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It sets huMAns APArt from all other species 
by allowing us to achieve the wonders of walking on the moon and 
composing masterpieces of literature, art, and music. The human 
brain � a spongy, three-pound mass of fatty tissue � has been 
compared to a telephone switchboard and a supercomputer.

But the brain is much more complicated than either of these 
devices, a fact scientists con�rm almost daily, with each new dis-
covery. The extent of the brain�s capabilities is unknown, but it is 
the most complex living structure known in the universe. 

This single organ controls body activities, ranging from heart 
rate and sexual function to emotion, learning, and memory. The 
brain is even thought to in�uence the immune system�s response to 
disease and to determine, in part, how well people respond to medi-
cal treatments. Ultimately, it shapes our thoughts, hopes, dreams, 
and imaginations. In short, the brain is what makes us human. 

Neuroscientists have the daunting task of deciphering the 
mystery of this most complex of all machines: how as many as 100 
billion nerve cells are produced, grow, and organize themselves 
into effective, functionally active systems that ordinarily remain in 
working order throughout a person�s lifetime. 

The motivation of researchers is twofold: to understand human 
behavior better � from how we learn to why people have trouble 
getting along together � and to discover ways to prevent or cure 
many devastating brain disorders. 

The more than 1,000 disorders of the brain and nervous system 
result in more hospitalizations than any other disease group, includ-
ing heart disease and cancer. Neurological illnesses affect more than 
50 million Americans annually, at costs exceeding $460 billion. In 
addition, mental disorders, excluding drug and alcohol problems, 
strike 44 million adults a year at a cost of some $148 billion. 

Since the Decade of the Brain, which ended in 2000, neurosci-
ence has made signi�cant discoveries in these areas: 

Genetics  Disease genes have been identi�ed that are key to 
several neurodegenerative disorders, including Alzheimer�s disease, 
Huntington�s disease, Parkinson�s disease, and amyotrophic lateral 
sclerosis. These discoveries have provided new insight into underly-
ing disease mechanisms and are beginning to suggest new treat-
ments. With the mapping of the human genome, neuroscientists 
have been able to make more rapid progress in identifying genes 
that either contribute to or directly cause human neurological dis-
ease. Mapping animal genomes has aided the search for genes that 
regulate and control many complex behaviors. 

Gene-Environment Interactions  Most major diseases that 
have a genetic basis are strongly in�uenced by the environment. 
For example, identical twins have an increased risk compared 
with nonidentical siblings of getting the same disease; however, if 
one twin gets the disease, the probability that the other will also 
be affected is only 30 to 60 percent. Environmental in�uences 
include many factors such as toxic substances, diet, and level of 
physical activity but also encompass stressful life events.

Brain Plasticity  The brain possesses the ability to modify 
neural connections to better cope with new circumstances. Sci-
entists have begun to uncover the molecular basis of this process, 
called plasticity, revealing how learning and memory occur and 
how declines might be reversed. These discoveries are leading to 
new approaches to the treatment of chronic pain. 

New Drugs  Researchers have gained insight into the mecha-
nisms of molecular neuropharmacology, which provides a new under-
standing of the mechanisms of addiction. These advances have led 
to new treatments for depression and obsessive-compulsive disorder. 

Imaging  Revolutionary imaging techniques, including mag-
netic resonance imaging and positron emission tomography, have 
revealed the brain systems underlying attention, memory, and 
emotions and indicate dynamic changes that occur in schizophre-
nia and other disorders. 

Cell Death  The discovery of how and why neurons die, as well 
as the discovery of stem cells, which divide and form new neurons, 
has many clinical applications. This has dramatically improved the 
outlook for reversing the effects of injury in both the brain and the 
spinal cord. The �rst effective treatments for stroke and spinal cord 
injury based on these advances have been brought to clinical practice. 

Brain Development  New principles and newly discovered 
molecules responsible for guiding nervous system development now 
give scientists a better understanding of certain disorders of child-
hood. Together with the discovery of stem cells, these advances are 
pointing to novel strategies for helping the brain or spinal cord re-
gain functions lost as a result of injury or developmental dysfunction. 

Federal neuroscience research funding of more than $5 
billion annually and private support will continue to expand our 
knowledge of the brain in the years ahead. 

This book provides only a glimpse of what is known about 
the nervous system, the disorders of the brain, and some of the 
exciting avenues of research that promise new therapies for many 
neurological diseases. 

INTRODUcTION
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THE TOLL OF SELECTED BRAIN AND NERVOUS SYSTEM DISORDERS ON AMERICANS*

Condition Total Cases Cost per Year (U.S. dollars)
Sleep Disorders 70 million 100 billion

Hearing Loss 32 million 2.5 billion

All Depressive Disorders 20.9 million 70 billion

Traumatic Brain Injury 5.3 million 60 billion

Stroke 5.2 million 51 billion

Alzheimer�s Disease 5 million 148 billion

Schizophrenia 2 million 32.5 billion

Parkinson�s Disease 1 million 5.6 billion

Multiple Sclerosis 400,000 10.6 billion

Spinal Cord Injury 250,000 10 billion

Huntington�s Disease 30,000 2 billion

* Estimates provided by the Centers for Disease Control and Prevention, National Institutes of Health, and voluntary organizations.

THE BRAIN. Cerebral cortex (top image). This 

part of the brain is divided into four sections: the 

occipital lobe, the temporal lobe, the parietal lobe, 

and the frontal lobe. Functions, such as vision, 

hearing, and speech, are distributed in selected 

regions. Some regions are associated with more 

than one function. Major internal structures (bot-

tom image). The (1) forebrain is credited with the 

highest intellectual functions � thinking, planning, 

and problem-solving. The hippocampus is involved 

in memory. The thalamus serves as a relay station 

for almost all the information coming into the brain. 

Neurons in the hypothalamus serve as relay sta-

tions for internal regulatory systems by monitoring 

information coming in from the autonomic nervous 

system and commanding the body through those 

nerves and the pituitary gland. On the upper 

surface of the (2) midbrain are two pairs of small 

hills, colliculi, collections of cells that relay speci�c 

sensory information from sense organs to the brain. 

The (3) hindbrain consists of the pons and medulla 

oblongata, which help control respiration and heart 

rhythms, and the cerebellum, which helps control 

movement as well as cognitive processes that 

require precise timing.
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A sPeciALiZeD ceLL designed to transmit informa-
tion to other nerve cells, muscle, or gland cells, the neuron is the 
basic working unit of the brain. The brain is what it is because of 
the structural and functional properties of interconnected neurons. 
The brain contains between 1 billion and 100 billion neurons, 
depending on the species.

The neuron consists of a cell body, dendrites, and an axon. The 
cell body contains the nucleus and cytoplasm. The electrically 
excitable axon extends from the cell body and often gives rise to 
many smaller branches before ending at nerve terminals. Dendrites 
extend from the neuron cell body and receive messages from other 
neurons. Synapses are the contact points where one neuron commu-
nicates with another. The dendrites and cell body are covered with 
synapses formed by the ends of axons from other neurons.

Neurons signal by transmitting electrical impulses along their 
axons, which can range in length from a tiny fraction of an inch to 
three feet or more. Many axons are covered with a layered myelin 
sheath, which speeds the transmission of electrical signals along the 
axon. This sheath is made of specialized cells called oligodendrocytes 
in the brain and Schwann cells in the peripheral nervous system.

Nerve impulses involve the opening and closing of ion chan-
nels, which are selectively permeable, water-�lled molecular tunnels 
that pass through the cell membrane and allow ions � electrically 
charged atoms � or small molecules to enter or leave the cell. The 
�ow of these ions creates an electrical current that produces tiny 
voltage changes across the neuron�s cell membrane.

The ability of a neuron to generate an electrical impulse 
depends on a difference in charge between the inside and outside 
of the cell. When a nerve impulse begins, a dramatic reversal in 
the electrical potential occurs at one point on the cell�s membrane, 
when the neuron switches from an internal negative charge to a 
positive charge state. The change, called an action potential, then 
passes along the membrane of the axon at speeds up to several 
hundred miles per hour. In this way, a neuron may be able to �re 
impulses multiple times every second.

Upon reaching the end of an axon, these voltage changes trig-
ger the release of neurotransmitters, the brain�s chemical messengers. 
Neurotransmitters are released at nerve terminals, diffuse across the 
intrasynaptic space, and bind to receptors on the surface of the target 
cell (often another neuron but also possibly a muscle or gland cell).	
	 These receptors act as on-and-off switches for the next cell. 
Each receptor has a distinctly shaped region that selectively recog-

nizes a particular chemical messenger. A neurotransmitter �ts into 
this region in much the same way that a key �ts into a lock. And 
when the transmitter is in place, this interaction alters the target 
cell�s membrane potential and triggers a response, such as the gen-
eration of an action potential, contraction of a muscle, stimulation 
of enzyme activity, or inhibition of neurotransmitter release from 
the target cell.

Increased understanding of neurotransmitters in the brain and 
of the action of drugs on these chemicals � gained largely through 
animal research � guides one of the largest �elds in neuroscience. 
Armed with this information, scientists hope to understand the circuits 
responsible for disorders such as Alzheimer�s disease and Parkinson�s 
disease. Sorting out the various chemical circuits is vital to understand-
ing how the brain stores memories, why sex is such a powerful motiva-
tion, and what makes up the biological basis of mental illness.

Neurotransmitters and neuromodulators
Acetylcholine  The �rst neurotransmitter, identi�ed about 75 

years ago, was acetylcholine (ACh). This chemical is released by 
neurons connected to voluntary muscles (causing them to contract) 
and by neurons that control the heartbeat. ACh also serves as a 
transmitter in many regions of the brain.

ACh is formed at the axon terminals. When an action poten-
tial arrives at the nerve terminal, the electrically charged calcium 
ion rushes in, and ACh is released into the synapse, where it at-
taches to ACh receptors on the target cells. On voluntary muscles, 
this opens sodium channels and causes the muscle to contract. 
ACh is then broken down by the enzyme acetylcholinesterase and 
resynthesized in the nerve terminal. Antibodies that block one type 
of receptor for ACh cause myasthenia gravis, a disease characterized 
by fatigue and muscle weakness.

Much less is known about ACh in the brain. Recent discover-
ies suggest, however, that it may be critical for normal attention, 
memory, and sleep. Because ACh-releasing neurons die in Alzheim-
er�s patients, �nding ways to restore this neurotransmitter is one 
goal of current research. Drugs that inhibit acetylcholinesterase are 
presently the main drugs used to treat Alzheimer�s disease.

Amino acids  Amino acids, widely distributed throughout the 
body and the brain, serve as the building blocks of proteins. Certain 
amino acids can also serve as neurotransmitters in the brain.

The neurotransmitters glycine and gamma-aminobutyric acid 
(GABA) inhibit the �ring of neurons. The activity of GABA is 

THE NEURON
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increased by benzodiazepines (e.g., Valium) and by anticonvulsant 
drugs. In Huntington�s disease, a hereditary disorder that begins during 
midlife, the GABA-producing neurons in brain centers that coordinate 
movement degenerate, thereby causing uncontrollable movements.

Glutamate and aspartate act as excitatory signals, activating, 
among others, N-methyl-d-aspartate (NMDA) receptors, which have 
been implicated in activities ranging from learning and memory to 
development and speci�cation of nerve contacts in a developing 
animal. The stimulation of NMDA receptors may promote bene�-
cial changes in the brain, whereas overstimulation can cause nerve 
cell damage or cell death in trauma and stroke.

Key questions remain about the NMDA receptor�s precise struc-
ture, regulation, location, and function. Developing drugs to block or 
stimulate activity at NMDA receptors holds promise for improving 
brain function and treating neurological and psychiatric disorders. 

Catecholamines  Dopamine and norepinephrine are widely 
present in the brain and peripheral nervous system. Dopamine is 
present in three principal circuits in the brain; these circuits con-
trol movement, cause psychiatric symptoms such as psychosis, and 
regulate hormonal responses.

The dopamine circuit that regulates movement has been 
directly linked to disease. Due to dopamine de�cits in the brain, 

people with Parkinson�s disease show symp-
toms including muscle tremors, rigidity, and 
dif�culty in moving. Thus, medical scien-
tists have found that the administration of 
levodopa, a substance from which dopamine 
is synthesized, is an effective treatment for 
Parkinson�s, allowing patients to walk and 
perform skilled movements more successfully.

Another dopamine circuit is thought 
to be important for cognition and emotion; 
abnormalities in this system have been 
implicated in schizophrenia. Because drugs 
that block certain dopamine receptors in the 
brain are helpful in diminishing psychotic 
symptoms, learning more about dopamine is 
important to understanding mental illness.

In a third circuit, dopamine regulates 
the endocrine system. Dopamine directs  
the hypothalamus to manufacture hormones 
and hold them in the pituitary gland for 
release into the bloodstream or to trigger  
the release of hormones held within cells in 
the pituitary. 

NEURON. A neuron �res by transmitting 

electrical signals along its axon. When signals 

reach the end of the axon, they trigger the release 

of neurotransmitters that are stored in pouches 

called vesicles. Neurotransmitters bind to receptor 

molecules on the surfaces of adjacent neurons. The 

point of virtual contact is known as the synapse.
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Nerve �bers containing norepinephrine are present through-
out the brain. De�ciencies in this transmitter occur in patients with 
Alzheimer�s disease, Parkinson�s disease, and Korsakoff�s syndrome, 
a cognitive disorder associated with chronic alcoholism. Thus, 
researchers believe norepinephrine may play a role in both learning 
and memory. Norepinephrine is also secreted by the sympathetic 
nervous system in the periphery to regulate heart rate and blood 
pressure. Acute stress increases the release of norepinephrine from 
sympathetic nerves and the adrenal medulla.

Serotonin  This neurotransmitter is present in the brain 
and other tissues, particularly blood platelets and the lining of the 
digestive tract. In the brain, serotonin has been implicated in sleep, 
mood, depression, and anxiety. Because serotonin controls the dif-
ferent switches affecting various emotional states, scientists believe 
these switches can be manipulated by analogs, chemicals with 
molecular structures similar to that of serotonin. Drugs that alter 
serotonin�s action, such as �uoxetine, relieve symptoms of depression 
and obsessive-compulsive disorder.

Peptides  These are chains of amino acids linked together. 
Peptides differ from proteins, which are much larger and have more 
complex combinations of amino acids.

In 1973, scientists discovered receptors for opiates on  
neurons in several regions of the brain, suggesting that the brain 
must make substances very similar to opium. Shortly thereafter,  
scientists made their �rst discovery of an opiate produced by the 
brain that resembles morphine, an opium derivative used medi- 
cally to kill pain. They named it enkephalin, literally meaning  
�in the head.� Soon after, other types of opioid peptides, endor- 
phins, were discovered. Endorphins, whose name comes from  
endogenous morphine, act like opium or morphine to kill pain  
or cause sleepiness.

The precise role of the naturally occurring opioid peptides is 
unclear. A simplistic hypothesis is that they are released by brain 
neurons in times of stress to minimize pain and enhance adaptive 
behavior. The presence of opioid peptides may explain, for exam-
ple, why injuries received during the stress of combat are often not 
noticed until hours later. Neurons containing these opioid peptides, 
however, are not limited to pain-sensing circuits.

Opioids and their receptors are closely associated with path-
ways in the brain that are activated by painful or tissue-damaging 
stimuli. These signals are transmitted to the central nervous system 
� the brain and spinal cord � by special sensory nerves, small 
myelinated �bers, and tiny unmyelinated C �bers. Scientists have 
discovered that some C �bers contain a peptide called substance P 
that causes the sensation of burning pain. The active component of 
chili peppers, capsaicin, causes the release of substance P.

Trophic factors  Researchers have discovered several small 
proteins in the brain that are necessary for the development, func-
tion, and survival of speci�c groups of neurons. These small proteins 
are made in brain cells, are released locally in the brain, and bind to 
receptors expressed by speci�c neurons. Researchers also have identi-
�ed genes that code for receptors and are involved in the signaling 
mechanisms of trophic factors. These �ndings are expected to result 
in a greater understanding of how trophic factors work in the brain. 
This information should also prove useful for the design of new thera-
pies for brain disorders of development and for degenerative diseases, 
including Alzheimer�s disease and Parkinson�s disease.

Hormones  In addition to the nervous system, the endocrine 
system is a major communication system of the body. While the 
nervous system uses neurotransmitters as its chemical signals, the 
endocrine system uses hormones for its chemical signals. The pan-
creas, kidneys, heart, adrenal glands, gonads, thyroid, parathyroid, 
thymus, and pituitary gland are sources of hormones. The endo-
crine system works in large part through the pituitary gland, which 
secretes hormones into the blood. Because fragments of endorphins 
are released from the pituitary gland into the bloodstream, they 
might also function as endocrine hormones. This system is very im-
portant for the activation and control of basic behavioral activities 
such as sex, emotion, responses to stress, and the regulation of body 
functions, including growth, reproduction, energy use, and metabo-
lism. Actions of hormones show the brain to be very malleable and 
capable of responding to environmental signals.

The brain contains receptors for thyroid hormones and the six 
classes of steroid hormones � androgens, estrogens, progestins, gluco-
corticoids, mineralocorticoids, and vitamin D. The receptors are found 
in selected populations of neurons in the brain and relevant organs 
in the body. Thyroid and steroid hormones bind to receptor proteins 
that in turn bind to DNA and regulate the action of genes. This can 
result in long-lasting changes in cellular structure and function.

The brain has receptors for many hormones; for example, the 
metabolic hormones insulin, insulinlike growth factor, ghrelin, and 
leptin. These hormones are taken up from the blood and act to af-
fect neuronal activity and certain aspects of neuronal structure.

In response to stress and changes in our biological clocks, such 
as day and night cycles and jet lag, hormones enter the blood and 
travel to the brain and other organs. In the brain, hormones alter the 
production of gene products that participate in synaptic neurotrans-
mission as well as the structure of brain cells. As a result, the circuitry 
of the brain and its capacity for neurotransmission are changed over a 
course of hours to days. In this way, the brain adjusts its performance 
and control of behavior in response to a changing environment. Hor-
mones are important agents of protection and adaptation, but stress 
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and stress hormones, such as the glucocorticoid cortisol, can also alter 
brain function, including learning. Severe and prolonged stress can 
cause permanent brain damage.

Reproduction in females is a good example of a regular, cyclic 
process driven by circulating hormones: The neurons in the hypo-
thalamus produce gonadotropin-releasing hormone (GnRH), a peptide 
that acts on cells in the pituitary. In both males and females, this 
causes two hormones � the follicle-stimulating hormone (FSH) and 
the luteinizing hormone (LH) � to be released into the bloodstream. 
In males, these hormones are carried to receptors on cells in the 
testes, where they release the male hormone testosterone, an 
androgen, into the bloodstream. In females, FSH and LH act on the 
ovaries and cause the release of the female hormones estrogen and 
progesterone. Testosterone, estrogen, and progesterone are often 
referred to as sex hormones.

In turn, the increased levels of testosterone in males and 
estrogen in females act back on the hypothalamus and pituitary to 
decrease the release of FSH and LH. The increased levels of sex 
hormones also induce changes in cell structure and chemistry that 
lead to an increased capacity to engage in sexual behavior. Sex hor-
mones also exert widespread effects on many other functions of the 
brain such as attention, motor control, pain, mood, and memory.

Sexual differentiation of the brain is caused by sex hormones 
acting in fetal and early postnatal life, although recent evidence 
points to genes on the Y chromosome contributing to this process. 
Scientists have found statistically and biologically signi�cant differ-
ences between the brains of men and women that are similar to sex 
differences found in experimental animals. These include differenc-
es in the size and shape of brain structures in the hypothalamus and 
the arrangement of neurons in the cortex and hippocampus. Sex 
differences go well beyond sexual behavior and reproduction and 
affect many brain regions and functions, ranging from mechanisms 
for perceiving pain and dealing with stress to strategies for solving 
cognitive problems. Although differences exist, the brains of men 
and women are more similar than they are different.

Anatomical differences have also been reported between the 
brains of heterosexual and homosexual men. Research suggests that 
hormones and genes act early in life to shape the brain in terms of 
sex-related differences in structure and function, but scientists are 
still putting together all the pieces of this puzzle. 

Gases  Scientists identi�ed a new class of neurotransmitters 
that are gases. These molecules � nitric oxide and carbon monoxide 
� do not act like other neurotransmitters. Being gases, they are not 
stored in any structure, certainly not in synaptic storage structures. 
Instead, they are made by enzymes as they are needed and released 
from neurons by diffusion. Rather than acting at receptor sites, 

these gases simply diffuse into adjacent neurons and act upon 
chemical targets, which may be enzymes.

While exact functions for carbon monoxide have not been 
determined, nitric oxide has already been shown to play several 
important roles. For example, nitric oxide neurotransmission gov-
erns erection in the penis. In nerves of the intestine, it governs the 
relaxation that contributes to the normal movements of digestion. 
In the brain, nitric oxide is the major regulator of the intracellular 
messenger molecule � cyclic GMP. In conditions of excess gluta-
mate release, as occurs in stroke, neuronal damage following the 
stroke may be attributable in part to nitric oxide. 

Second messengers 
Substances that trigger biochemical communication within 

cells, after the action of neurotransmitters at their receptors, are 
called second messengers; these intracellular effects may be respon-
sible for long-term changes in the nervous system. They convey the 
chemical message of a neurotransmitter (the �rst messenger) from 
the cell membrane to the cell�s internal biochemical machinery. 
Second-messenger effects may endure for a few milliseconds to as 
long as many minutes.

An example of the initial step in the activation of a second-
messenger system involves adenosine triphosphate (ATP), the 
chemical source of energy in cells. ATP is present throughout the 
cytoplasm of all cells. For example, when norepinephrine binds to 
its receptors on the surface of the neuron, the activated receptor 
binds a G protein on the inside of the membrane. The activated G 
protein causes the enzyme adenylyl cyclase to convert ATP to cyclic 
adenosine monophosphate (cAMP). The second messenger, cAMP, 
exerts a variety of in�uences within the cell, ranging from changes 
in the function of ion channels in the membrane to changes in the 
expression of genes in the nucleus, rather than acting as a messen-
ger between one neuron and another. 

Second messengers also are thought to play a role in the manu-
facture and release of neurotransmitters and in intracellular move-
ments and carbohydrate metabolism in the cerebrum � the largest 
part of the brain, consisting of two hemispheres � as well as the 
processes of growth and development. In addition, direct effects of 
second messengers on the genetic material of cells may lead to long-
term alterations in cellular functioning and ultimately in behavior.
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The ceLLs of the nerVous systeM 
connect with one another in trillions of remarkably speci�c pat-
terns that form and change over the course of an organism�s life. 
These connections develop among various types of neurons, a pro-
cess that begins in the embryo. First, appropriate types of neurons 
must arise in appropriate numbers and migrate to appropriate plac-
es. The axons and dendrites that form the connections then extend 
from these nerve cells, and the growth of axons must be guided over 
long distances so they reach the appropriate targets. Axons must 
recognize speci�c target cells. The connections that form initially 
then mature, with the activity and experience of early postnatal life 
playing a key role in their re�nement. The degree of complexity in 
the brain, and therefore the amount of interaction required to regu-
late its development, is far greater than in other organs of the body. 
Scientists studying development are working to reveal how these 
complicated processes of connecting and reshaping occur.

Many initial steps in brain development are similar across spe-
cies, although later steps are different. By studying these similarities 
and differences, scientists can learn about normal human brain de-
velopment and can learn how brain abnormalities, such as mental 
retardation and other disorders, can be prevented or treated.

Advances in the study of brain development have become 
increasingly relevant for medical treatments. For example, several 
diseases that most scientists once thought were purely disorders of 
adult function are now being considered in developmental terms, 

including schizophrenia. Other research suggests that genes that are 
important for brain development may also play a role in susceptibil-
ity to autism spectrum disorders. And by applying knowledge about 
how connections form during development, regeneration following 
injury to the brain now is viewed as distinctly possible. 

Knowing how the brain is put together is essential for under-
standing its ability to reorganize in response to external in�uences 
or injury. These studies also shed light on brain functions such as 
learning and memory. The brain evolves from the embryo to the 
adult stage, and during infancy and childhood it possesses unique 
attributes that contribute to differences in learning ability as well as 
vulnerability to speci�c brain disorders. Neuroscientists are begin-
ning to discover some general principles that underlie developmen-
tal processes, many of which overlap in time.

Birth of neurons and brain wiring 
Three to four weeks after conception, one of the two cell layers 

of the gelatinlike human embryo, about one-tenth of an inch long, 
starts to thicken and build up along the middle. As the cells continue 
to divide and this �at neural plate grows, parallel ridges, similar to 
the creases in a paper airplane, rise across its surface. Within a few 
days, the ridges fold in toward each other and fuse to form the hollow 
neural tube. The top of the tube thickens into three bulges that form 
the hindbrain, midbrain, and forebrain. The �rst signs of the eyes and 
the hemispheres of the brain appear later in development.

BRAIN DEVELOPMENT

BRAIN DEVELOPMENT. The human brain and nervous system begin to develop at about three weeks� gestation with the closing of the neural tube (left image). By 

four weeks, major regions of the human brain can be recognized in primitive form, including the forebrain, midbrain, hindbrain, and optic vesicle (from which the eye 

develops). Irregular ridges, or convolutions, are clearly seen by six months.
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The embryo has three layers that undergo many interactions in 
order to grow into organ, bone, muscle, skin, or neural tissue. Skin 
and neural tissue arise from one layer, the ectoderm, in response to 
signals provided by the adjacent layer, the mesoderm.

A number of molecules interact to determine whether the 
ectoderm becomes neural tissue or develops in another way to 
become skin. Studies of spinal cord development in frogs show that 
one major mechanism depends on speci�c proteins that inhibit 
the activity of other proteins. In areas where no inhibition occurs, 
the tissue becomes skin. In areas where proteins secreted from the 
mesoderm do lead to inhibition, the tissue becomes neural.

Once the ectodermal tissue has acquired its neural fate, more 
signaling interactions determine which type of brain cell forms. The 
mature nervous system contains a vast array of cell types, which can 
be divided into two main categories: the neurons, responsible primar-
ily for signaling, and supporting cells called glial cells.

Researchers are �nding that the destiny of neural tissue de-
pends on a number of elements, including cell position within the 
nervous system, that de�ne the environmental signals to which  
the cells are exposed. For example, a key factor in spinal cord devel-
opment is a secreted protein called sonic hedgehog that is similar to a 
signaling protein found in �ies. The protein, initially secreted from 

mesodermal tissue lying beneath the developing spinal cord,  
marks directly adjacent neural cells to become a specialized class  
of glial cells. Cells farther away are exposed to lower concentra-
tions of sonic hedgehog, and they become the motor neurons 
that control muscles. An even lower concentration promotes the 
formation of interneurons, which relay messages to other neurons, 
not muscles.

A combination of signals also determines the type of chemical 
messages, or neurotransmitters, that a neuron will use to com-
municate with other cells. For some cells, such as motor neurons, 
the type of neurotransmitter is �xed, but for other neurons, it is a 
matter of choice. Scientists found that when certain neurons are 
maintained in a dish with no other cell types, they produce the 
neurotransmitter norepinephrine. In contrast, if the same neurons 
are maintained with other cells, such as cardiac, or heart, tissue, 
they produce the neurotransmitter acetylcholine. Since all neurons 
have the genes required to produce these molecules, it is the turn-
ing on of a particular set of genes that begins the production of 
speci�c neurotransmitters. Many researchers believe that the signal 
to engage the gene and, therefore, the �nal determination of the 
chemical messengers that a neuron produces, is in�uenced by  
factors coming from the targets themselves.

NEURON 
MIGRATION. A 

cross-sectional view of 

the occipital lobe (which 

processes vision) of a 

three-month-old monkey 

fetus brain (center) 

shows immature neurons 

migrating along glial 

�bers. These neurons 

make transient connections 

with other neurons before 

reaching their destination. 

A single migrating neuron, 

shown about 2,500 times 

its actual size (right), uses 

a glial �ber as a guiding 

scaffold. To move, it needs 

adhesion molecules, which 

recognize the pathway, 

and contractile proteins to 

propel it along.
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Neurons are initially produced along the central canal in the 
neural tube. These neurons then migrate from their birthplace to a 
�nal destination in the brain. They collect together to form each  
of the various brain structures and acquire speci�c ways of transmit-
ting nerve messages. Their axons grow long distances to �nd and 
connect with appropriate partners, forming elaborate and speci�c 
circuits. Finally, sculpting action eliminates redundant or improper 
connections, honing the speci�c purposes of the circuits that re- 
main. The result is a precisely elaborated adult network of 100 bil-
lion neurons capable of body movement, perception, emotion,  
and thought.

As neurons are produced, they move from the neural tube�s ven-
tricular zone, or inner surface, to near the border of the marginal zone, 
or outer surface. After neurons stop dividing, they form an intermedi-
ate zone where they gradually accumulate as the brain develops.

The migration of neurons occurs in most structures of the 
brain but is particularly prominent in the formation of a large 
cerebral cortex in primates, including humans. In this structure, 
neurons slither from the place of origin near the ventricular surface, 
along non-neuronal �bers that form a trail, to their proper desti-
nation. Proper neuron migration requires multiple mechanisms, 
including the recognition of the proper path and the ability to 
move long distances. One mechanism for long-distance migration is 
the movement of neurons along elongated �bers that form transient 
scaffolding in the fetal brain. In another mode, inhibitory interneu-
rons migrate tangentially across the brain. Many external forces, 
such as alcohol, cocaine, or radiation, prevent proper neuronal 
migration and result in misplacement of cells, which may lead to 
mental retardation or epilepsy. Furthermore, mutations in genes 
that regulate migration have been shown to cause some rare genetic 
forms of retardation and epilepsy in humans.

Once the neurons reach their �nal location, they must make 
the proper connections for a particular function to occur; for ex-
ample, vision or hearing. They do this through their axons. These 
thin appendages can stretch out a thousand times longer than the 
cell body from which they arise. The journey of most axons ends 
when they meet thicker appendages, called dendrites, on other 
neurons. These target neurons can be located at a considerable 
distance, sometimes at the opposite side of the brain. In the case of 
a motor neuron, the axon may travel from the spinal cord all the 
way down to a foot muscle.

Axon growth is directed by growth cones. These enlargements 
of the axon�s tip actively explore the environment as they seek out 
their precise destination. Researchers have discovered many special 
molecules that help guide growth cones. Some molecules lie on the 
cells that growth cones contact, whereas others are released from 

sources found near the growth cone. The growth cones, in turn, 
bear molecules that serve as receptors for the environmental cues. 
The binding of particular signals with receptors tells the growth 
cone whether to move forward, stop, recoil, or change direction. 
These signaling molecules include proteins with names such as 
netrin, semaphorin, and ephrin. In most cases, these are families of 
related molecules; for example, researchers have identi�ed at least 
15 semaphorins and at least 10 ephrins. 

Perhaps the most remarkable �nding is that most of these 
proteins are common to worms, insects, and mammals, including 
humans. Each protein family is smaller in �ies or worms than in 
mice or people, but its functions are quite similar. It has therefore 
been possible to use the simpler animals to gain knowledge that can 
be applied directly to humans. For example, the �rst netrin was dis-
covered in a worm and shown to guide neurons around the worm�s 
�nerve ring.� Later, vertebrate netrins were found to guide axons 
around the mammalian spinal cord. Receptors for netrins were 
found in worms and proved invaluable in �nding the correspond-
ing, and related, human receptors.

Once axons reach their targets, they form synapses, which 
permit electric signals in the axon to jump to the next cell, where 
they can either provoke or prevent the generation of a new signal. 
The regulation of this transmission at synapses, and the integration 
of inputs from the thousands of synapses each neuron receives, are 
responsible for the astounding information-processing capacity of 
the brain. For processing to occur properly, the connections must 
be highly speci�c. Some speci�city arises from the mechanisms that 
guide each axon to its proper target area. Additional molecules 
mediate target recognition, whereby the axon chooses the proper 
neuron, and often the proper part of the target, once it arrives at 
its destination. Several of these recognition molecules have been 
identi�ed in the past few years. 

Researchers also have had success identifying the ways in 
which the synapse differentiates once contact has been made. 
The tiny portion of the axon that contacts the dendrite becomes 
specialized for the release of neurotransmitters, and the tiny portion 
of the dendrite that receives the contact becomes specialized to 
receive and respond to the signal. Special molecules pass between 
the sending and receiving cells to ensure that the contact is formed 
properly and that the sending and receiving specializations are 
precisely matched. These processes ensure that the synapse can 
transmit signals quickly and effectively. Finally, still other molecules 
coordinate the maturation of the synapse after it has formed, so that 
it can accommodate the changes that occur as our bodies mature 
and our behavior changes. Defects in some of these molecules are 
now thought to confer susceptibility to disorders such as autism, 
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and the loss of others may underlie the degradation of synapses that 
occurs during aging.

Many axons in the brain require a sheath of myelin to enhance 
the speed of conduction. The process of wrapping axons in myelin 
occurs last and can take years to complete in some areas of the brain.

Paring back
	 After growth, the neural network is pared back to create a 
more ef�cient system. Only about half the neurons generated dur-
ing development survive to function in the adult. Entire popula-
tions of neurons are removed through apoptosis, programmed cell 
death initiated in the cells. Apoptosis is activated if a neuron loses 
its battle with other neurons to receive life-sustaining chemical 
signals called trophic factors. These factors are produced in limited 
quantities by target tissues. Each type of trophic factor supports 

the survival of a distinct group of neurons. For example, nerve 
growth factor is important for sensory neuron survival. Recently, it 
has become clear that apoptosis is maintained into adulthood and 
constantly held in check. On the basis of this idea, researchers have 
found that injuries and some neurodegenerative diseases kill neu-
rons not directly by the damage they in�ict but rather by activating 
the cells� own death programs. This discovery � and its implica-
tion that death need not follow insult � have led to new avenues 
for therapy.

Brain cells also form too many connections at �rst. For ex-
ample, in primates, the projections from the two eyes to the brain 
initially overlap and then sort out to separate territories devoted to 
one eye or the other. Furthermore, in the young primate cerebral 
cortex, the connections between neurons are greater in number 
than and twice as dense as those in an adult primate. Communica-

SPINAL CORD AND NERVES. The mature 

central nervous system (CNS) consists of the brain 

and spinal cord. The brain sends nerve signals 

to speci�c parts of the body through peripheral 

nerves, known as the peripheral nervous system 

(PNS). Peripheral nerves in the cervical region 

serve the neck and arms; those in the thoracic 

region serve the trunk; those in the lumbar region 

serve the legs; and those in the sacral region 

serve the bowels and bladder. The PNS consists 

of the somatic nervous system that connects 

voluntary skeletal muscles with cells specialized 

to respond to sensations, such as touch and 

pain. The autonomic nervous system is made 

of neurons connecting the CNS with internal 

organs. It is divided into the sympathetic nervous 

system, which mobilizes energy and resources 

during times of stress and arousal, and the 

parasympathetic nervous system, which conserves 

energy and resources during relaxed states.
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tion between neurons with chemical and electrical signals is neces-
sary to weed out the connections. The connections that are active 
and generating electrical currents survive, whereas those with little 
or no activity are lost. Thus, the circuits of the adult brain are 
formed, at least in part, by sculpting away incorrect connections to 
leave only the correct ones.

Critical periods 
Although most of the neuronal cell death occurs in the 

embryo, the paring down of connections occurs in large part during 
critical periods in early postnatal life. These are windows of time 
during development when the nervous system must obtain certain 
critical experiences, such as sensory, movement, or emotional 
input, to develop properly. These periods are characterized by high 
learning rates.

After a critical period, connections diminish in number and 
are less subject to change, but the ones that remain are stronger, 
more reliable, and more precise. Injury or deprivation, either 
sensory or social, occurring at a certain stage of postnatal life may 

affect one aspect of development, whereas the same injury at a  
different period may affect another aspect.

In one example, if a monkey is raised from birth to 6 months 
of age with one eyelid closed, the animal permanently loses useful 
vision in that eye because of diminished use. This gives cellular 
meaning to the saying �use it or lose it.� Loss of vision is caused by 
the actual loss of functional connections between that eye and neu-
rons in the visual cortex. This �nding has led to earlier and better 
treatment for the eye disorders of congenital cataracts and �crossed 
eyes� in children.

Research also shows that enriched environments can bolster 
brain development. For example, studies show that animals brought 
up in toy-�lled surroundings have more branches on their neurons 
and more connections than isolated animals. In one recent study, 
scientists found that enriched environments resulted in more neu-
rons in a brain area involved in memory.

Many people have observed that children can learn languages 
with greater pro�ciency than adults, and recent research suggests 
that the heightened activity of the critical period may contribute  
to this robust learning. Interestingly, compared with adults, chil-
dren have an increased incidence of certain disorders that involve 
excessive brain activity, such as epilepsy. Many epilepsy syndromes 
appear during childhood and fade away by adulthood. Brain devel-
opment in people continues into the early 20s � even the brain  
of an adolescent is not completely mature. One of the later aspects 
of brain development is the completion of myelination of the  
axons connecting one brain area to another. This process starts 
around birth and moves from the back of the brain to the front: 
The frontal lobes are the last to become �connected� with fast-
conducting myelinated axons. Major functions of the frontal lobes 
are judgment, insight, and impulse control, and so the acquisition 
of these attributes becomes the last step in the creation of an adult 
human brain.

Scientists hope that new insight into brain development  
will lead to treatments for those with learning disabilities, brain 
damage, and neurodegenerative disorders and will help us un-
derstand aging. Research results indicate the need to understand 
processes related to normal function of the brain at each of its 
major stages and suggest that this information might lead to better 
age-speci�c therapies for brain disorders.

Scientists hope that new insight  
into brain development will lead to 
treatments for those with learning  
disabilities, brain damage, and  

neurodegenerative disorders  
and will help us understand aging.
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Vision. Our wonderful sense of sight allows us to perceive 
the world around us, from the genius of Michelangelo�s Sistine Cha-
pel ceiling to mist-�lled vistas of a mountain range. Vision is one 
of our most delicate and complicated senses. It is also the most in-
tensively studied. About one-fourth of the human brain is involved 
in visual processing, more than for any other sense. More is known 
about vision than any other vertebrate sensory system, with most of 
the information derived from studies of monkeys and cats.

Vision begins with light passing through the cornea, which 
does about three-quarters of the focusing, and then the lens, which 
adjusts the focus. Both combine to produce a clear image of the 
visual world on the sheet of photoreceptors in the retina. Photorecep-
tors absorb light and send electrical signals to nearby neurons lining 
the back of the eye.

As in a camera, the image on the retina is reversed: Objects to 
the right of center project images to the left part of the retina and 
vice versa; objects above the center project to the lower part and 
vice versa. The size of the pupil, which regulates how much light 
enters the eye, is controlled by the iris. The shape of the lens is 
altered by the muscles just behind the iris so that near or far objects 
can be brought into focus on the retina.

Photoreceptors, about 125 million in each human eye, are 
neurons specialized to turn light into electrical signals. They oc-
cur in two forms. Rods are most sensitive to dim light and do not 
convey color.

Cones work in bright light and are responsible for acute detail, 
black-and-white vision, and color vision. The human eye contains 
three types of cones, each sensitive to a different range of colors. Be-
cause their sensitivities overlap, cones work in combination to convey 
information about all visible colors. You might be surprised to know 
that we can see thousands of colors using only three types of cones, 
but computer monitors use a similar process to generate a spectrum of 
colors using only three kinds of phosphors: red, green, and blue.

Primates, including humans, have well-developed vision using 
two eyes, called binocular vision. Visual signals pass from each eye 
along the million or so �bers of the optic nerve to the optic chiasm, 
where some nerve �bers cross over, so both sides of the brain receive 
signals from both eyes. Consequently, the left halves of both retinas 
project to the left visual cortex and the right halves project to the 
right visual cortex.

The result is that the left half of the scene you are watching 
registers in your right hemisphere. Conversely, the right half of the 

scene registers in your left hemisphere. A similar arrangement ap-
plies to movement and touch: Each half of the cerebrum is respon-
sible for the opposite half of the body and external world.

Scientists know much about the way cells encode visual infor-
mation in the retina, the lateral geniculate nucleus � an intermedi-
ate way station between the retina and visual cortex � and the 
visual cortex. These studies give us the best knowledge so far about 
how the brain analyzes and processes sensory information.

The retina contains three stages of neurons. The �rst, the layer 
of rods and cones, sends its signals to the middle layer, which relays 
signals to the third layer, which consists of the ganglion cells whose 
axons form the optic nerve. Each cell in the middle and third layer 
typically receives input from many cells in the previous layer, but 
the number of inputs varies widely across the retina. Near the cen-
ter of the gaze, where visual acuity is highest, each cell in the third 
layer receives inputs � via the middle layer � from one  
cone or, at most, a few, allowing us to resolve very �ne details. 
Near the margins of the retina, each cell in the third layer receives 
signals from a cluster of many rods and cones, explaining why we 
cannot see �ne details off to either side. Whether large or small,  
the region of visual space providing input to a visual neuron is 
called its receptive �eld.

About 55 years ago, scientists discovered that the receptive 
�eld of a vision cell is activated when light hits a tiny region in its 
receptive �eld center and is inhibited when light hits the part of 
the receptive �eld surrounding the center. If light covers the entire 
receptive �eld, the cell responds weakly. Thus, the visual process 
begins by comparing the amount of light striking any small region 
of the retina with the amount of surrounding light.

Visual information from the retina is relayed through the  
lateral geniculate nucleus of the thalamus to the primary visual 
cortex � a thin sheet of tissue (less than one-tenth of an inch 
thick) a bit larger than a half-dollar that is located in the occipital 
lobe in the back of the brain. The primary visual cortex is densely 
packed with cells in many layers. In its middle layer, which receives 
messages from the lateral geniculate nucleus, scientists have found 
responses similar to those observed in the retina and in lateral 
geniculate cells. Cells above and below this layer respond differ-
ently. They prefer stimuli in the shape of bars or edges and those at 
a particular angle (orientation). Further studies have shown that 
different cells prefer edges at different angles or edges moving in a 
particular direction.

SENSATION AND PERcEPTION
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VISION. The cornea and lens help produce a clear image of the visual world on the retina, the sheet of photoreceptors and neurons lining the back of the eye. As in 

a camera, the image on the retina is reversed: Objects to the right of the center project images to the left part of the retina and vice versa. The eye�s 125 million visual 

receptors � composed of rods and cones � turn light into electrical signals. Rods are most sensitive to dim light and do not convey the sense of color; cones work in 

bright light and are responsible for acute detail, black-and-white vision, and color vision. The human eye contains three types of cones that are sensitive to red, green, 

and blue but, in combination, convey information about all visible colors. Rods and cones connect with a middle cell layer and third cell layer (see inset, above). Light 

passes through these two layers before reaching the rods and cones. The two layers then receive signals from rods and cones before transmitting the signals onto the 

optic nerve, optic chiasm, lateral geniculate nucleus, and, �nally, the visual cortex.
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Although the process is not yet completely understood, recent 
�ndings suggest that visual signals are fed into at least three separate 
processing systems. One system appears to process information mainly 
about shape; a second, mainly about color; and a third, movement, 
location, and spatial organization. These �ndings of separate processing 
systems come from anatomical and physiological studies in monkeys. 
They are supported by human psychological studies showing that the 
perception of movement, depth, perspective, the relative size of objects, 
the relative movement of objects, shading, and gradations in texture all 
depend primarily on contrasts in light intensity rather than on color.

Why movement and depth perception should be emphasized by 
one processing system may be explained by a school of thought called 
Gestalt psychology. Perception requires various elements to be orga-
nized so that related ones are grouped together. This stems from the 
brain�s ability to group the parts of an image together and also to sepa-
rate images from one another and from their individual backgrounds.

How do all these systems combine to produce the vivid images 
of solid objects that we perceive? This involves extracting biologically 
relevant information at each stage and associating �ring patterns of 
neuronal populations with past experience.

Vision studies also have led to better treatment for visual disor-
ders. Information from research in cats and monkeys has improved 
the therapy for strabismus, or squint, a term for cross-eye or walleye. 
Children with strabismus initially have good vision in each eye. But 
because they cannot fuse the images in the two eyes, they tend to 
favor one eye and often lose useful vision in the other. Vision can be 
restored in such cases, but only during infancy or early childhood. 
Beyond the age of 6 or so, the blindness in one eye becomes perma-
nent. Until a few decades ago, ophthalmologists waited until children 
reached the age of 4 before operating to align the eyes or prescribing 
exercises or an eye patch. Now strabismus is corrected very early in 
life � before age 4, when normal vision can still be restored.

Hearing
Often considered the most important sense for humans, 

hearing allows us to communicate with each other by receiving 
sounds and interpreting speech. It also gives us information vital to 
survival; for instance, by alerting us to an approaching car. 

Like the visual system, our hearing system distinguishes several 
qualities in the signals it detects. Our hearing system, however, 

HEARING. From the chirping of crickets 

to the roar of a rocket engine, sound waves 

are collected by the external ear � the pinna 

and the external auditory canal � and fun-

neled to the tympanic membrane (eardrum) 

to make it vibrate. Attached to the tympanic 

membrane, the malleus (hammer) transmits 

the vibration to the incus (anvil), which passes 

vibration on to the stapes (stirrup). The stapes 

pushes on the oval window, which separates 

the air-�lled middle ear from the �uid-�lled 

inner ear, to produce pressure waves in the 

snail-shaped cochlea of the inner ear. Hair 

cells in the cochlea, riding on the vibrating 

basilar membrane, have �hair bundles� of 

microscopic stereocilia that are de�ected by 

the overlying tectorial membrane. Hair cells 

convert the mechanical vibration to an elec-

trical signal; they, in turn, release chemicals 

to excite the 30,000 �bers of the auditory 

nerve that carry the signals to the brainstem. 

Auditory information is analyzed by multiple 

brain centers as it �ows to the temporal gyrus 

or auditory cortex, the part of the brain 

involved in perceiving sound.




























































































































