as chemical neurotransmitters or, simply, neurotransmitters. Neurons
that release a chemical neurotransmitter of a certain type are named after that
neurotransmitter. For example, neurons with terminals that release ACh are
called acetylcholine neurons, and neurons that release EP are called epineph-
rine neurons. This naming of neurons by their chemical neurotransmitters
helps to tell us something about the behavior in which the neuron takes part.
The synapse is the site where chemical communication by means of a neu-
rotransmitter takes place. In this chapter, we examine, first, the general struc-
ture of synapses; second, the mechanisms that allow the release of a
neurotransmitter into a synapse; and, third, the types of synapses that exist in
the brain. We see how a group of neurons that all use the same neurotrans-
mitter can constitute a system that mediates a certain aspect of behavior. When
such a system is damaged, neurological disorders result.

The Structure of Synapses

Otto Loewi’s discovery about the regulation of heart rate was the first of two
important findings that provided the foundation for our current understand-
ing of how neurons communicate. The second had to wait for the invention
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Figure 52 The major parts of a synapse.

(A) The parts of this synapse are characteristic of
most synapses. Note that vesicles in the terminal
release the neurotransmitter into the synaptic
cleft through exocytosis, and then the

neurotransmitter binds to receptors on the
postsynaptic membrane. (B) An electron
photomicrograph of a synapse in which an axon
terminal connects with a dendritic spine.
Surrounding the centrally located synapse are
other synapses, glial cells, axons, and dendrites.
Round vesicles containing neurotransmitter
substance are visible within the terminal. The
dark material on the postsynaptic side of the
synapse contains receptors and substances
related to receptor function. (Photomicrograph
courtesy of Jeffrey Kleim.)

of the electron microscope, which enabled scientists to see the
structure of a synapse.

The first usable electron micrographs, made in the 1950s, re-
vealed many of the structures of a synapse, such as the typical
synapse seen in the center of the micrograph in Figure 5.2. The
axon and its terminal are visible in the upper part of this photo-
micrograph; the dendrite is seen in the lower part. The round
granular substances in the terminal are vesicles filled with neuro-
transmitter. The dark band of material just inside the dendrite con-
tains the receptors for the neurotransmitter. The terminal and the
dendrite do not touch but are separated by a small space.

The three main parts of a synapse, as illustrated in Figure 5.2, are an axon
terminal, the membrane encasing the tip of an adjacent dendritic spine, and the
very small space separating these two structures. That tiny space is called the
synaptic cleft. The membrane on the tip of the dendritic spine is known as the
postsynaptic membrane. The patch of dark material in the postsynaptic
membrane consists largely of protein molecules specialized for receiving chem-
ical messages. There are some dark patches in the presynaptic membrane—
the membrane of the axon terminal—as well, but these patches are harder to
see. They, too, consist largely of protein molecules, most of them serving as
channels and pumps, although some are receptor sites. Within the axon termi-
nal are many other specialized structures, including mitochondria (the organ-
elles that supply the cell’s energy needs) and round granules, called synaptic
vesicles, that contain the chemical neurotransmitter. Some axon terminals have
larger granules, called storage granules, which hold a number of synaptic vesi-
cles. In the micrograph, you can also see that the synapse (located at the center)
is closely surrounded by many other structures, including glial cells, other ax-
ons and dendritic processes, and other synapses.
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Stages in Neurotransmission

Information is transmitted across a synapse in four basic steps: (1) the trans-
mitter molecules are synthesized and stored in the axon terminal, (2) the
transmitter is transported to the presynaptic membrane and released in re-
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sponse to an action potential, (3) the transmitter interacts with
the receptors on the membrane of the target cell located on the
other side of the synapse, and (4) the transmitter is inactivated (or
it will continue to work indefinitely). These steps are illustrated
in Figure 5.3.

Transmitter Synthesis and Storage

There are two basic paths for the manufacture of neurotransmit-
ters. Some are manufactured in the axon terminal from building
blocks derived from food. Transporter proteins in the cell mem-
brane absorb the required precursor chemicals from the blood
supply. (Sometimes these transporter proteins absorb entire,
readymade neurotransmitters from the blood.) Mitochondria in
the axon terminal provide the energy for the synthesis of these
neurotransmitters from their precursor chemicals. Other neuro-
transmitters are manufactured in the cell body according to
instructions contained in the neuron’s DNA. These neurotrans-
mitters are then packaged in membranes on the Golgi bodies and
transported on microtubules to the axon terminal. There is also
evidence that mRNA is transported to the synapse, where it serves
as the message for the manufacture of a transmitter within the
synapse, rather than in the ribosomes surrounding the nucleus.
These two basic modes of synthesis, one in which the transmitter

Figure 53 Steps in synaptic
transmission in a generalized
synapse.

is synthesized or obtained from nutrient building blocks and one
in which it is a protein derived from DNA, divide neurotransmitter substances
into two large classes, as will be described in a later section of this chapter.
In the axon terminal, neurotransmitters manufactured in either of these
ways are gathered in membranes that form synaptic vesicles. Synaptic vesicles
are stored in three ways: (1) some are collected in storage granules, as men-
tioned earlier; (2) others are attached to the filaments in the terminal; and
(3) still others are attached to the presynaptic membrane, ready for release into
the synaptic cleft. When a vesicle is released from the presynaptic membrane,
other vesicles move to take its place, so that they, too, are ready for release
when needed.

Release of the Neurotransmitter

What, exactly, triggers the release of a synaptic vesicle and the spewing of its
neurotransmitter into the synaptic cleft? The answer is an action potential.
When an action potential is propagated on the presynaptic membrane, the
voltage changes on the membrane set the release process in motion. Calcium
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(Ca*) ions play an important role in these events. The presynaptic

membrane is rich in voltage-sensitive calcium channels, and the
surrounding extracellular fluid is rich in Ca?+. As illustrated in
Figure 5.4, the arrival of the action potential opens these voltage-
sensitive calcium channels, allowing an influx of calcium into the
axon terminal.

The incoming calcium ions bind to a chemical called calmod-
ulin, forming a complex that participates in two chemical actions:
one reaction releases vesicles bound to the presynaptic membrane,
and the other releases vesicles bound to filaments in the axon ter-
minal. The vesicles released from the presynaptic membrane
empty their contents into the synaptic cleft through the process
called exocytosis, in which the membrane surrounding the trans-
mitter substances fuses with the membrane of the synapse. The
vesicles that were formerly bound to the filaments are then trans-
ported to the membrane to replace the vesicles that were just re-
leased there.

Action
potential

Activation of Receptor Sites

When the neurotransmitter has been released from vesicles on the
presynaptic membrane, it diffuses across the synaptic cleft and

binds to specialized protein molecules imbedded in the postsynaptic mem-
brane. These protein molecules are called transmitter-activated receptors
or just receptors, because they receive the transmitter substance. The postsyn-
aptic cell may be affected in one of three general ways, depending on the
type of neurotransmitter and the kind of receptors on the postsynaptic
membrane. First, the transmitter may depolarize the postsynaptic mem-
brane and so have an excitatory action on the postsynaptic cell; second, the
transmitter may hyperpolarize the postsynaptic membrane and so have an
inhibitory action on the postsynaptic cell; or, third, the transmitter may ini-
tiate one of a wide variety of chemical reaction sequences that can cause
morphological changes in the synapse, create new synapses, or bring about
other changes in the cell. Later we describe the types of receptors that me-
diate these different effects.

In addition to acting on the postsynaptic membrane’s receptors, a neuro-
transmitter may interact with receptors on the presynaptic membrane. That is,
it may have an influence on the cell that just released it. The presynaptic re-
ceptors that a neurotransmitter may activate are called autoreceptors to indi-
cate that they receive messages from their own axon terminal.

How much neurotransmitter is needed to send a message? In the 1950s,
Bernard Katz and his colleagues provided an answer. Recording electrical
activity from postsynaptic membranes in muscles, they detected small sponta-
neous depolarizations. They called these depolarizations miniature post-
synaptic potentials (MPPs). The MPPs varied in size, but their size always
appeared to be a multiple of the smallest potential. The researchers concluded
that the smallest potential is produced by releasing the contents of just one
synaptic vesicle. They called this amount of neurotransmitter a quantum. To
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Figure 54 Release of a
transmitter. When an action potential
reaches the terminal, it opens
voltage-sensitive calcium (Ca%*)
channels. The extracellular fluid
adjacent to the synapse has a high
concentration of calcium ions that
then flow into the axon terminal. The
calcium binds to synaptic vesicles in
the free vesicle pool to induce them
to bind to the presynaptic membrane
and expel their contents into the
synaptic cleft. Calcium also binds to
vesicles attached to filaments,
freeing the vesicles so that they can
move to the presynaptic membrane,
where they are available for release.
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produce a postsynaptic potential that has a major influence on the postsynap-
tic membrane, such as propagating an action potential, a presynaptic neuron
must release many quanta simultaneously.

The results of subsequent experiments showed that the number of quanta
released from the presynaptic membrane in response to a single action poten-
tial depends on two things. One is the amount of Ca?* that enters the axon
terminal in response to the action potential, and the other is the number of
vesicles that are docked at the membrane, waiting to be released. Synapses that
are put to frequent use, such as those that contract an exercised muscle, de-
velop more Ca** and synaptic vesicles than do synapses that receive little use.

Deactivation of the Neurotransmitter

Chemical transmission would not be a very effective messenger system if the
neurotransmitter molecules lingered within the synaptic cleft, continuing to
occupy and stimulate receptors. If they did so, the postsynaptic cell could not
respond to subsequent messages that the presynaptic cell might send.
Therefore, after a neurotransmitter has done its work, it is removed quickly
from receptor sites and from the synaptic cleft.

"This removal of a neurotransmitter takes place in at least four ways. First,
some of the neurotransmitter simply diffuses away from the synapse and is no
longer available to bind to receptors. Second, the transmitter is inactivated or
degraded by enzymes that are present in the synaptic cleft. Third, the trans-
mitter may be taken back up into the axon terminal for subsequent reuse or the
by-products of degradation by enzymes may be taken up into the terminal to
be used again in the cell. The protein molecule responsible for this reuptake is
a membrane pump or transporter. Fourth, some neurotransmitters are taken
up by neighboring glial cells that also have appropriate transporters. The glial
cells may contain enzymes that further degrade the transmitter to its con-
stituent parts. The glial cells may export the transmitter or its parts back to
neurons for reuse.

As already mentioned, an axon terminal has chemical mechanisms that en-
able the axon to regulate the amount of neurotransmitter in its terminal. If the
terminal is not put to frequent use, enzymes located within it may break down
excess transmitter. The by-products of this breakdown are then put to other
uses or excreted from the cell. On the other hand, if the terminal is very active,
the amount of neurotransmitter made and stored there increases. For example,
intense physical exercise that creates a high demand for ACh at nerve-muscle
junctions leads to an increase in the amount of ACh being produced in the ter-
minals, thus preparing the terminals to respond to future high demands.

Types of Synapses

So far we have described a generic synapse, with features that most synapses
possess. But actually there are many different kinds of synapses, specialized in
regard to location, structure, and function.
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Variations in Synaptic Connections

Figure 5.5 shows several kinds of synapses. In one kind, the axon terminal of a
neuron meets a dendrite or dendritic spine of another neuron. Called an axo-
dendritic synapse, it is the kind shown in Figure 5.2. Another kind of synapse

with which you are already familiar is an axomuscular
synapse, in which an axon synapses with a muscle,
such as that studied by Otto Loewi.

The many other types of synapses include
axosomatic synapses, in which an axon ter-
minal ends on a cell body; axoaxonic
synapses, in which an axon terminal ends
on another axon; and axosynaptic syn-
apses, in which an axon terminal ends at
another synapse. Axon terminals that have
no specific target but instead secrete their
transmitter chemicals nonspecifically into
the extracellular fluid are called axoextra-
cellular synapses. In addition, there are
axosecretory synapses, in which an axon  body
terminal synapses with a tiny blood vessel
called a capillary and secretes its transmitter
directly into the blood. Finally, synapses
need not include even a single axon termi-
nal. Instead, dendrites may send messages
to other dendrites through dendrodendritic
synapses.

With this wide range of synaptic types,
synapses are an extremely versatile chemical delivery system.
They can deliver chemical transmitters to highly specific sites or
distribute their messages more diffusely. For example, they can ex-
ercise direct control over the actions of a neuron by sending chem-
ical transmitters to the dendrites, cell body, or axon. Through
axosynaptic connections, they can also exert exquisite control over
another neuron’s input onto a cell. And, by excreting transmitters
into extracellular fluid or into the blood, they can modulate the
function of large areas of tissue or even of the entire body. In fact,
many of the hormones that circulate in your blood and have wide-
spread influences on your body are actually transmitters secreted
by neurons.

Dendrites

b

Axon\-'

Capillary

Excitatory and Inhibitory Messages

Dendrodendritic: Dendrites
send messages to other
dendrites.

Axodendritic: Axon terminal
of one neuron synapses on
dendritic spine of another.

Ce”\.f ..: 1 .,

Axoextracellular: Terminal
with no specific target.
Secretes transmitter into
extracellular fluid.

Axosomatic: Axon terminal
ends on cell body.

Axosynaptic: Axon terminal
ends on another terminal.

Axoaxonic: Axon terminal
ends on another axon.

Axosecretory: Axon terminal
ends on tiny blood vessel and
secretes transmitter directly
into blood.

Figure 55 Types of synapses in the central
nervous system. An axon terminal can end on a
dendrite, on another axon terminal, on a cell body,
or on an axon. It may also end on a blood capillary
or on muscles or end freely in the extracellular
space. Additionally, dendrites may make synaptic
connections with each other.

Despite the great variety of synapses and the many levels of control that the
versatility of synapses implies, in the end they convey only two types of mes-
sages: excitatory or inhibitory. That is to say, a neurotransmitter either in-
creases or decreases the probability that the cell with which it comes in
contact will produce an action potential. In keeping with this dual message
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Figure 56 Two types of nervous system synapses.
Excitatory synapses are found on the spines and
dendritic shafts of the neuron, and inhibitory synapses
are found on the neuron body. The structural features of
excitatory and inhibitory synapses differ in the vesicles’
shapes, the density of material on the presynaptic
membrane, the cleft size, and the size of the

postsynaptic active zone.

system, synapses can be divided into excitatory and inhibitory
synapses. These two types of synapses vary both in location and
in appearance. As shown in Figure 5.6, excitatory synapses are
typically located on the shafts or the spines of dendrites,
whereas inhibitory synapses are typically located on a cell body.
Additionally, excitatory synapses have round synaptic vesicles,
whereas the vesicles of inhibitory synapses are flattened.
Furthermore, the material making up the presynaptic and post-
synaptic membranes is denser at an excitatory synapse than it is
at an inhibitory synapse, and the excitatory cleft is wider.
Finally, the active zone on an excitatory synapse is larger than
that on an inhibitory synapse.

The different locations of excitatory and inhibitory
synapses divide a neuron into two zones: an excitatory den-
dritic tree and an inhibitory cell body. This arrangement sug-
gests two alternate ways for excitatory and inhibitory messages
to interact. One model pictures excitation coming in over the
dendrites and spreading to the axon hillock, where it may trig-
ger an action potential that travels down the length of the
axon. If the message is to be stopped, the most efficient place
to inhibit it is close to the axon hillock, the origin of the action
potential. This model is one of excitatory—inhibitory interac-
tion viewed from an inhibitory perspective, in which inhibition
is defined as the blocking of excitation—essentially a “cut ’em
off at the pass” strategy.

Another model of how these two kinds of messages might in-
teract pictures excitatory stimulation as overcoming an other-
wise constant state of inhibition. If the cell body is normally in
an inhibited state, the only way for an action potential to be gen-
erated at the axon hillock is for the cell body’s ongoing inhibition
to be reduced. In this “open the gates” strategy, the excitatory
message is like a racehorse ready to run down the track, but first
the inhibition of the starting gate must be removed. Both types

of mechanism probably exist in the nervous system, depending on the neural
circuit and the behavior in question.
English neurologist John Hughlings-Jackson recognized an apparent

pathological absence of inhibition in certain human neurological disorders,
many of which are characterized by symptoms that seem to be “released”
owing to the loss of a normal inhibitory influence. Hughlings-Jackson
termed this process “release of function.” In this situation, a given behavior
is always ready to be produced but normally takes place only when inhibi-
tion is released. When the inhibitory mechanism is damaged, the behavior
takes place continuously and is unwanted. An example is an involuntary
movement, such as a tremor, called a dyskinesia (from the Greek dys, mean-
ing “disordered,” and kinesia, meaning “movement”). In a dyskinesia, some-
thing appears to be missing that would otherwise prevent the unwanted
movement. Later on in this chapter, we will describe some other examples
of released behavior.
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Kinds of Neurotransmitters

In the 1920s, after Otto Loewi’s discovery that excitatory and inhibitory
chemicals control the heart’s rate of beating, many researchers thought that
the brain must work in much the same way. They assumed there must be
excitatory and inhibitory brain cells and that epinephrine and acetylcholine
were the transmitters through which these neurons worked. At that time,
they could never have imagined what we know today: the human brain em-
ploys as many as 100 neurotransmitters to control our highly complex and
adaptable behaviors. Although we are now certain of only about 50 sub-
stances that act as transmitters, we are in the midst of a research revolution
in this field. Few scientists are willing to put an upper limit on the eventual
number of transmitters that will be found. In this section, we describe how
these neurotransmitters are identified and examine the categories of those
currently known.

Identifying Neurotransmitters

Figure 5.7 shows four criteria for identifying neurotransmitters: (1) the chemi-
cal must be synthesized in the neuron or otherwise be present in it; (2) when the
neuron is active, the chemical must be released and produce a response in
some target cell; (3) the same response must be obtained when the chemical
is experimentally placed on the target; and (4) there must be a mechanism
for removing the chemical from its site of action after its work is done. By
systematically applying these criteria, researchers can determine

which of the many thousands of chemical molecules that exist in

Figure 57 Four criteria for
determining whether a chemical is a
neurotransmitter.

€very neuron are neurotransmitters.

study of accessible nerve-muscle junctions, where there is only
one main neurotransmitter, acetylcholine. But identifying chemi-
cal transmitters in the central nervous system is not so easy. In the
brain and spinal cord, thousands of synapses are packed around
every neuron, preventing easy access to a single synapse and its ac-
tivities. Consequently, for many of the substances thought to be
central nervous system neurotransmitters, the four criteria needed
as proof have been only partly met. A chemical that is suspected
of being a neurotransmitter but has not yet met all the proofs for

Chemical must be
The criteria for identifying a neurotransmitter are relatively synthesized or

easy to apply to the peripheral nervous system, especially to the present in neuron.

DA\

When released
spontaneously or by
electrical stimulation,
chemical must
produce response in
target cell.

one is called a putative (supposed) transmitter. Chemical
Acetylcholine was the first substance identified as a neuro- - ~

transmitter in the central nervous system. This identification was

greatly facilitated by a logical argument predicting its presence \

there even before experimental proof had been obtained. All of Same response

the motor neuron axons leaving the spinal cord contain acetyl- must be obtained

choline, and each of these axons has an axon collateral within the when chemical is

spinal cord that synapses on a nearby interneuron that is part of
the central nervous system. Because the main axon to the muscle

experimentally
placed on target.

There must be a
mechanism for removal
or for reuptake after
the neurotransmitter's
work is done.
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Amines
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Epinephrine
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Amino acids
Glutamate
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Abbreviation
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releases acetylcholine, investigators suspected that its axon collateral also
might release acetylcholine. It seemed unlikely that two terminals of the
same axon would use different transmitters. Knowing what chemical to look
for greatly simplified the task of finding it and then proving that it was in fact
a neurotransmitter in this location, too. Incidentally, the loop formed by the
axon collateral and the interneuron in the spinal cord acts as a feedback cir-
cuit that enables the motor neuron to inhibit itself and not become overex-
cited if it receives a great many excitatory inputs from other parts of the
central nervous system.

Today the term neurotransmitter is used more broadly than when re-
searchers first started trying to identify these chemicals. No longer limited to
substances that carry a message from one neuron to another by influencing
the voltage on the postsynaptic membrane, it also includes chemicals that
have litte effect on membrane voltage but instead induce effects such as
changing the structure of a synapse. Furthermore, researchers have discov-
ered that neurotransmitters communicate not only in the orthodox fashion,
by delivering a message from the presynaptic side of a synapse to the postsy-
naptic side, but also, in some cases, in the opposite direction. To make mat-
ters even more complex, different kinds of neurotransmitters can coexist
within the same synapse, raising the question of what exactly each contributes
in relaying a message. To find out, researchers have to apply various trans-
mitter cocktails to the postsynaptic membrane. Yet another complication is
that some transmitters are gases and act so differently from a classic neuro-
transmitter such as acetylcholine that it is hard to compare the two. Because
neurotransmitters are so diverse and work in such a variety of ways, the defi-
nition of what a transmitter is and the criteria used to identify one have be-
come increasingly flexible in recent years.

Some order can be imposed on this confusing situation by classifying neu-
rotransmitters into three groups on the basis of their composition: (1) small-
molecule transmitters, (2) peptide transmitters (also called neuropeptides), and
(3) transmitter gases. Here we briefly describe the major characteristics of each
group and list some of the representative members.

Small-Molecule Transmitters

The first transmitters to be identified were small-molecule transmitters, one
of which is acetylcholine. As the name of this category suggests, all these trans-
mitters are small molecules. In most cases, they are synthesized and packaged
for use in the axon terminals. When a small-molecule transmitter is released
from an axon terminal, it can be quickly replaced at the presynaptic membrane.
These transmitters also act relatively quickly compared with others.

Small-molecule transmitters or their main components are derived from the
foods that we eat. Therefore, their levels and activities in the body can be
influenced by diet. This fact is important in the design of drugs that affect
the nervous system. Many of the neuroactive drugs are designed to reach the
brain in the same way that small-molecule transmitters or their precursor
chemicals do.

Table 5.1 lists some of the best known and most extensively studied small-mol-
ecule transmitters. In addition to acetylcholine, this list includes four amines,
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which are chemicals that contain an amine
group (—INH) in their chemical structure, and
four amino acids that contain a carboxyl group
(COO) in additon to an amine. A few other
substances are sometimes classified as small-
molecule transmitters. In the future, researchers
are likely to find additional ones as well.

Some of the amines included in Table 5.1
are synthesized by the same biochemical
pathway and so are related to one another.
They are grouped together in the table. One
such grouping consists of the amines dopa-
mine, norepinephrine, and epinephrine
(which, as you already know, is the excitatory
transmitter in the heart). Figure 5.8 shows
that epinephrine is the third transmitter pro-
duced by a single biochemical sequence. The
precursor chemical is tyrosine, an amino acid
that is abundant in food. The enzyme tyro-
sine hydroxylase changes tyrosine into L-
dopa, which is sequentially converted by
other enzymes into dopamine, norepineph-
rine, and finally epinephrine.

An interesting fact about this biochemical sequence is that the amount of
the enzyme tyrosine hydroxylase in the body is limited and, consequently, so is
the rate at which dopamine, norepinephrine, and epinephrine can be pro-
duced, regardless of how much tyrosine is present or ingested. This rate-
limiting factor can be bypassed by orally ingesting L-dopa, which is why
L-dopa is a medication used in the treatment of Parkinson’s disease, a disease
produced by an insufficiency of dopamine.

"Two of the amino acid transmitters, glutamate and gamma-aminobutyric
acid (GABA), also are closely related: GABA is formed by a simple modifica-
tion of glutamate (Figure 5.9). These two transmitters are called “the work-
horses of the nervous system” because so many synapses use them. In the
forebrain and cerebellum, glutamate is the main excitatory transmitter and
GABA is the main inhibitory transmitter. (The amino acid glycine is a much
more common inhibitory transmitter in the brainstem and
spinal cord.) Interestingly, glutamate is widely distributed in
neurons, but it becomes a neurotransmitter only if it is ap-
propriately packaged in vesicles in the axon terminal.

l Tyrosine hydroxylase

1-Dopa

DOPA decarboxylase

Dopamine
Dopamine B-hydroxylase

Norepinephrine

Phenethanolamine
N-methyltransferase

Epinephrine

Figure 58 A single biochemical
sequence produces three
neurotransmitters: dopamine,
noradrenaline, and epinephrine.

A different enzyme is responsible for
each synthetic step.

Family
. . Opioids
Peptide Transmitters Neurohypophyseals
The more than 50 known peptide transmitters—short  Secretins
chains of amino acids—have been grouped into the fami-
lies listed in Table 5.2. As you learned in Chapter 3, Insulins
Gastrins

amino acids link together by peptide bonds to form
chains, which accounts for the name of this class of neu-
rotransmitters. Peptide transmitters are made directly

Somatostatins
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Figure 59 Glutamate, the major
excitatory neurotransmitter in the
brain, and y-aminobutyric acid
(GABA), the major inhibitory neuro-
transmitter in the brain, are related.
The removal of the carboxyl (COOH)
group from glutamate produces GABA.
The space-filling models of the two
neurotransmitters show that their
shapes are different, thus allowing
them to bind to different receptors.

Table 52 Peptide neurotransmitters

Example

Enkephaline, dynorphin

Vasopressin, oxytocin

Gastric inhibitory peptide,
growth-hormone-releasing peptide

Insulin, insulin growth factors

Gastrin, cholecystokinin

Pancreatic polypeptides
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from instructions contained in the cell’s DNA. Although in some neurons
these transmitters are produced in the axon terminal, most are assembled on
the cell’s ribosomes, packaged inside a membrane by Golgi bodies, and
transported on the microtubule highway to the axon terminals. The entire
process of synthesis and transport is relatively slow compared with small-
molecule transmitters. Consequently, once used, these transmitters are not
replaced quickly.

Peptides have an enormous range of functions in the nervous system, as
might be expected from the large number that are found there. They serve as
hormones, are active in responses to stress, encourage a mother to bond to her
infant, probably facilitate learning, help to regulate eating and drinking, and
help to regulate pleasure and pain. For example, opium, obtained from seeds
of the poppy flower, has long been known to both produce euphoria and re-
duce pain. Opium and a group of related synthetic chemicals, such as mor-
phine, appear to mimic the actions of not one but three peptides:
Met-enkephalin, Leu-enkephalin, and B-endorphin. (The term enkephalin
derives from the phrase “in the cephalon,” meaning “in the brain or head,”
whereas the term endorphin is a shortened form of “endogenous morphine.”)
A part of the amino acid chain is structurally similar in all three of these pep-
tide transmitters. Presumably, opium mimics this part of the chain. The dis-
covery of these naturally occurring opium-like peptides suggested that one or
more of them might have a role in the management of pain. Opioid peptides,
however, appear to have a number of functions in the brain and so may not just
be pain-specific transmitters.

Unlike small-molecule transmitters, peptide transmitters do not bind to ion
channels and so have no direct effects on the voltage of the postsynaptic mem-
brane. Instead, peptide transmitters activate receptors that indirectly influence
cell structure and function. Because peptides are amino acid chains that are de-
graded by digestive processes, they generally cannot be taken orally as drugs,
unlike the small-molecule transmitters.

Transmitter Gases

The soluble gases nitric oxide (NO) and carbon monoxide (CO) are the most
unusual neurotransmitters yet to have been identified. They are neither stored
in synaptic vesicles nor released from them; instead, they are synthesized as
needed. On synthesis, each gas diffuses away from the site where it was made,
easily crossing the cell membrane and immediately becoming active.

Nitric oxide is a particularly important neurotransmitter because it serves
as a messenger in many parts of the body. It controls the muscles in intesti-
nal walls, and it dilates blood vessels in brain regions that are in active use
(allowing these regions to receive more blood). It also dilates blood vessels in
the genital organs and is therefore active in producing penile erections in
males. Unlike classical neurotransmitters, nitric oxide is produced in many
regions of a neuron, including the dendrites. The drug sildenafil citrate
(trade name Viagra) is a widely used treatment for male erectile dysfunction
and acts by enhancing the action of NO.
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Types of Receptors for Neurotransmitters

When a neurotransmitter is released from a synapse, it crosses the synaptic cleft
and binds to a receptor. What happens next depends on the kind of receptor.
There are two general classes of receptors: ionotropic receptors and metabotropic
receptors. Each produces a different effect on the postsynaptic membrane.

lonotropic Receptors

Ionotropic receptors allow the movement of ions
across a membrane (the suffix #7opic means “to move

Transmitter binds
to the binding site.

The pore opens, allowing the
influx or efflux of ions.

toward”). As Figure 5.10 illustrates, an ionotropic \

receptor has two parts: a binding site for a neuro- Extracellular\ o—on

transmitter and a pore or channel. When the neuro-  |fluid (] @~ Transmitter
transmitter attaches to the binding site, the receptor ® //Binding site L°°

changes its shape, either opening the pore and al-
lowing ions to flow through it or closing the pore
and blocking the flow of ions. Because the binding of
the transmitter to the receptor is quickly followed by

a one-step response (the opening or closing of the Intracellular Pore @ Pore
receptor pore) that directly affects the flow of ions, | fluid closed open
ionotropic receptors bring about very rapid changes

in membrane voltage. Figure 5] U lonotropic receptors are proteins that consist of two

Structurally, ionotropic receptors are similar to
voltage-sensitive channels, discussed in Chapter 4.

functional parts: a binding site and a pore. When a transmitter binds
to the binding site, the shape of the receptor changes, opening or
closing the pore. In the example shown here, when the transmitter

They are composed of a number of membrane-  piydstothe binding site, the pore opens and ions are able to flow

spanning subunits that form petals around the pore,  through it.
which lies in the center. Within the pore is a shape-

changing segment that causes the pore to open or

close, which regulates the flow of ions through the

pore.

Metabotropic Receptors

In contrast with ionotropic receptors, a metabotropic receptor does not pos-
sess a pore of its own through which ions can flow, although it does have a
binding site for a neurotransmitter. Through a series of steps, metabotropic re-
ceptors either produce changes in nearby ion channels or bring about changes
in the cell’s metabolic activity (that is, an activity that requires an expenditure
of energy, which is what the term metabolic means).

Figure 5.11A shows the first of these two effects. The metabotropic receptor
consists of a single protein, which spans the cell membrane. The outer part of
the receptor is a site for transmitter binding, whereas the inner part translates
the transmitter’s message into biochemical activity within the cell. The internal
part of a receptor is associated with one of a family of proteins called guanyl
nucleotide-binding proteins (G proteins for short). A G protein consists of
three subunits, one of which is the a subunit. When a neurotransmitter binds
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Figure 51 ] (A) A metabotropic receptor coupled to an ion channel has a binding
site and is attached to a G protein. When a neurotransmitter binds to the binding site,
the a subunit of the G protein detaches from the receptor and attaches to the ion
channel, causing the channel to change its conformation so that—in this drawing—
ions can flow through its pore. (B) A metabotropic receptor coupled to an enzyme also
has a binding site and an attached G protein. When a neurotransmitter binds to the
binding site, the o subunit of the G protein detaches and attaches to an enzyme. The
enzyme then activates a compound called a second messenger, which initiates a series
of biochemical steps that activate either ion channels or other cell processes (in some

cases, the second messenger activates the cell’s DNA).

to the G protein’s associated metabotropic
receptor, the a subunit detaches from the
other two units and can then bind to other
proteins within the cell membrane or
within the cytoplasm of the cell. If the
subunit binds to a nearby ion channel in
the membrane, the structure of the chan-
nel changes, modifying the flow of ions
through it. If the channel is already open,
the a subunit may close it or, if already
closed, the o subunit may open it. This
change in the channel and the flow of ions
across the membrane influences the mem-
brane’s electrical potential.

The binding of a neurotransmitter to
a metabotropic receptor can also trigger
cellular reactions that are more compli-
cated than the one shown in Figure
5.11A. These other reactions are sum-
marized in Figure 5.11B. They all begin
when the detached a subunit binds to an
enzyme, which in turn activates another
chemical called a second messenger
(the neurotransmitter is the “first mes-
senger”). A second messenger, as the
name implies, carries a message to other
structures within the cell. First, it can
bind to a membrane channel, causing
the channel to change its structure and
thus alter ion flow through the mem-
brane. Second, it can initiate a reaction
that causes protein molecules within the
cell to become incorporated into the cell
membrane, as a result forming new ion
channels. Third, it can send a message
to the cell’s DNA instructing it to initi-
ate the production of a new protein.

No one neurotransmitter is associated
with a single kind of receptor or a single
kind of influence on the postsynaptic cell.
At one location, a particular transmitter
may bind to an ionotropic receptor and
have an excitatory effect on the target
cell. At another location, the same trans-
mitter may bind to a metabotropic recep-
tor and have an inhibitory influence. For
example, acetylcholine has an excitatory
effect on skeletal muscles, where it acti-
vates an ionotropic receptor; but it has an
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inhibitory effect on the heart, where it activates a metabotropic receptor. In ad-
dition, each transmitter may bind to a number of different kinds of ionotropic
or metabotropic receptors. Elsewhere in the nervous system, acetylcholine, for
example, may activate various versions of either type of receptor.

Neurotransmitter Functions

When Otto Loewi described acetylcholine as an inhibitory transmitter in the
heart and epinephrine as an excitatory transmitter, the idea arose that these re-
spective transmitters could be part of larger systems that were excitatory or in-
hibitory with respect to all behaviors. The notion that specific transmitters,
wherever found, form systems with a common function has led to the notion
that the nervous system could be divided into systems based on the neuro-
transmitter type. When researchers first began to study neurotransmitters,
they also thought that any given neuron would contain only one transmitter at
all of its axon terminals. This belief was called Dale’s law, after its originator.
New methods of staining neurochemicals, however, have revealed that Dale’s
law is an oversimplification. A single neuron may use one transmitter at one
synapse and a different transmitter at another synapse, as David Sulzer and his
coworkers have shown. Moreover, different transmitters may coexist in the
same terminal or in the same synapse. For example, in some terminals, pep-
tides have been found to coexist with small-molecule transmitters; and more
than one small-molecule transmitter may be found in a single synapse. In some
cases, more than one transmitter may even be packaged within a single vesicle.

All this complexity makes for a bewildering number of combinations of neu-
rotransmitters and receptors for them. What are the functions of so many
combinations? We do not have a complete answer. Very likely, however, this
large number of combinations is critically related to the many different kinds
of behavior of which humans are capable.

Fortunately, the study of neurotransmission can be simplified by concen-
trating on the dominant transmitter located within any given axon terminal. In
most cases, the neuron and its dominant transmitter can then be linked to a
certain kind of behavioral function. In this section, we describe some of the
connections between neurotransmitters and behavior.

Some neurotransmitters in the central nervous system have very specific
functions. For instance, a variety of chemical transmitters specifically prepare
female white-tailed deer for the fall mating season. With the onset of winter, a
different set of biochemicals takes on the new specific function of facilitating
the development of the fetus. The mother gives birth in the spring and is sub-
ject to yet another set of biochemicals with highly specific functions, such as
the chemical influence that enables her to recognize her own fawn and the one
that enables her to nurse. The transmitters taking part in these very specific
functions are usually neuropeptides.

In contrast, other neurotransmitters in the central nervous system have
more general functions, helping an organism carry out routine daily tasks.
These more general functions are mainly the work of small-molecule trans-
mitters. For example, as already mentioned, the small-molecule transmitters
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Cholinergic system (acetylcholine): Active in maintaining waking
EEG patterns of the neacortex. Thought to play a role in memory by
maintaining neuron excitability. Death of acetylcholine neurons and
decrease in
acetylcholine in the
neocortex are
thought to be
related to
Alzheimer’s disease.
(Receptor types: five
types of muscarinic
Basal receptors, M1-M5;
forebrain four subtypes of

nuclei N St nicotinic receptors,
Midbrain nuclei N1-N4.)

Adrenergic system (noradrenaline): Active in maintaining
emotional tone. Decreases in noradrenalin activity thought to be
related to
depression,
whereas
increases in it
are thought to be
related to mania
(excitable
behavior).
(Receptors: a1,

o2, B1, B2).

Dopaminergic system (dopamine): Active in maintaining normal
motor behavior. Loss of dopamine is related to Parkinson’s disease,
in which muscles
Corpus are rigid and
callosum  movement is
difficult.
Increases in
dopamine
activity may be
related to
schizophrenia.
(Receptors:
D1-D6.)

Frontal

Substantia nigra ) Cerebellum

Serotonergic system (serotonin): Active in maintaining waking
patterns of EEG activity. Increases in serotonin activity are related
to obsessive
compulsive
disorders, tics,
and
schizophrenia.
Decreases in
serotonin activity
are related to
depression.
(Receptors:
1A-1D, 2,3, 1p.)

GABA and glutamate are the most common neurotrans-
mitters in the brain, with GABA having an inhibitory ef-
fect and glutamate an excitatory one.

Four other small-molecule transmitters—acetylcholine,
dopamine, norepinephrine, and serotonin—seem to have
the general function of ensuring that neurons in distant
parts of the brain act in concert by being stimulated by the
same neurotransmitter. The neurons containing these
transmitters are commonly called ascending activating
systems. They can be envisioned as something like the
power supply to a house, in which a branch of the power
line goes to each room of the house, but the electrical ap-
pliance powered in each room differs, depending on the
room. We will describe this function in a little more detail.

The four ascending activating systems, classified by the
dominant transmitter in their neurons, are the choliner-
gic, dopaminergic, noradrenergic, and serotonergic sys-
tems. Figure 5.12 shows the location of neurons in each
of these four systems, with arrow shafts indicating the
pathways of axons and arrow tips indicating axon termi-
nals. The four ascending activating systems are similarly
organized in that the cell bodies of their neurons are clus-
tered together in only a few nuclei located in or near the
brainstem, whereas the axons of the cells are widely dis-
tributed in the forebrain, brainstem, and spinal cord.

Figure 5.12 summarizes the behavioral functions as
well as the brain disorders in which each of the four as-
cending activating systems has been implicated. The as-
cending cholinergic system contributes to the normal
electrical activity of the cells of the cortex in an alert,
mentally active person and so seems to play a role in nor-
mal wakeful behavior. People who suffer from
Alzheimer’s disease, which starts with minor forgetfulness
and progresses to major memory dysfunction, show a loss
of these cholinergic neurons at autopsy. One treatment
strategy currently being pursued for Alzheimer’s is to de-
velop drugs that stimulate the cholinergic system to en-
hance behavioral alertness. The brain abnormalities
associated with Alzheimer’s disease are not limited to
the cholinergic neurons, however. They also include

Figure 51 2 Four major nonspecific ascending systems. In all of these
systems, the cell bodies are located in nuclei (ovals shown in color) in the
brainstem. The axons of these neurons project diffusely to the forebrain,
cerebellum, and spinal cord, where they synapse with most of the other
neurons of the structure. Each system has been associated with one or more
behaviors or nervous system diseases. Note: Numbers and letters are used in
the names of many receptors.
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extensive damage to the neocortex and other brain regions. As a result, the
role played by the cholinergic neurons in the progress of the disorder is not
yet clear. Perhaps their death causes degeneration in the cortex or perhaps the
cause-and-effect relation is the other way around, with cortical degeneration
being the cause of cholinergic cell death. Then, too, the loss of cholinergic
neurons may be just one of many neural symptoms of Alzheimer’s disease.

One function of the ascending dopaminergic system is an involvement in
motor behavior. If dopamine neurons in the brain are lost, the result is a con-
dition of extreme rigidity, in which opposing muscles are contracted, making
it difficult for the person to move. Patients also show rhythmical tremors of
the limbs. This condition is called Parkinson’s disease. Although Parkinson’s
disease usually arises for no known cause, it can also be triggered by the in-
gestion of certain drugs, which suggests that those drugs act as selective poi-
sons, or neurotoxins, to the dopamine neurons. The dopaminergic system
also has an integral role in reward, in that many drugs that people abuse seem
to act by stimulating it. In addition, this system is implicated in a condition
called schizophrenia, one of the most common and debilitating psychiatric
disorders. One explanation of schizophrenia is that the dopaminergic system
is overactive.

Behaviors and disorders pertaining to the noradrenergic ascending system
have been very difficult to identify. Some of the symptoms of depression may
be related to decreases in the activity of norepinephrine neurons, whereas
some of the symptoms of manic behavior (excessive excitability) may be related
to increases in the activity of these same neurons.

Both the serotonergic ascending system and the cholinergic system work to
produce a waking electroencephalogram (EEG) in the forebrain, but other be-
havioral functions of serotonin are not well understood. There is some evi-
dence that certain symptoms of depression are related to decreases in the
activity of serotonin neurons. Consequently, there may be two forms of de-
pression, one related to norepinephrine and one related to serotonin. The re-
sults of other research suggest that some of the symptoms of schizophrenia
may be related to serotonin. Again, the implication is that there may be differ-
ent forms of schizophrenia.

Summary

Neurons communicate with one another by releasing chemicals at their termi-
nals. A terminal forms a synapse, which consists of a presynaptic membrane, a
space, and a postsynaptic membrane. A chemical is released by the terminal,
crosses the synaptic space, and activates the postsynaptic membrane. On the
postsynaptic membrane, the chemicals act on the receptors to activate or in-
hibit those neurons’ electrical activity or to change their function in other
ways. There are four general steps in transmitter action: synthesis, release, ac-
tion, and reuptake of neurotransmitter substances. Drugs can influence each
biochemical event. Thus, understanding how neurotransmitters work can be a
source of insight not only into normal behavior but also into the mechanisms
by which many drugs influence behavior. Likewise, a large number of diseases

115



116 ParT | BACKGROUND

and other neurological conditions may have their bases in neurotransmitter
malfunction. For example, acetylcholine, dopamine, norepinephrine, and sero-
tonin nonspecific systems have each been associated with different brain dis-
eases. Their treatment also is thus facilitated by an understanding of

neurotransmitter function.
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The Influence of Drugs on Behavior

During the first 4 days of July 1982, a 42-year-old man used 4.4 grams of a new synthetic
heroin. The substance was injected intravenously three or four times daily and caused a
burning sensation at the site of injection. The immediate effects were different from
heroin, producing an unusual “spacey” high as well as transient visual distortions and
hallucination. Two days after the final injection, he awoke to find that he was “frozen”
and could move only in “slow motion.” He had to “think through each movement” to carry
it out. He was described as stiff, slow, nearly mute, and catatonic during repeated emer-
gency room visits from July 9 to July 11. He was admitted to a psychiatric service on July
15, 1982, with a diagnosis of “catatonic schizophrenia” and was transferred to our neu-

robehavioral unit the next day. (Ballard et al., 1985, p. 949)

his patient was one of seven young adults who were hospitalized at about

the same time in California, all showing symptoms of Parkinson’s disease,
which is extremely unusual in people of their age. One of the paradoxes of drug
use, researchers have discovered, is that subtle variations in the synthesis of
well-known compounds can have entirely unexpected consequences. Heroin is
a derivative of opium, which has been used as a therapeutic and recreational
drug for centuries. Although highly addictive, heroin is a dependably effective
treatment for severe pain and is not known to produce any kind of brain injury.
Nevertheless, in the case just cited, a contaminant produced by a slight error
in heroin synthesis produced a compound called MP'TP that acts as a selective
neurotoxin, attacking the cells of the substantia nigra and producing a rela-
tively instantaneous condition of Parkinson’s disease (a condition usually asso-
ciated with aging) in the user.

Researchers began to use MPTP for producing experimental Parkinson’s
disease in animals in the search for cures and treatments for the disease. This
research led to the finding that inserting dopamine-producing cells into
rodents’ brains could reverse some of the symptoms of the disorder. Then,
in 1988, the patient just described was taken to Lund, Sweden, where fetal
dopamine cells were inserted into his caudate and putamen region. Twenty-
four months after the surgery, he was improved and could function more

11
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independently. He could dress and feed himself, visit the bathroom without
help, and make trips outside his home.

In this chapter, we define the term “drug,” describe how drugs enter the
body and are eventually metabolized, and examine the effects of psychoactive
drugs on the nervous system and behavior.

Routes of Drug Administration

A drug is a chemical compound that is administered to bring about some de-
sired change in the body. Usually drugs are used to diagnose, treat, or prevent
illness, to relieve pain and suffering, or to improve some adverse physiological
condition. On the other hand, throughout human history, they have also been
used as food substances and for recreation and even as poisons. Today they are
also used as research tools.

The kinds of drugs that we mainly cover in this chapter are psychoactive
drugs—substances that act to alter mood, thought, or behavior and are used
to manage neuropsychological illness. Many psychoactive drugs are also abused
substances. "That is, people take them for nonmedical reasons to the point at
which their functioning becomes impaired. Many psychoactive drugs produce
addiction. Some can also act as toxins, producing sickness, brain damage, or
death.

"To be effective, a psychoactive drug has to reach its target in the nervous
system. The way in which a drug enters and passes through the body to reach
that target is called its route of administration. Many drugs are administered
orally—the most natural and generally the safest way to consume a substance.

Table 51 Characteristics that allow drugs to pass
through barriers in the body

Barrier Drug characteristic

Stomach Drugs that are weak acids are absorbed from
the stomach and enter the bloodstream.

Intestine Drugs that are weak bases are absorbed by the

intestine and enter the bloodstream.

Drugs that are hydrophilic or are bound to
proteins to make them hydrophilic can be car-
ried in the blood; however, such proteins may
be too large to pass through capillary pores.

Drugs not bound to a protein may be small
enough to pass through capillary pores and
enter the extracellular fluid.

Drugs must be water soluble to pass through
capillary pores and must be fat soluble to
pass through the glial cell membrane encas-
ing the capillaries.

Drugs must be fat soluble or must be carried
into the cell by a membrane transporter.

Bloodstream

Extracellular fluid

Blood—brain barrier

Cell membrane

Drugs can also be inhaled, administered through rec-
tal suppositories, absorbed from patches applied to
the skin, or injected into the bloodstream, into a mus-
cle, or even into the brain.

These different routes pose different barriers
through which a drug must pass to reach its target
(Table 6.1). Taking a drug by mouth is easy and con-
venient, but not all drugs can withstand the acidity of
the gastric secretions or are able to penetrate the di-
gestive-tract walls. Generally, there are fewer barriers
between a drug and its target if the drug is inhaled
rather than swallowed, and fewer still if it is injected
into the blood. The fewest obstacles are encountered
if a drug is injected directly into the brain.

To reach the bloodstream, an ingested drug must
first be absorbed through the lining of the stomach or
small intestine. If the drug is liquid, it is absorbed
more readily than if it is a solid. Drugs taken in solid
form are not absorbed unless they can be dissolved by
the stomach’s gastric juices. Absorption is also af-
fected by other physical and chemical properties of
the drug, as well as by the presence of other stomach
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or intestinal contents. In general, if a drug is a weak acid,
such as alcohol, it is readily absorbed across the stomach
lining. If it is a weak base, it cannot be absorbed undl it
passes through the stomach and into the intestine—by
which time the digestive juices may have destroyed it.

After absorption by the stomach or intestine, the drug
must next enter the bloodstream. This part of the journey
presents a different set of barriers. Blood has a high water
concentration, and so a drug must be hydrophilic to mix
with it. A hydrophobic substance will be blocked from en-
tering the bloodstream. If a drug does make its way into the
circulatory system, it becomes diluted by the blood’s 6-liter
volume.

To reach a neurological target, a drug must also travel
from the blood into the extracellular fluid. This part of the
journey requires that molecules of the drug be small
enough to pass through the pores of capillaries, the tiny
vessels that carry blood to the body’s cells. Even if the drug
makes this passage, it encounters other obstacles to effec-
tiveness. For one thing, the extracellular fluid’s roughly 35
liters of water dilute the drug even further. For another, the
drug is at risk of being modified or destroyed by various
metabolic processes taking place in the cells.

The Blood—Brain Barrier

In the brain, the passage of drugs across capillaries is much
more difficult than elsewhere in the body because of the
blood-brain barrier. The problem (for the drug) is not
that the brain is deficient in capillaries. The brain has a rich
capillary network. In fact, none of its neurons is farther
than about 50 pm (1 micrometer is one-millionth of a me-
ter) away from a capillary. But capillaries in the brain are
impermeable to many substances, and this impermeability
creates the blood-brain barrier.

Figure 6.1 shows the structure of brain capillaries, whose
walls, as in all capillaries, are composed of a single layer of
endothelial cells. In most parts of the body, substances
can enter and exit the capillaries by passing through the

clefts between these cells. In the brain, however, at least in most
parts of it, the endothelial cells are fused together to form tight junc-
tions; so molecules of most substances cannot squeeze between them.

Figure 6.1 also shows that the endothelial cells of a brain capillary
are surrounded by end feet of astrocyte glial cells, covering about
80% of the capillary’s outer surface. The glial end feet play only mi-
nor roles in the blood-brain barrier. The glial cells’ main function is
to provide a route for the exchange of food and waste between the
capillaries and the brain’s extracellular fluid and from there to other
cells; but they may also play a role in maintaining the tight junctions

Capillaries in the brain are not leaky, have tight
junctions, and are covered with astrocyte feet. These
properties prevent materials from moving in and out
easily, and are the basis of the blood-brain barrier.
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" Astrocyte !
feet
e Endothelial
cells

e

Capillaries in the body are
leaky and have few tight
junctions. Materials can move
in and out relatively easily.

I~

Certain other
molecules are
carried across the
the membrane by

Small, uncharged molecules
are able to pass through
the endothelial membrane
and reach the brain.

active transport.
\ /
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Amino Glucose  Fats

Transporter
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Astrocyte Tight
feet junction

Large and electrically charged molecules
are unable to pass out of the capillary.

Figure B] The blood—brain barrier. Capillaries
in the periphery of the body allow substances to
pass between the capillary cell walls, but
capillaries in the brain are made of cells with tight
junctions and are blanketed by astrocytes. Some
substances, such as oxygen and carbon dioxide,
can travel freely across this blood—brain barrier.
Some other substances, such as amino acids,
glucose, and fats, must be transported through it.
Most other substances, especially large charged
molecules, are unable to cross at all.
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Pineal gland: Allows
entry of chemicals that
affect day-night cycles.

Pituitary: Allows
entry of chemicals
that influence
pituitary hormones.

Area postrema: Allows
entry of toxic substances
that induce vomiting.

Figure 62 Three sites in the brain
that have no blood—brain barrier. The
median eminence of the pituitary is a
target of many blood-borne
hormones; the pineal gland is a
target for hormones that affect
behavioral rhythms; and the area
postrema initiates vomiting of
noxious substances.

between endothelial cells and in making capillaries dilate to increase blood
flow to areas of the brain in which neurons are very active.

Many substances—for instance, oxygen, glucose, and amino acids (the
building blocks of proteins)—must routinely travel from the blood to brain
cells, just as carbon dioxide and other waste products must routinely be ex-
creted from brain cells into the blood. There are two ways that molecules
of these substances cross the blood-brain barrier. First, small molecules such
as oxygen and carbon dioxide, which are not ionized and so are fat soluble,
can pass right through the capillary wall. Second, molecules of glucose, amino
acids, and other nutrients can be carried across the capillary by active-
transport systems. These systems are pumps, such as the sodium—potassium
pump described in Chapter 4, that are specialized for the transport of a partic-
ular substance.

There are a few brain regions that lack tight junctions between the cells of
capillary walls and so lack a blood-brain barrier. These regions are shown in
Figure 6.2. One is the median eminence of the hypothalamus, constructed to
allow the passage of hormones into the pituitary gland. Another is the area
postrema of the lower brainstem. The absence of a blood-brain barrier there
allows toxic substances in the blood to trigger a vomiting response. The pineal
body also lacks a blood-brain barrier and is therefore open to the hormones
that modulate the day—night cycles controlled by this structure.

"To summarize, drugs that can make the entire trip from the mouth to the
brain have certain chemical properties. The most effective consist of molecules
that are small in size, weakly acidic, water and fat soluble, potent in small
amounts, and not easily degraded.

Given the many obstacles that psychoactive drugs encounter on their
journey from the mouth to the brain, it is clear why inhaling a drug or in-
jecting it into the bloodstream has advantages. These alternative routes of
administration bypass the obstacle of the stomach. In fact, with each obsta-
cle eliminated on the route to the brain, the dosage of a drug can be reduced
by a factor of 10 and the drug will still have the same effects. For example, 1
milligram (1000 pg) of amphetamine, a psychomotor stimulant, produces a
noticeable behavioral change when ingested orally. If inhaled into the lungs
or injected into the blood, thereby circumventing the stomach, 100 pg of the
drug (1000 pg + 10) produces the same results. Similarly, if amphetamine is
injected into the cerebrospinal fluid, thereby bypassing both the stomach and
the blood, 10 pg is enough to produce an identical outcome, as is 1 pg if
dilution in the cerebrospinal fluid also is skirted and the drug is injected di-
rectly onto target neurons. These numbers are well known to users of illicit
drugs. Drugs that can be inhaled or injected intravenously are much cheaper
to use because the doses required are smaller than those needed for drugs
taken by mouth.

Metabolism

Soon after a drug is administered, the body begins to remove it. Drugs are
metabolized throughout the body, but particularly in the kidneys, liver, and
bile. They are excreted in urine, feces, sweat, breast milk, and exhaled air.



CuAPTER 6 THE INFLUENCE OF DRUGS ON BEmavior 121

Drugs manufactured for therapeutic purposes are usually designed so as to
optimize their chances of reaching their targets and to prolong their survival
in the body.

There are some other substances, however, that the body has trouble re-
moving. Such substances are potentially dangerous because, if large doses of
them are taken, they can build up in the body and become poisonous. For in-
stance, certain metals, such as mercury, are not easily eliminated from the
body and, when they accumulate there, they can cause severe neurological
problems.

Drug Actions in Synapses

Most psychoactive drugs work by influencing the chemical reactions at
synapses. 'To understand their psychoactive effects, we must therefore explore
the ways in which they modify synaptic activity.

Steps in Synaptic Transmission

Figure 6.3 summarizes the seven major events that contribute to synaptic neu-
rotransmission. The first, synthesis of the neurotransmitter, can take place in
the cell body, the axon, or the terminal. The neurotransmitter is then stored
(event number 2) in storage granules or in vesicles until it is released (number
3) from the terminal’s presynaptic membrane. The amount of transmitter re-
leased into the synapse is regulated by the effects of previous experience.
When released, the transmitter acts on a receptor (number 4) embedded in
the postsynaptic membrane. It is then either destroyed (number 5) or taken
back into the terminal from which it came for reuse (number 6). The synapse
also has mechanisms for degrading excess neurotransmitter (number 7) and
removing unneeded by-products from the synapse.

Each of these components of neurotransmission entails one or
more chemical reactions that drugs can potentially influence in | g ihesis
one of two ways: either increasing the effectiveness of neuro-
transmission or diminishing it. Drugs that increase the effective- PFGCUFSO\
ness of neurotransmission are called agonists, whereas those Chem'cal,s-;.-,
that decrease its effectiveness are called antagonists. Agonists
and antagonists can work in a variety of ways, but their end re-
sults are always the same. For example, all drugs that stimulate
the release of the neurotransmitter dopamine, or block the reup-
take of dopamine, or block dopamine’s inactivation are consid- Eor_ageL
ered dopamine agonists because they all increase the amount of

dopamine available in the synapse. Conversely, all drugs that Fli
Release

Neurotransmltter

Figure 63 Seven points at which
a drug can influence synaptic
transmission. In principle, drugs
could enhance or block a chemical
process at any of these stages,
reducing or enhancing synaptic
transmission.

Degradation

/

/

Reuptake

block the synthesis of dopamine or its release from the presy- i
naptic membrane or that block dopamine receptors or speed up Inactivation
dopamine’s inactivation are considered dopamine antagonists be- Receptor interaction

cause they all decrease the biochemical effect of this transmitter
in the synapse.
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Figure 64 Examples of drugs
that affect the cholinergic synapse.
Agonists increase the effect of
acetylcholine on the postsynaptic
receptor, whereas antagonists
decrease its effect. Note the many
different ways that drugs can
accomplish these results by acting on
synthesis, affecting release,
affecting binding to the postsynaptic
receptor, or affecting inactivation.

| Agonist

Choline-rich diet
increases available
acetylcholine (ACh).
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Black widow spider
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release of ACh.

Acetylcholine
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Botulinum toxin
blocks release

of ACh. »

Nicotine stimulates
ACh receptors.

*\rcetylcholing

g e

Antagonist

Curare blocks
ACh receptors.

Examples of Drug Action: An Acetylcholine Synapse

Figure 6.4 uses the acetylcholine synapse between motor neurons and muscles
to show how several representative drugs and toxins affect neurotransmission.
Some of these drugs will be new to you, but you have probably heard of oth-
ers. Knowing their effects at the synapse will enable you to understand the be-
havioral effects that they produce.

"Two of the substances named in Figure 6.4 are toxins—black widow spider
venom and botulinum toxin—that influence the release of acetylcholine from
the axon terminal. Black widow spider venom is an agonist because it pro-
motes the release of acetylcholine. In the insects on which black widow spiders
prey, the excitation caused by excess acetylcholine at neuromuscular synapses
is sufficient to cause paralysis and death. Fortunately, a black widow spider bite
does not contain enough toxins to similarly affect a human. Botulinum toxin
is a poisonous agent produced by a bacterium that sometimes grows in im-
properly processed canned foods. The toxin acts as an antagonist because it
blocks the release of acetylcholine. The effects of botulinum poisoning can last
from weeks to months. A severe case can result in paralysis of movement and
breathing, leading to death. It might surprise you to know that this poison has
medical uses. If injected into a muscle, it paralyzes that muscle, blocking un-
wanted muscular twitches or contractions in conditions such as cerebral palsy,
and it is used in cosmetic surgery to reduce wrinkles.

Figure 6.4 also includes two drugs that act on receptors for acetylcholine:
nicotine and curare. Nicotine, one of the chemicals in cigarette smoke, acts as
an agonist to stimulate cholinergic receptors. Its molecular structure is enough
like that of acetylcholine to fit into the receptors’ binding sites. Curare, on the
other hand, acts as an antagonist. It, too, occupies cholinergic receptors but,
rather than activating them, curare simply blocks them, preventing
acetylcholine from acting on them. When introduced into the body, cu-
rare acts quickly and is then cleared from the body in minutes. Large

doses of it, however, arrest movement and breathing long enough to re-

sult in death. Early explorers of South America encountered Indians

along the Amazon River who killed small animals by using arrows

coated with curare prepared from the seeds of a plant. The hunters

themselves did not become poisoned when eating the animals, be-

cause ingested curare cannot pass from the gut into the body.

Many curare-like drugs have been synthesized. Some are used

% to briefly paralyze large animals so that they can be tagged for

identification or examined. Skeletal muscles are more sensitive

to curare-like drugs than respiratory muscles are; so an ap-

=% propriate dose will paralyze an animal’s movement but still
pe allow it to breathe.

A fifth drug action shown in Figure 6.4 is that
of physostigmine, which inhibits cholinesterase, the
enzyme that breaks down acetylcholine. Physo-
stigmine therefore acts as an agonist to increase the

Physostigmine and

organophosphates amount of acetlycholine available in the synapse.
blfoglérl]nactlvatlon Physostigmine, obtained from a species of African
o .

bean, was used as a poison by tribes in Africa. Large
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doses can be toxic because they produce excessive excitation of the neuro-
muscular synapse and so disrupt movement and breathing. In small doses,
however, physostigmine is used to treat a condition called myasthenia gravis
(the name means “muscular weakness”) in which muscle receptors are less
than normally responsive to acetylcholine. The action of physostigmine is
short-lived, lasting from only a few minutes to at most half an hour, but an-
other class of compounds, called organophosphates, bind irreversibly to
acetylcholinesterase and consequently are extremely toxic. Many insecticides
are organophosphates. Organophosphates are also used in chemical warfare.
If a drug or toxin that is ingested affects neuromuscular synapses, will it also
affect acetylcholine synapses in the brain? That depends on whether the sub-
stance can cross the blood—brain barrier, which depends in turn on the size and
structure of the substance’s molecules. Some of the drugs that act on acetyl-
choline synapses at the muscles—physostigmine and nicotine, for example—
do cross the blood-brain barrier and act on acetylcholine synapses in the brain.
Curare, on the other hand, cannot and therefore has no psychoactive effects.

Classification of Psychoactive Drugs

It has been difficult to devise a classification system for the many thousands of
psychoactive drugs. Classification based on a drug’s chemical structure has not
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been very successful, because drugs with similar structures
can have quite different effects, whereas drugs with differ-
ent structures can have effects that are very similar.
Classification schemes based on receptors in the brain also
have been problematic, because a single drug can act on
many different receptors. The same problem exists with
classification systems based on the neurotransmitter that a
drug affects, because many drugs act on more than one
transmitter. The classification system used in this book,
summarized in Table 6.2, divides drugs into seven classes,
according to the most pronounced psychoactive effect that
a drug produces. The classes are further divided into sub-
categories containing from a few to many thousand differ-

Table 52 Classification of psychoactive drugs

Sedative hypnotics and antianxiety agents
Barbiturates (anesthetic agents), alcohol
Benzodiazepines: diazepam (Valium)

. Antipsychotic agents

Phenothiazines: chlorpromazine
Butyrophenones: haloperidol

Antidepressants

Monoamine oxidase (MAO) inhibitors

Tricyclic antidepressants: imipramine (Tofranil)
Atypical antidepressants: fluoxetine (Prozac)

ent chemicals. IV. Mood stabilizers
Drugs that are used to treat neuropsychological illness Lithium
are listed in Table 6.3, along with the dates of their discov- V. Narcotic analgesics
ery and the names of their discoverers. The therapeutic ac- Morphine, codeine, heroin
tion of every drug in Table 6.3 was originally discovered by ~ VI. Psychomotor stimulants
accident and is still not fully understood. Nevertheless, sci- Cocaine, amphetamine, caffeine, nicotine
entists and pharmaceutical companies have developed VIl Psychedelics and hallucinogens

many forms of each drug in attempts to increase effective-
ness and reduce side effects. At the same time, experimen-
tal researchers have been working to explain each drug’s
action on the nervous system. Those efforts are examined
here.

Anticholinergics: atropine

Noradrenergics: mescaline

Serotonergics: LSD (lysergic acid diethylamide), psilocybin
Tetrahydrocannabinol: marijuana
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Table 6.3 Drugs used for the treatment of mental illness

lliness Drug class

Schizophrenia Phenothiazines
Butyrophenone

Depression Monoamine oxidase

(MAO) inhibitors

Selective serotonin
reuptake inhibitors

Bipolar disorder
Anxiety disorders Benzodiazepines

Representative drug Common trade name Discoverer

Chlorpromazine Largactile, Thorazine Jean Delay and Pierre Deniker
(France), 1952

Haloperidol Haldol Paul Janssen (Belgium), 1957

Iproniazid Marsilid Nathan S. Kline and J. C. Saunders
(United States), 1956

Tricyclic antidepressants Imipramine Tofranil Roland Kuhn (Switzerland), 1957

Fluoxetine Prozac Eli Lilly Company, 1986

Lithium (metallic element) John Cade (Australia), 1949

Chlordiazepoxide Valium, Miltown Leo Sternbach (Poland), 1940

Meprobamate Equanil Frank Berger and William Bradley

Figure 65 This continuum of
behavioral sedation shows how
increasing doses of sedative-
hypnotic drugs affect behavior, with
low doses reducing anxiety and very
high doses resulting in death.

Disinhibition
Relief from anxiety

Normal

(Czechoslovakia), 1946

Sedative-Hypnotics and Antianxiety Agents

The effects of sedative-hypnotics (“sedate,” to make sleepy, and “hypnotic,” to
put to sleep) and antianxiety agents differ, depending on dose, as shown in
Figure 6.5. At low doses, they reduce anxiety; at medium doses, they sedate
(that is, they have a tranquilizing effect); and, at high doses, they produce anes-
thesia or coma. At very high doses, they can kill.

The most common members of this diverse group of drugs are alcohol,
barbiturates, and benzodiazepines. Alcohol is well known to most people
because it is so widely consumed, both as a beverage and an intoxicant. Its po-
tentially devastating effects on fetuses produce a syndrome of retardation
called fetal alcohol syndrome (FAS). Barbiturates are sometimes prescribed as
a sleeping medication, but they are mainly used to induce anesthesia before
surgery. Benzodiazepines, also known as minor tranquilizers or antianxiety
agents, are often given to people who are having trouble coping with some
major life stress, such as a traumatic accident or a death in the family. An ex-
ample is the widely prescribed drug called Valium. Whereas both alcohol and
barbiturates can produce sleep, anesthesia, and coma at doses only slightly
higher than those that produce sedation, the dose of benzodiazepines that

produces sleep and anesthesia is substantially higher than that
which is needed to relieve anxiety.

erance that develops for one drug carries over to a different
drug. Cross-tolerance suggests that the two drugs are similar in
their actions on the nervous system. That alcohol, barbiturates,
and benzodiazepines show cross-tolerance alerted researchers

Death A characteristic feature of sedative-hypnotics is that they

Coma cause weaker and weaker responses in the user who takes re-

T Generallanesthesia peated doses. A larger dose is then required to produce the

> Sleep drug’s initial effect. This lessening of response to a drug over

NS Sedation time is called tolerance. Cross-tolerance results when the tol-
o
g
R
&

Increasing dose of sedative-hypnotic drug ——- to the likelihood that they affect a common nervous system tar-
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get. This common target is now known to be the molecule containing a re-
ceptor site for the major inhibitory neurotransmitter y-aminobutyric acid
(GABA). Neurons that contain GABA are widely distributed in the nervous
system and function to inhibit the activity of other neurons.

One of the receptors affected by GABA is the GABA, receptor. As illus-
trated in Figure 6.6, this receptor controls a chloride channel, and excitation
of the receptor produces an influx of Cl~ ions. Remember that an influx of CI~
ions increases the concentration of negative charges on the inside of the cell
membrane, hyperpolarizing the membrane and thus making it less likely to
propagate an action potential. GABA, therefore, produces its inhibitory effect
by decreasing a neuron’s rate of firing.

The GABA, receptor is a complex molecule that not only possesses a bind-
ing site for GABA but has two other important binding sites as well. One of
the two binding sites accepts alcohol and barbiturates (the sedative-hypnotic
site), whereas the other site accepts benzodiazepines (the antianxiety site).
Drugs binding to the sedative-hypnotic site directly increase the influx of chlo-
ride ions and so produce the same effect as that of GABA. Consequently, the
higher the dose of these drugs, the greater their inhibitory effect on neurons.
The effect of antianxiety drugs is different. Excitation of the antianxiety site
enhances the binding of GABA to its receptors, which means that the avail-
ability of GABA determines the potency of an antianxiety drug. Because GABA
is very quickly reabsorbed by the neurons that secrete it and by surrounding
glial cells, GABA concentrations are never excessive; as a result, people are
generally unlikely to overdose on antianxiety drugs.

Scientists do not know what natural substances other than GABA bind to
the GABA, receptor binding sites. Morrow and her coworkers suggest that
a natural brain steroid called allopregnanolone may bind to the sedative-
hypnotic site. Allopregnanolone is produced by activation of the pituitary.
Thus, an additional mechanism by which alcohol may produce its effects is by
facilitating the production of allopregnanolone, which in turn activates the
sedative-hypnotic site of the GABA, receptor, producing sedation. One expla-
nation of why alcohol has a less potent effect on human males than on females
is that females have higher levels of allopregnanolone, thus making them more
sensitive to the effects of alcohol and causing them to drink less and to be less
likely to become alcoholic.

Because of their different actions on the GABA, receptor, sedative-hypnotic
and antianxiety drugs should never be taken together. A sedative-hypnotic acts
like GABA but, unlike GABA, is not quickly absorbed by surrounding cells.
Instead, it remains on the site, allowing its effects to be enhanced by an an-
tanxiety drug. The cumulative action of the two drugs will therefore exceed
the individual action of either one. Even small combined doses of antianxiety
and sedative-hypnotic drugs can produce coma or death.

Figure BB Sedative hypnotics bind to the GABA, receptor. Barbiturates and alcohol bind to one
receptor site, the sedative-hypnotic site, and thus mimic the effects of GABA. Benzodiazepines bind to a
different receptor site, the antianxiety site, and potentiate the action of GABA. Note that sedative-
hypnotics bind at one site on the receptor, antianxiety agents at another, and GABA at yet another.
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Figure 67 Numbers of resident patients in state and local government
mental hospitals in the United States from 1946 to 2000. Note the dramatic
decrease in the total patient population that began after 1955, when the

Antipsychotic Agents

The term psychosis refers to various neuropsycho-
logical conditions, such as schizophrenia, that are
characterized by hallucinations or delusions. Drugs
used to treat psychosis are known as antipsychotic
agents (also major tranquilizers and neuroleptics).
The use of these agents has greatly reduced the
number of patients held in mental institutions, as
Figure 6.7 shows. Improving the functioning of
schizophrenics has been a particularly important
achievement because the incidence of schizophre-
nia is high—about 1 in every 100 people.
Although major tranquilizers have been widely
used for nearly 50 years, their therapeutic ac-
tions are still not understood. One effect that all
have in common is an immediate reduction of
motor activity, which helps to alleviate the exces-

therapeutic use of psychoactive drugs was introduced. (After Efron, 1968.) sive agitation of some schizophrenic patients.

Unfortunately, one of their negative side eftects
can be to produce symptoms reminiscent of Parkinson’s disease, in which con-
trol over movement is impaired. With prolonged use, they can cause dyskine-
sia (involuntary movements). This condition includes rhythmical movements
of the mouth, hands, and other body parts. The effects are usually reversible if
the person stops taking the drug.

At least part of the action of antipsychotic drugs is to block one kind of do-
pamine receptor, called the D, receptor. This action of antipsychotic drugs
led to the dopamine hypothesis of schizophrenia. It holds that some forms
of schizophrenia may be related to excessive dopamine activity, which anti-
psychotic drugs control. Other support for the dopamine hypothesis comes
from the schizophrenia-like symptoms of chronic users
of amphetamine, a stimulant drug. As Figure 6.8 shows,
amphetamine is a dopamine agonist that fosters the release
of dopamine from the presynaptic membrane of dopamine
synapses and blocks the reuptake of dopamine from
the synaptic cleft. If amphetamine causes schizophrenia-
like symptoms by increasing dopamine activity, perhaps
naturally occurring schizophrenia is related to excessive dopamine ac-
tion, too.

Even though such drug effects suggest that the dopamine hypothesis
may have merit, consistent dopamine-related differences between nor-
mal people and schizophrenics have not been found in experimental

Amphetamine promotes
the release of dopamine
and fosters symptoms of
schizophrenia.

Both amphetamine and
cocaine block reuptake of
dopamine and foster

/ symptoms of schizophrenia.

Dopamine
e,

terminal

T e o Qo= g

Dopamine
J
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Chlorpromazine’ D, receptor
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Figure 68 Chlorpromazine blocks D, dopamine receptors, whereas the stimulant drug
amphetamine causes the release of dopamine from the axon terminal. Both cocaine and
amphetamine block the transporter that takes dopamine back into the terminal. Evidence that
major tranquilizers, such as chlorpromazine, are helpful in treating the neuropsychiatric
disease schizophrenia and that abuse of the stimulant drugs amphetamine and cocaine can
produce schizophrenia-like behavior suggests that excessive activity at the dopamine receptor
is related to schizophrenia.

Chlorpromazine, a drug that
blocks symptoms of
schizophrenia, occupies the
dopamine site on D,
receptor, preventing receptor
activation by dopamine.
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studies. Compared with the brains of normal subjects, Kestler and colleagues
found that the brains of patients with schizophrenia do not contain a greater
number of dopamine synapses, do not release more dopamine from presynap-
tic membranes, and do not necessarily possess more D, receptors for dopa-
mine. Consequently, the cause of schizophrenia and the mechanism by which
antipsychotic agents work currently remain unclear.

Antidepressants

Depression is a common psychological disorder. At any given time, about 5%
of the adult population worldwide suffer from it, and as many as 30% of all
people may experience at least one episode of depression in their lives. Most
people recover from depression within a year of its
onset; but, if the condition is left untreated, the inci-
dence of suicide is high. Two different types of drugs

MAO inhibitor

have antidepressant effects: the monoamine oxidase
inhibitors (MAO inhibitors) and the tricyclic anti-
depressants. The so-called second-generation anti-
depressants, which include fluoxetine (Prozac), are

inhibits breakdown
of serotonin...

N MAO

inhibitor

similar to the tricyclic antidepressants.

Antidepressants are thought to act by improving
chemical transmission in serotonin, noradrenaline,
histamine, and acetylcholine synapses, and perhaps
in dopamine synapses, too. Figure 6.9 shows their ac-
tion at a serotonin synapse, the synapse on which
most antidepressant research is focused. As you can
see, MAO inhibitors and the tricyclic and second-
generation antidepressants have different mecha-
nisms for increasing the availability of serotonin.
Monoamine oxidase is an enzyme that breaks down
serotonin within the axon terminal. The inhibition
of MAO by an MAO inhibitor therefore provides
more serotonin for release with each action poten-
tial. The tricyclic antidepressants and the second-generation antidepressants
block the transporter that takes serotonin back into the axon terminal. The
second-generation antidepressants are thought to be especially selective in
blocking serotonin uptake, and consequently some are also called selective
serotonin uptake blockers. Because the transporter is blocked, serotonin re-
mains in the synaptic cleft for a longer period, thus prolonging its action on
postsynaptic receptors.

These discoveries notwithstanding, there are significant questions concern-
ing how antidepressants work. For example, the drugs begin to affect synapses
very quickly, and yet their antidepressant effects take weeks to develop. No one
is sure why. In addition, about 20% of patients with depression fail to respond
to antidepressant drugs.

Antidepressant side effects constitute another type of problem. These
side effects include increased anxiety, sexual dysfunction, sedation, dry
mouth, blurred vision, and memory impairments. Many people hoped that

avallable for release.

 Agonist S

Selective serotonin
uptake blockers
block transporter
protein for
serotonin reuptake
so serotonin stays
in synaptic

cleft longer.

Q Serotonin
..S0 more serotoninis /4 g termmal
\ Serotonln 5

5

\

A

\y

- e
Both these drugs
reduce symptoms of —=
depression by

increased activation
of postsynaptic cells.

Figure 69 Postulated
mechanisms of action of
antidepressant drugs on the
serotonin synapse. MAO inhibitors
block MAO from breaking down
serotonin within the terminal.
Reuptake blockers block the
transporter protein that takes
serotonin back up into the terminal
after use. Thus, both types of drugs
result in increased levels of serotonin
available to act on serotonin
receptors.
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the second-generation antidepressants would produce fewer side effects
than the tricyclic antidepressants, but that hope has not been fully realized.
In fact, most antidepressants do not appear to be particularly selective in
their action on the brain. Even Prozac, one of the more selective antide-
pressant compounds, is advertised as a treatment not only for depression but
for obsessive-compulsive disorder, too. The major symptoms of obsessive-
compulsive disorder are obsessive thoughts and behaviors, such as ideas that
people cannot get out of their heads and ritual-like actions that they per-
form endlessly. Although obsessive-compulsive disorder, like depression, is
associated with guilt and anxiety, most experts consider it to be a separate
disorder.

Narcotic Analgesics

The narcotic analgesics are drugs with sleep-inducing (narcotic) and pain-
relieving (analgesic) properties. Many of these drugs are derived from opium,
an extract of the seeds of the opium poppy, Papaver sommiferum. Opium has
been used for thousands of years to produce euphoria, analgesia, sleep, and re-
lief from diarrhea and coughing.

In 1805, German chemist Friedrich Sertiirner synthesized two pure sub-
stances from the poppy plant—codeine and morphine—both of which dem-
onstrated narcotic properties. Codeine is often included in cough medicine
and in pain relievers such as aspirin (although not in the United States).
Morphine, which was named after Morpheus, the Greek god of dreams, is a
very powerful pain reliever. Despite decades of research, no other drug has
been found that exceeds morphine’s effectiveness as an analgesic. Opium an-
tagonists such as nalorphine and naloxone block the actions of morphine and
so are useful in treating overdoses of it. Heroin, another opiate drug, can be
synthesized from morphine. It is more fat soluble than morphine is and pene-
trates the blood-brain barrier more quickly, allowing it to produce very rapid
relief from pain. Although heroin is legal in some countries, it is illegal in oth-
ers, including the United States.

What are the mechanisms through which opiates act on the central nervous
system? In the 1970s, Pert and her colleagues provided an important part of
the answer to this question by injecting radioactive opiates into the brain and
identifying special receptors to which the opiates bound. But what were these
receptors doing in the brain? Opiates, such as morphine, after all, are not nat-
urally occurring brain chemicals. This question was answered at about the
same time by Hughes and his coworkers, who identified two short peptides
that had opioid properties and that appeared to be neurotransmitters. They
called these opiate-like transmitters endorphins, an abridgement of the phrase
endogenous morphinelike substances.

We now know that there are endorphin-containing neurons in many brain
regions and that morphine is similar enough to endorphins to mimic their ac-
tion in the brain. Researchers have extensively studied whether endorphins can
be used to relieve pain. The answer, so far, is mixed. Although endorphins do
alleviate pain, they are not easily delivered to the brain. Consequently, mor-
phine remains a preferred pain treatment.
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Stimulants

Stimulants are a diverse class of drugs that increase the activity of neurons in a
number of ways. They are subdivided into four groups: behavioral stimulants,
convulsants, general stimulants, and psychedelic drugs.

Behavioral stimulants are drugs that cause an increase in motor behavior, as
well as elevating a person’s mood and level of alertness. Two examples are co-
caine and amphetamine. Cocaine is extracted from the Peruvian coca shrub.
"The indigenous people of Peru originally discovered it in coca leaves, which they
chewed. Purified cocaine can be taken either by sniffing (snorting) or by in-
jection. Many cocaine users do not like to inject cocaine intravenously, and so
they sniff a highly concentrated form of it called “crack.” Crack is chemically
altered so that it vaporizes at low temperatures, and the vapors are inhaled.
Amphetamine is a synthetic compound that was discovered in attempts to syn-
thesize the neurotransmitter epinephrine. Both amphetamine and cocaine are
dopamine agonists that act by blocking dopamine transport back into the termi-
nal, leaving more dopamine available in the synaptic
cleft. Amphetamine also stimulates the release of do-
pamine from presynaptic membranes. Both these
mechanisms increase the amount of dopamine avail-
able in synapses to stimulate dopamine receptors.

Cocaine was originally popularized as an antide-
pressant by Viennese psychoanalyst Sigmund
Freud. In an 1884 paper titled “In Praise of Coca,”

Freud concluded that “The main use of coca will i W ? S L
. . . e Ask the Soda Man—he'll

undoubtedly remain that which the Indians have -~ % tell you the crowd drinks

made of it for centuries: it is of value in all cases ’

where the primary aim is to increase the physical 77

capacity of the body for a given short period of time m

and to hold strength in reserve to meet further de-
mands—especially when outward circumstances ex-
clude the possibility of obtaining the rest and
nourishment normally necessary for great exer-

The drink with dash—vim—vigor
and go to it The thirsty one's one
best beverage. Delicious and re-

tion.” Freud also recommended that cocaine be freshing
: 7 : g
used as a local anesthetic. g oot st i
ye ap v
Cocaine was once widely used in soft drinks and of ‘Cocardoia,  THE COCA-COLA €O,

ATLANTA, GA.
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wine mixtures, which were promoted as invigorat-
ing tonics. It is responsible for the origin of the
trade name Coca-Cola, because this soft drink once
contained cocaine, as suggested by the ad in Figure R
6.10. The addictive properties of cocaine soon be- £
came apparent, however. There is also evidence

that cocaine can produce circulatory disturbances, T
some of which can result in sudden death.
Nevertheless, cocaine did prove to be valuable as a
local anesthetic, and many derivatives, such as Novocaine, are used for this
purpose today.

Figure B] U Cocaine was once
used as an ingredient in drinks such

: as Coca-Cola and Vin Mariani that
Amphetamine was first used as a treatment for asthma. A form of ampheta-  promised to boost the user's energy.

mine, Benzedrine, was sold in inhalers as a nonprescription drug through the  (The Granger Collection.)
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1940s. Soon people discovered that they could open the container and swallow
its contents to obtain a sudden energizing effect. In 1937, an article in the
Fournal of the American Medical Association reported that Benzedrine tablets im-
proved performance on mental-efficiency tests. This information was quickly
disseminated among students, who began to use the drug when studying for
exams. Amphetamine was widely used in World War II to help keep troops and
pilots alert and to improve the productivity of wartime workers. It was also
used as a diet aid. In the 1960s, drug users discovered that they could obtain an
immediate pleasurable “rush,” often described as a whole-body orgasm, by in-
travenous injection of amphetamine. People who took amphetamine in this
way, called “speed freaks,” would inject the drug every few hours for days, re-
maining in a wide-awake, excited state without eating. They would then crash
in exhaustion and hunger and, after a few days of recovery, would begin the cy-
cle again. One explanation for repeated injections was to prevent the depres-
sive crash that occurred when the drug wore off.

General stimulants are drugs that cause a general increase in the metabolic
activity of cells. A widely used stimulant of this type is caffeine. Caffeine in-
hibits an enzyme that ordinarily breaks down the important regulatory bio-
chemical cyclic adenosine monophosphate (cyclic AMP). The resulting increase
in cyclic AMP leads to an increase in glucose production within cells, thus mak-
ing available more energy and allowing higher rates of cellular activity.

The final class of stimulants, psychedelic drugs, alter sensory perception
and cognitive processes. There are four major groups of psychedelics. One
group consists of acetylcholine psychedelics, which either block or facilitate
transmission at acetylcholine synapses in the brain. A second is made up of nor-
epinephrine psychedelics. These drugs include mescaline, obtained from the
peyote cactus, which is legal for use by Native Americans for religious practices.

A third type of psychedelic drug is tetrahydrocannabinol, or THC.
"Tetrahydrocannabinol is the active ingredient in marijuana, which is obtained
from the hemp plant Cannabis sativa. There is growing evidence that Cannabis
acts on two receptors, called the CB1 and CB2 receptors, thought by scientists
to be the receptors for an endogeneous neurotransmitter called anandamide.
Surprisingly, the results of numerous studies suggest that anandamide plays a
role in forgetting, a mechanism that prevents memory systems of the brain
from being overwhelmed by the information to which the brain is exposed
each day. Thus, THC may have a detrimental effect on memory.

The fourth and last subtype in this drug category consists of the serotonin
psychedelics. They include both LSD (lysergic acid diethylamide) and psilo-
cybin (obtained from a certain mushroom). These drugs are thought to affect
the activity of the serotonin synapses of serotonin neurons. In addition, these
drugs may affect other transmitter systems, including norepinephrine.

The Effects of Experience, Context, and Genes

Many behaviors trigger consistently predictable results. When you strike the
same key of a piano repeatedly, you hear the same note each time. When you
flick a light switch over and over again, the same bulb goes on exactly as be-



CuApTER 6 THE INFLUENCE OF DRUGS ON Bemavior 131

fore. This kind of cause-and-effect consistency, to which we are exposed every-
day, leads some people to assume that a drug will produce the same results
every time it is taken. That assumption is incorrect, however, for several rea-
sons. For one thing, the effect of a drug may change from one administration
to another because the drug is taken in different contexts, with different ac-
companying behaviors that cause the brain to respond to it differently. In ad-
dition, the actions of a drug on one person may be quite different from its
actions on someone else. The reason is that previous experience and the influ-
ence of genes also determine drug reactions. Finally, with repeated use, the ef-
fect of a drug can be dramatically different from the effect obtained with the
first use. The reason for this difference is that many drugs produce an endur-
ing change in the brain that over time can be quite substantial and that can al-
ter what subsequent doses do. In the following sections, we describe a number
of ways that repeated use of drugs changes the brain and behavior.

Tolerance

Isbell and coworkers described a dramatic example of tolerance—the decline
in response to the repeated administration of a drug—in a group of prisoners
who had volunteered for the study. These researchers gave subjects enough al-
cohol daily in a 13-week period to keep them in a constant state of intoxica-
tion. Yet they found that the subjects did not stay drunk for 3 months straight.
In the first days of the experiment, all of the subjects showed rapidly rising lev-
els of blood alcohol and behavioral signs of intoxication after consuming alco-
hol, as shown in Figure 6.11. Between the 12th and 20th days, however,
blood-alcohol concentrations and the signs of intoxication fell to very low
levels, even though the subjects maintained a constant alcohol intake.
Interestingly, too, although blood-alcohol levels and signs of intoxication fluc-
tuated in subsequent days of the study, the one did not always correlate with
the other. A relatively high blood-alcohol level was sometimes associated with
a low outward appearance of being drunk. Why?

These results were likely the products of three different kinds of toler-
ance—metabolic tolerance, cellular tolerance, and learned tolerance.
Metabolic tolerance consists of an increase in the enzymes needed to break
down alcohol in the liver, blood, and brain. As a result, the body metabolizes
alcohol more quickly, and so blood alcohol levels are reduced. Cellular toler-
ance consists of adjustments in the activities of brain cells so as to minimize
the effects of alcohol in the blood. This kind of tolerance helps explain why the
behavioral signs of intoxication may be very low despite a relatively high
blood-alcohol level. Learned tolerance also contributes to the drop in out-
ward signs of intoxication. As people learn to cope with the daily demands of

Figure 6] ] Relative change in intoxication, blood-alcohol level, and alcohol intake in subjects over
20 days of steady drinking. Note that, as alcohol intake increases initially, so do blood-alcohol level and
the degree of intoxication. With continued consumption, blood-alcohol level and behavioral intoxication
decrease, owing to tolerance. (After H. Isbell, H. F. Fraser, A. Winkler, R. E. Belleville, and A. J. Eisenman.
1955. An experimental study of the etiology of “rum fits” and delirium tremens. Quarterly Journal of
Studies on Alcohol 16, p. 16.)
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living while under the influence of alcohol, they may no longer appear to be
drunk.

The results of many studies confirm that learning plays a role in tolerance to
alcohol. For instance, Wenger and his coworkers trained rats to walk on a nar-
row conveyor belt to prevent electric shock to their feet from a grid over which
the belt was traveling. One group of rats received alcohol after having been
trained to walk on the belt, whereas another group received alcohol just before
their training sessions. A third group received training only, and a fourth group
alcohol only. After several days of exposure to their respective conditions, all
groups were given alcohol before a walking test. The rats that had previously re-
ceived alcohol before training performed well, whereas those that had received
training and alcohol separately performed just as poorly as those that had never
had alcohol before or those that had never been trained. Apparently, animals can
acquire the motor skills needed to balance on a narrow belt even when intoxi-
cated with alcohol. Over time, in other words, they can learn to compensate for
being drunk.

"Tolerance can develop to many other drugs besides alcohol, such as barbi-
turates, amphetamines, and narcotics. In humans, for instance, a dose of 100
mg of morphine is sufficient to cause profound sedation and even death in
some first-time users, but those who have developed tolerance to this drug
have been known to take 4000 mg without adverse effects. Similarly, long-time
users of amphetamine may need to take doses 100 or more times as great as the
doses that they initially took to produce the same behavioral effect. In other
words, with repeated administration of a drug, the effect produced by the drug
may progressively diminish owing to tolerance.

Sensitization

Exposure to the same drug more than once doesn’t always result in tolerance.
Sometimes people show the opposite reaction, increasing their response with
subsequent doses taken. This increased responsiveness to successive equal
doses of a drug is called sensitization. Whereas tolerance generally develops
with constantly repeated use of a given drug, sensitization is much more likely
to develop with occasional use.

To demonstrate sensitization, Robinson and Becker isolated rats in observa-
tion boxes and recorded their reactions to an injection of amphetamine, pay-
ing particular attention to increases in sniffing, rearing, and walking, which are
typical rat responses to this drug. Every 3 or 4 days, the investigators repeated
the procedure. The results are given in Figure 6.12A. They show that the rats’
level of activity increased to a new high level with each periodic trial. This in-
creased response on successive tests was not due to the animals becoming
“comfortable” with the test situation. Control animals that received no drug
did not display a similar escalation in sniffing, rearing, and walking. Moreover,
the sensitization to amphetamine was enduring. Even when two injections of
amphetamine were separated by months, the animals still showed an increased
response to the drug.

Sensitization also develops with depressant drugs, such as the major tran-
quilizer Flupentixol, which is a dopamine antagonist that blocks dopamine



receptors. Figure 6.12B shows the changing
effects of Flupentixol on the swimming be-
havior of rats in a study conducted by
Whishaw and his colleagues. The researchers
trained the rats to swim a short distance to a
platform in a swimming pool. When the rats
were reaching the platform within 1 to 2 sec-
onds of immersion, they were given an injec-
tion of Flupentixol. On the first few swims
after the injections, the rats swam normally;
but, in subsequent trials, they began to slow
down. After about 12 trials separated by a few
minutes, they simply sank when placed in the
water and had to be removed to prevent them
from drowning. This effect was not simply the
result of administering 12 successive trials on
the same day. If the rats were injected and
placed in water only once each day for 12 days,
the same pattern of results was obtained.
On the first few days, the rats swam normally,
but thereafter they began to slow down, until
by the 12th day they simply sank after being
injected and placed in the water. Sensitization
to the drug was dependent on the number of
trials regardless of the time that elapsed be-
tween them or the number of times that the
drug was given. Presumably, Flupentixol
changes dopamine neurons that mediate the
behavior in which the rat is engaging.
Sensitization is difficult to demonstrate in
an animal that is tested in its home cage.
Animals are accustomed to performing a cer-
tain repertoire of behaviors in their home en-
vironments and are unlikely to change that
behavior even under the influence of a drug.
When animals are placed in a novel environ-
ment, however, and given widely spaced injec-
tions of a drug, their responses to the drug can

Figure B] 2 Two examples of sensitization.

(A) Amphetamine stimulates dopamine release and blocks
reuptake. Each injection of the same dose of the drug in rats
produces a greater effect as measured by an increase in
locomation. (B) Flupentixol blocks dopamine receptors. After
each injection, a swimming trial is slower until the rat can
no longer escape from the swimming pool. (After Robinson
and Becker, 1986, and Whishaw et al., 1989.)
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In the Robinson and Becker study,
animals were given periodic
injections of the same dose of
amphetamine. Then the
researchers measured the number
of times the rat reared in its cage.
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(B) Procedure #2

Sensitization, as indicated by
increased rearing, develops with
periodic repeated injections.

In the Whishaw study, animals
were given different numbers of
swims after being injected with
Flupentixol. Then the researchers
measured their speed to escape to
a platform in a swimming pool.
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Animals received multiple

doses of amphetamine.

Neurons were drawn from the
nucleus accumbens.
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Rats that show sensitization
to amphetamine have
increased dendritic growth
and spine density...
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The sensitization induced by
repeated exposure to amphe-
tamine changes the structure of
neurons in certain brain areas.

Figure B] 3 Neurons in the nucleus accumbens of saline- and amphetamine-treated rats. Rats
that show sensitization to amphetamine (or cocaine) undergo increased dendritic growth and increased
spine density in comparison with saline-treated rats. Repeated exposure to psychoactive stimulant
drugs thus alters the structure of cells in the brain. (After T. E. Robinson and B. Kolb. 1997. Persistent
structural adaptations in nucleus accumbens and prefrontal cortex neurons produced by prior
experience with amphetamine. Journal of Neuroscience 17, p. 8495.)

be seen to increase. Presumably, humans, too, will show sensitization to a
drug when they take it periodically and in novel circumstances.

Because sensitization is long lasting, it is reasonable to ask whether it is ac-
companied by structural changes in the brain. Robinson and his colleagues
found a dramatic increase in dendritic growth and spine density in rats that
were sensitized to amphetamine or cocaine relative to rats that received injec-
tions of a saline solution. Figure 6.13 compares the effects of amphetamine and
saline treatments on cells in the nucleus accumbens. Neurons in the ampheta-
mine-treated brains can be seen to have more dendritic branches and an in-
creased number of spines. These plastic changes were not found throughout
the brain, however. Rather they were limited to regions of the brain that re-
ceive a large dopamine projection, as the nucleus accumbens and frontal cor-
tex do (see Figure 3.14, bottom).

Addiction and Dependence

Substance abuse is a pattern of drug use in which people rely on a drug
chronically and excessively, allowing it to occupy a central place in their lives.
A more advanced state of drug abuse is substance dependence, also popularly
known as addiction. People who are substance dependent have developed a
physical dependence on a drug in addition to abusing it. They need to take
the drug to feel normal. This physical dependence is usually accompanied by
tolerance to the drug, and so the user requires increased doses to obtain the de-
sired effect. The person may also experience unpleasant, sometimes dangerous
withdrawal symptoms if he or she suddenly stops taking the drug. These
symptoms can include muscle aches and cramps, anxiety attacks, sweating,
nausea, and, for some drugs, even convulsions and death. Withdrawal symp-
toms can begin within hours of the last dose of a drug and tend to intensify for
several days before they subside.

Many different kinds of drugs are abused or cause addiction, including seda-
tive-hypnotics, antianxiety agents, narcotics, and stimulants. Drugs that are
abused have a property in common: they produce psychomotor activation over
some part of their dose range. That is, at certain levels of consumption, these
drugs make the user feel energetic and in control. This common effect has led
to the hypothesis that abused drugs may all act on the same target in the brain.
One proposed target is the dopamine system, because stimulation of dopamine
neurons is associated with psychomotor activity. Brain imaging of subjects who
have taken nicotine shows that many brain regions display increased activity
under the drug, including the nucleus accumbens, amygdala, the thalamus, and
the prefrontal cortex (see this Snapshot on page 135). All of these structures re-
ceive projections from dopamine neurons.
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Imaging the Effects of Nicotine

Cigarette smoking is the most common substance-abuse
disorder and the leading preventable cause of death.
Approximately 26% of North Americans are regular smok-
ers. People who smoke two packs a day are 22 times as
likely as nonsmokers to die from lung cancer. Nonsmokers
who inhale cigarette smoke from the environment also
have an elevated risk of lung cancer and other diseases.
Smokers display compulsive use, difficulty in quitting, and
withdrawal symptoms on cessation of chronic use. Only
about 3% of smokers who quit remain abstinent for 1 year.

Although there are thousands of compounds in cigarette
smoke, nicotine has been shown to produce tolerance, de-
pendence, and a distinct withdrawal syndrome in both an-
imals and humans. Thus, it is generally considered to be
the addictive and reinforcing agent responsible for contin-
ued smoking behavior. Although the mechanisms underly-
ing the reinforcing properties of nicotine are not well
understood, nicotine is thought to interact with the
mesolimbic dopamine system in a manner similar to that
of other abused drugs.

Functional magnetic resonance imaging (fMRI) allows
for the noninvasive study of human brain activity by mea-
suring localized signal changes that are related to neu-
ronal activity. One study used MRI to identify active
regions in the brains of 16 cigarette smokers soon after
having been injected with nicotine. Specifically, a dose of
saline solution was followed by three doses of nicotine
(0.75, 1.50, and 2.25 mg/70 kg of weight); each dose
was administered intravenously in a 1-minute period in an
ascending, cumulative-dosing paradigm while whole-brain
images were acquired.

The nicotine induced a dose-dependent increase in sev-
eral behavioral parameters, including feelings of “rush” and
“high” and drug liking. It also induced a dose-dependent
increase in neuronal activity in many brain regions, includ-
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(C) Amygdala

Functional magnetic resonance
imaging of brain regions
activated by nicotine: (A) cingu-
|ate orbital frontal cortex,

(B) nucleus accumbens, and
(C) amygdala. Arrows indicate
areas of the brain that became
activated.

ing the nucleus accumbens, amygdala, cingulate gyrus, and
frontal lobes, which are the targets of dopamine projections.
Activation in these structures is consistent with the idea
that the activation of dopamine systems is related to addic-
tion. The analysis of data did not distinguish between areas
that are activated because they have nicotine receptors and
areas of the brain in which nicotine-activated neurons acti-
vate other neurons, including dopamine neurons.

(F. A. Stein, J. Pankiewicz, H. H. Harsch, J. K. Cho, S. A. Fuller, R. G.
Hoffmann, M. Hawkins, S. M. Rao, P. A. Bandettini, and A. S. Bloom.
Nicotine-induced limbic cortical activation in the human brain: A func-
tional MRI study. The American Journal of Psychiatry 155:1009-1015,
1998.)

Three lines of evidence support a central role for dopamine in drug abuse.
First, animals are easily trained to press a bar to receive electrical stimulation
of the dopamine system in the brain, but they quickly discontinue that be-
havior if the dopamine system is subsequently blocked or damaged. This
evidence suggests that the release of dopamine is somehow rewarding.
Second, abused drugs seem to cause the release of dopamine or to prolong its
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Figure B ] 4 The incentive-
sensitization theory of drug
addiction. When first used, a drug
produces a moderate amount of
wanting and liking. With repeated
use, tolerance for liking develops and
consequently the expression of liking
decreases. At the same time, the
system that mediates wanting
becomes sensitized so that wanting
the drug increases. Wanting becomes
associated with cues encountered in
typical situations in which the drug
is used.

availability in synaptic clefts. Even drugs that have no primary action on do-
pamine synapses have been found to increase dopamine’s effects. Apparently,
when activated, many brain regions that contain no dopamine neurons them-
selves may stimulate dopamine neurons elsewhere in the brain. Finally, drugs
that block dopamine receptors or decrease the availability of dopamine at
dopamine receptors are not substances that people abuse. For example, the
major tranquilizers that are widely available for treating psychosis are not
abused drugs.

Explaining Drug Abuse

Why do people become addicted to drugs? One of the first explanations to
gain widespread acceptance was the dependence hypothesis. According to
this hypothesis, habitual users of a drug experience psychological or physio-
logical withdrawal symptoms when the effects of the drug wear off. They feel
anxious, insecure, or just plain sick in the absence of the drug, and so they take
the drug again to alleviate those symptoms. In other words, they are “hooked”
on the drug. Although this hypothesis may account for part of drug-taking be-
havior, it has shortcomings as a general explanation. For example, an addict
may abstain from a drug for months, long after any withdrawal symptoms have
abated, and yet still be drawn back to using the drug. Moreover, the depen-
dence hypothesis fails to explain why certain drugs that produce withdrawal
symptoms when discontinued, such as the tricyclic antidepressants, are not
abused. The hedonic hypothesis, that people take drugs because they pro-
duce pleasure, was proposed to explain such observations. It in turn is sub-
stantially weakened by reports from addicted people who say that the drugs
that they take give them little pleasure.

To account for all the observations about drug abuse and addiction,
Robinson and Berridge proposed the incentive-sensitization theory. They
see addiction as developing in a series of stages. The first stage is the activa-
tion of pleasure as a consequence of drug taking. Using the drug produces a
positive subjective sensation in the person. In other words, the user /ikes the
experience. In the second stage, pleasure becomes linked through associa-
tive learning to mental representations of objects, acts, places, and events
connected to taking the drug. This associative learning may occur through
classical (also called Pavlovian) conditioning. That is, the sight of the drug
and the drug-taking context and equipment are repeatedly paired with the
use of the drug, which produces a pleasurable reaction. The third stage is at-
tributing incentive salience to the cues associated with drug use. In other
words, those cues become highly desired and sought-after incentives in
themselves. Stimuli that signal availability of these incentives also become
attractive. For instance, acts that have led to the drug-taking situation be-
come attractive, as do new acts that the drug taker predicts will lead again to
the drug. In this sequence of events, then, a number of repetitions of the
drug-taking behavior lead from that act being liked to its being sought out or
wanted regardless of its current consequences. This perspective is also called
the wanting-and-liking theory because, in it, wanting and liking for a drug are
affected differently, as is illustrated in Figure 6.14. Wanting is equivalent
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to craving a drug, whereas /iking is defined as the pleasure
produced by drug taking.

The neural bases for liking and wanting are not completely
understood. The important point is that each may be mediated
by a separate neural system. Liking may be due to the activity
of opioid neurons, whereas wanting may be due to activity in

Areas that probably play
a role in addiction...
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a part of the dopamine system called the mesolimbic dopa-
mine system. This dopamine pathway consists of dopamine
neurons in the midbrain that have axons projecting to the nu-
cleus accumbens, the frontal cortex, and the limbic system, as
shown in Figure 6.15. Cues that have been previously associ-
ated with drug taking may cause the dopamine system to be-
come active, producing the subjective experience of wanting.
The process that awakens the desire for the drug would not be
one of which the user is conscious. Rather, the wanting would
derive from unconsciously acquired associations between drug
taking and various cues related to it.

Nucleus
accumbens of |

Hippocampus

Drug-Induced Behavior

Drugs can cause behavior and mood changes that are as unpredictable as they
are extreme. People who have taken alcohol, for example, may feel happy at
one moment, sad the next, and perhaps belligerent or reckless the next. What
accounts for such wide variability? An early and still popular explanation of the
effects of alcohol is the disinhibition theory. It holds that alcohol has a selec-
tive depressant effect on the cortex, which is the region of the brain dealing
with judgment, while sparing subcortical structures, which are the sites of
more-primitive instincts. Stated differently, alcohol presumably depresses
learned inhibitions based on reasoning and judgment, thus releasing the
“beast” within. This theory is the basis for such often-heard excuses for alco-
hol-related behavior as, “She was too drunk to know better” or “The boys had
a few too many and got carried away.”

Craig MacAndrew and Robert Edgerton challenged the disinhibition
theory in their book titled Drunken Comportment. They cite many instances
in which behavior under the influence of alcohol changes from one context
to another in ways that contradict the idea that alcohol lowers inhibitions.
They also cite examples of cultures in which people are disinhibited when
sober only to become inhibited after consuming alcohol and cultures in
which people are inhibited when sober and become zore inhibited when
drinking. How can all these differences in alcohol’s effects be explained?
MacAndrew and Edgerton conclude that behavior under the effects of alco-
hol is learned behavior that is specific to the drug, culture, group, and set-
ting. Often it simply represents time our from the rules of daily life that
would normally apply.

MacDonald and her coworkers suggest that alcohol-related behavior can be
explained by what they call alcohol myopia (myopia means “nearsightedness”).
They coined this term to describe what they see as a tendency for people under
the influence of alcohol to respond to a restricted set of very salient cues while
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Figure 6] 5 The dopamine
hypothesis of addiction proposes that
the mesolimbic dopamine system
plays a role in drug craving. The
dopamine cells in the ventral
tegmental area of the midbrain
project to the nucleus accumbens of
the basal ganglia, to the limbic
system, including the hippocampus,
and to the frontal cortex, suggesting
that these areas of the brain may
play a role in addiction.
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ignoring more remote cues and potential consequences. By “salient cues”
MacDonald means very strong and obvious ones that are close at hand. For ex-
ample, if there is a fight, the person with alcohol myopia will be quicker than
normal to swing a punch because the cue of the fight is so highly salient.
Similarly, if there is a raucous party, the myopic drinker will be more eager than
usual to join it because the salient cue of boisterous fun dominates the person’s
senses. This explanation can be applied to many other lapses in judgment that
lead to risky behavior while on drugs, including aggression, date rape, and reck-
less driving (or driving at all).

Why Doesn’t Everyone Abuse Drugs?

There are vast individual differences in people’s responses to drugs, as well as
differences that correlate with age, sex, body size, and other factors that affect
sensitivity to a given substance. Large people are generally less sensitive to a
given dose of a drug than smaller people are because the drug is more diluted
in a large person’s body fluids. Females are about twice as sensitive to drugs as
males are. This difference is due in part to a female’s relatively smaller body
size, but it is also due to hormonal differences between females and males. Old
people also may be twice as sensitive to drugs as young people are. The elderly
often have less-effective barriers to drug absorption, as well as less-effective
processes for metabolizing and eliminating drugs from their bodies. Similarly,
there are differences in the susceptibility of individual people and of different
groups to become addicted to drugs.

Observing that some people are more prone to drug abuse and dependence
than other people are, scientists have wondered if this difference might be ge-
netically based. Three lines of evidence suggest a genetic contribution. First,
the results of studies show that if one of a pair of twins abuses alcohol, there is
a greater likelihood for the other twin to abuse it, too, if the twins are identical
(have the same genetic makeup) rather than fraternal (have only some of their
genes in common). Second, the results of studies of people adopted shortly af-
ter birth reveal that they are more likely to abuse alcohol if their biological par-
ents were alcoholic, even though they have had almost no contact with those
parents. And, third, although most animals do not care for alcohol, selective
breeding of mice, rats, and monkeys can produce strains that consume large
quantities of it.

There are problems with all these lines of evidence, however. Perhaps iden-
tical twins show greater concordance for alcohol abuse because they are ex-
posed to more-similar environments than fraternal twins are. And perhaps the
link between alcoholism in adoptees and their biological parents has to do with
nervous system changes due to prebirth exposure to the drug. Finally, just be-
cause animals can be selectively bred for alcohol consumption does not mean
that human alcoholics have a similar genetic makeup. The evidence for a ge-
netic basis of alcohol abuse will become compelling only when a gene or set of
genes related to alcoholism is found in humans.

Although researchers continue to study the characteristics that appear to in-
fluence drug use, there is no unequivocal evidence as yet to suggest that a spe-
cific gene determines substance abuse. Nor is there unequivocal evidence that
differences in the dopamine system make some individuals more prone to drug
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abuse than others. And, even if a particular substance-abuse gene or genes could
be found, that genetic factor would not provide a full explanation of drug addi-
tion. Identical twins have all their genes in common, and yet, when one twin be-
comes a drug abuser, the other doesn’t necessarily become one, too. Clearly,
learning also plays an important role in developing drug abuse and addiction.

Can Psychoactive Drugs Cause Brain Damage?

"Table 6.4 shows that many substances can act as neurotoxins, causing damage
to neurons. Given the widespread use of psychoactive drugs in our society, it is
important to ask whether any of them can do the same. In this section, we both
examine the evidence that commonly used psychoactive drugs can act as neu-
rotoxins and investigate the processes by which they might have toxic effects.

In the late 1960s, there were many reports that monosodium glutamate
(commonly known as MSQG), a salty-tasting, flavor-enhancing food additive,
produced headaches in some people. In the process of investigating why this
happened, scientists placed large doses of monosodium glutamate on cultured
neurons and noticed that the neurons died. Subsequently, they injected
monosodium glutamate into the brains of experimental animals, where it also
produced neuron death. These findings raised the question whether large
doses of the neurotransmitter glutamate, which monosodium glutamate re-
sembles structurally, also might be toxic to neurons. It turns out that they are.
This finding suggests that a large dose of #ny substance that acts like glutamate
might be toxic.

In 1987, in Canada, there was an outbreak of food poisoning that occurred
after people had eaten mussels. In all, nine people died and a number suffered
confusion and memory loss that proved to be permanent. Autopsies revealed
extensive cell loss in the hippocampus, amygdala, and surrounding cortex and

Tahle 54 Some neurotoxins, their sources, and their actions

Substance
Tetrodotoxin

Magnesium
Reserpine
Colchicine
Caffeine

Spider venom
Botulinum toxin

Curare
Rabies virus
Ibotenic acid

Strychnine
Apamin

Origin
Puffer fish

Natural element
Rauwulfia shrubs
Crocus plant
Coffee bean

Black widow spider

Food poisoning (Clostridium
botulinum bacteria)

Berry of Strychnos vine
Animal bite

Amanita muscaria and Amanita
pantherina mushrooms

Plants of genus Strychnos
Bees and wasps

Action

Blocks membrane permeability to
Na+ ions

Blocks Ca%+ channels

Destroys storage granules

Blocks microtubules

Blocks adenosine receptors and
Ca?+ channels

Stimulates ACh release
Blocks ACh release

Blocks ACh receptors
Blocks ACh receptors
Similar to that of domoic acid

Blocks glycine
Blocks CaZ+ channels
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in the thalamus. An examination of the mussels showed that they contained a
chemical called domoic acid, a substance that, like glutamate, acts on glutamate
receptors. Domoic acid in large quantities excessively stimulates the glutamate
receptors of certain brain cells and kills them.

This finding not only demonstrated that certain substances can cause
brain damage, but further suggested that excessive stimulation of glutamate
receptors by glutamate itself could potentially cause brain damage.
Researchers have since discovered that many brain insults—including trau-
matic blows to the head, strokes in which blood supply is temporarily
stopped, and epilepsy, or abnormal electrical discharges—can result in exces-
sive glutamate release and subsequent brain injury from glutamate’s action.
Glutamate is thought to kill cells in two ways. First, it causes an increase in
intracellular calcium that poisons the cell. Second, the increase in intracellu-
lar calcium can activate genes in the cell’s DNA to produce proteins that kill
the cell. This cell suicide is called apoptosis and can take place week