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Preface

Whether judged in molecular, cellular, systemic, behavioral, or cognitive terms, 
the human nervous system is a stupendous piece of biological machinery. Given its 
accomplishments—all the artifacts of human culture, for instance—there is good 
reason for wanting to understand how the brain and the rest of the nervous system 
works. The debilitating and costly effects of neurological and psychiatric disease 
add a further sense of urgency to this quest. The aim of this book is to highlight the 
intellectual challenges and excitement—as well as the uncertainties—of what many 
see as the last great frontier of biological science. The information presented here is 
intended to serve as a starting point for undergraduates, medical students, students 
in other health professions, graduate students in the neurosciences, and many others 
who want insight into how the human nervous system operates.

Like any other great challenge, neuroscience should be, and is, full of debate, 
dissension, and considerable fun. All these ingredients have gone into the construc-
tion of this book’s Sixth Edition; we hope they will be conveyed in equal measure 
to readers at all levels.
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of study resources and automatically-graded quizzes for Neuroscience in an intuitive, 
web-based learning environment. A built-in color-coded gradebook allows instruc-
tors to track student progress. Dashboard for Neuroscience, Sixth Edition includes:
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• 	Ani mation Quizzes: A brief assignable quiz accompanies each Animation.
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Studying the  
Nervous System

Overview

NEUROSCIENCE ENCOMPASSES A BROAD RANGE of questions about how 
the nervous systems of humans and other animals are organized, how they develop, 
and how they function to generate behavior. These questions can be explored using the 
tools of genetics and genomics, molecular and cell biology, anatomy, systems physiol-
ogy, behavioral observation, psychophysics, and functional brain imaging. The major 
challenge facing students of neuroscience is to integrate the knowledge derived from 
these various levels and methods of analysis into a coherent understanding of brain 
structure and function. Many of the issues that have been explored successfully concern 
how the principal cells of all animal nervous systems—neurons and glia—perform their 
functions. Subsets of neurons and glia form ensembles called neural circuits, which are 
the primary components of neural systems that process different types of information. 
Neural systems in turn serve one of three general purposes: Sensory systems report in-
formation about the state of the organism and its environment; motor systems organize 
and generate actions; and associational systems provide “higher-order” brain functions 
such as perception, attention, memory, emotions, language, and thinking, all of which 
fall under the rubric of cognition. These latter abilities lie at the core of understanding 
human beings, their behavior, their history, and perhaps their future.

Genetics and Genomics

The nervous system, like all other organs, is the product of gene expression that be-
gins at the outset of embryogenesis. A gene  comprises both coding DNA sequences 
(exons) that are the templates for messenger RNA (mRNA) that will ultimately be 
translated into a protein, and regulatory DNA sequences (promoters and introns) 
that control whether and in what quantities a gene is expressed in a given cell type 
(i.e., transcribed into mRNA and then translated into a functional protein). Genetic 
analysis  is thus fundamental to understanding the structure, function, and devel-
opment of organs and organ systems. The advent of genomics , which focuses on 
the analysis of complete DNA sequences (both coding and regulatory) for a species 
or an individual, has provided insight into how nuclear DNA helps determine the 
assembly and operation of the brain and the rest of the nervous system. 

Based on current estimates, the human genome comprises about 20,000 genes, 
of which some 14,000 (approximately 70%) are expressed in the developing or ma-
ture nervous system (Figure 1.1A). Of this subset, about 8000 are expressed in all 
cells and tissues, including the nervous system. The remaining 6000 genes of the 
14,000 total are expressed only in the nervous system. Most “nervous system-spe-
cific” genetic information for the genes whose expression is shared among several 
tissues resides in the introns and regulatory sequences that control timing, quantity, 

1
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2    Chapter 1  

variability, and cellular specificity of gene expression. 
Thus, despite the number of genes shared by the nervous 
system and other tissues, individual genes are regulated 
differentially throughout the nervous system, as measured 
by the amount of mRNA expressed from region to region 
and from one cell type to another (Figure 1.1B). Moreover, 
variable messages transcribed from the same gene, called 
splice variants , add diversity by allowing a single gene to 
encode information for a variety of related protein prod-
ucts. All these differences play a part in the diversity and 
complexity of brain structure and function.

A dividend of sequencing the human genome has been 
the realization that altered (mutated) genes, sometimes 
even one or a few, can underlie neurological and psychiat-
ric disorders. For example, mutation of a single gene that 
regulates mitosis can result in microcephaly, a condition in 
which the brain and head fail to grow and brain function is 
dramatically diminished (Figure 1.1C; also see Chapter 22). 
In addition to genes that disrupt brain development, mu-
tant genes can either cause (or are risk factors for) degen-
erative disorders of the adult brain, such as Huntington’s 
and Parkinson’s diseases. Using genetics and genomics to 
understand diseases of the developing and adult nervous 
system permits deeper insight into the pathology, and 
raises the hope for gene-based therapies.

The relationship between genotype and phenotype, 
however, is clearly not just the result of following genetic 
instructions, and genomic information on its own will not 
explain how the brain operates, or how disease processes 
disrupt normal brain functions. To understand how the 
brain and the rest of the nervous system work in health 
and disease, neuroscientists and clinicians must also un-
derstand the cell biology, anatomy, and physiology of the 
constituent cells, the neural circuits they form, and how 
the structure and function of such circuits change with use 
across the life span. Whereas understanding the operating 
principles of most other organ systems has long been clear, 
this challenge has yet to be met for the nervous system, 
and in particular the human brain.

Cellular Components of the 
Nervous System

Early in the nineteenth century, the cell was recognized 
as the fundamental unit of all living organisms. It was not 
until well into the twentieth century, however, that neu-
roscientists agreed that nervous tissue, like all other or-
gans, is made up of these fundamental units. The major 
reason for this late realization was that the first generation 
of “modern” neuroscientists in the nineteenth century had 

FIGURE 1.1  Genes and the nervous system.  (A) In this Venn diagram of 
the human genome, the blue and purple regions represent genes that are ex -
pressed selectively in the nervous system along with those that are expressed 
in the nervous system as well as in all other tissues. (B) The locations and levels 
of expression of a single gene in the human brain. Dots indicate brain regions 
where mRNA for this particular gene are found, while their color (blue to orange) 
indicates the relative level (lower to higher) of mRNA detected at each location. 
(C) The consequence of a single-gene mutation for brain development. The 
gene, ASPM (Abnormal Spindle-like Microcephaly-associated ), affects the func -
tion of a protein associated with mitotic spindles and results in microcephaly. In 
an individual carrying the ASPM  mutation (left), the size of the brain is dramat -
ically reduced and its anatomical organization is distorted compared with the 
b rain of a typical control (right) of similar age and sex. (A data from Ramsköld et 
al., 2009; B courtesy of Allen Brain Atlas; C from Bond et al., 2002.)
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Studying the Nervous System     3

difficulty resolving the unitary nature of nerve cells with 
the microscopes and cell staining techniques then avail-
able. The extraordinarily complex shapes and extensive 
branches of individual nerve cells—all of which are packed 
together and thus difficult to distinguish from one an-
other—further obscured their resemblance to the geomet-
rically simpler cells of other tissues (Figure 1.2). Some biol-
ogists of that era even concluded that each nerve cell was 
connected to its neighbors by protoplasmic links, forming 
a continuous directly interconnected nerve cell network, 
or reticulum (Latin, “net”). The Italian pathologist Camillo 
Golgi articulated and championed this “reticular theory” 
of nerve cell communication. This mistake notwithstand-
ing, Golgi made many important contributions to medical 
science, including identifying the cellular organelle even-
tually called the Golgi apparatus; developing the critically 
important cell staining technique that bears his name (see 
Figures 1.2 and 1.6); and contributing to the understand-
ing of the pathophysiology of malaria. His reticular theory 
of the nervous system eventually fell from favor and was 

replaced by what came to be known as the “neuron doc-
trine.” The major proponents of the neuron doctrine were 
the Spanish neuroanatomist Santiago Ramón y Cajal and 
the British physiologist Charles Sherrington.

The spirited debate occasioned by the contrasting views 
of Golgi and Cajal in the late nineteenth and early twenti-
eth centuries set the course of modern neuroscience. Based 
on light microscopic examination of nervous tissue stained 
with silver salts according to Golgi’s pioneering method, 
Cajal argued persuasively that nerve cells are discrete 
entities, and that they communicate with one another by 
means of specialized contacts that are not sites of continu-
ity between cells. Sherrington, who had been working on 
the apparent transfer of electrical signals via reflex path-
ways, called these specialized contacts synapses . Despite 
the ultimate triumph of Cajal’s view over Golgi’s, both were 
awarded the 1906 Nobel Prize in Physiology or Medicine 
for their essential contributions to understanding the or-
ganization of the nervous system, and in 1932 Sherrington 
was likewise recognized for his contributions.
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FIGURE 1.2  Some of the diverse nerve cell morphologies in the human 
nervous system. These drawings are tracings of actual nerve cells stained by 
impregnation with silver salts (the so-called Golgi technique, used in the classic 
studies of Golgi and Cajal). Asterisks indicate that the axon runs on much farther 
than shown. Note, however, that some cells, such as the retinal bipolar cell, have 
very short axons, while others, such as the retinal amacrine cell, have no axon at 
all. The drawings are not all at the same scale.
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The subsequent work of Sherrington and others demon-
strating the transfer of electrical signals at synaptic junc-
tions between nerve cells provided strong support for the 
neuron doctrine, although occasional challenges to the 
autonomy of individual neurons remained. It was not un-
til the advent of electron microscopy in the 1950s that any 

lingering doubts about the discreteness of neurons were 
resolved. The high-magnification, high-resolution images 
obtained with the electron microscope (Figure 1.3) clearly 
established that nerve cells are functionally independent 
units; such micrographs also identified the junctions Sher-
rington had named synapses. As a belated consolation for 
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FIGURE 1.3  The major features of neurons visualized with 
electron microscopy.  (A) Diagram of nerve cells and their com -
ponent parts. The circled letters correspond to the micrographs 
in in the �gure. (B) Axon initial segment (blue) entering a myelin 
sheath (gold). (C) Terminal boutons (blue) loaded with synaptic 
vesicles (arrowheads) forming synapses (arrows) with a dendrite 
(purple). (D) Transverse section of axons (blue) ensheathed by 

the processes of oligodendrocytes (gold); the surrounding myelin 
is black. (E) Apical dendrites (purple) of cortical pyramidal cells. 
(F) Nerve cell bodies (purple) occupied by large round nuclei. 
(G) Portion of a myelinated axon (blue) illustrating the intervals 
that occur between adjacent segments of myelin (gold and 
black) referred to as nodes of Ranvier (arrows). (Micrographs 
from Peters et al., 1991.)
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