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Preface to the Third Edition

In this third edition of Fundamental Neuroscience,
we have tried to improve on the second edition with
a volume that effectively introduces students to the
full range of contemporary neuroscience. Neuro-
science is a large field founded on the premise that all
of behavior and all of mental life have their origin in
the structure and function of the nervous system.
Today, the need for a single-volume introduction to
neuroscience is greater than ever. Towards the end of
the 20™ century, the study of the brain moved from a
peripheral position within both the biological and
psychological sciences to become an interdisciplinary
field that is now central within each discipline. The
maturation of neuroscience has meant that individu-
als from diverse backgrounds—including molecular
biologists, computer scientists, and psychologists—are
interested in learning about the structure and func-
tion of the brain and about how the brain works. In
addition, new techniques and tools have become
available to study the brain in increasing detail. In the
last 15 years new genetic methods have been intro-
duced to delete or over-express single genes with
spatial and temporal specificity. Neuroimaging
techniques such as functional magnetic resonance
imaging (fMRI) have been developed that allow study
of the living human brain while it is engaged in
cognition.

This third edition attempts to capture the promise
and excitement of this fast-moving discipline. All the
chapters have been rewritten to make them more
concise. As a result the new edition is about 30%
shorter than previous editions but still covers the same
comprehensive range of topics. The volume begins
with an opening chapter that provides an overview of
the discipline. A second chapter presents fundamental
information about the architecture and anatomy of

Xv

nervous systems. The remainder of the volume (Sec-
tions II-VII) presents the major topics of neuroscience.
The second section (Cellular and Molecular Neurosci-
ence) considers the cellular and subcellular organiza-
tion of neurons, the physiology of nerve cells, and how
signaling occurs between neurons. The third section
(Nervous System Development) includes discussion of
neural induction, cell fate, migration, process out-
growth, development of dendrites, synapse formation,
programmed cell death, synapse elimination, and early
experience including critical periods. The fourth and
fifth sections (Sensory Systems and Motor Systems)
describe the neural organization of each sensory
modality and the organization of the brain pathways
and systems important for locomotion, voluntary
action, and eye movements. The sixth section (Regula-
tory Systems) describes the variety of hypothalamic
and extra-hypothalamic systems that support motiva-
tion, reward, and internal regulation, including cardio-
vascular function, respiration, food and water intake,
neuroendocrine function, circadian rhythms, and sleep
and dreaming. The final section (Behavioral and Cog-
nitive Neuroscience) describes the neural foundations
of the so-called higher mental functions including per-
ception, attention, memory, language, spatial cogni-
tion, and executive function. Additional chapters cover
human brain evolution, cognitive development and
aging, and consciousness. The volume will be accom-
panied by an easily accessible companion website,
which will present all the figures and increase the flex-
ibility with which the material can be used.

The authors listed at the ends of the chapters
and boxes are working scientists, experts in the
topics they cover. The Editors edited the chapters to
achieve consistency of style and content. At Academic
Press/Elsevier Science, the project was coordinated
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by Hilary Rowe and Nikki Levy (Publishing Editors),
and we are grateful to them for their leadership and
advice throughout the project. In addition, Meg Day
(Developmental Editor) very capably coordinated the
production of the book with the help of Sarah Hajduk
(Publishing Services Manager) and Christie Jozwiak
(Project Manager).

The Editors of Fundamental Neuroscience hope that
users of this book, and especially the students who will
become the next generation of neuroscientists, find the
subject matter of neuroscience as interesting and excit-
ing as we do.

The Editors
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CHAPTER

14

Neural Induction and
Pattern Formation

This chapter covers some of the key events that take
place in the early stages of development of the verte-
brate nervous system, a period during which struc-
tures such as the neural tube, placodes, and neural
crest are formed, setting in place the foundations on
which a functioning nervous system is subsequently
built. The first part of the chapter describes how these
embryonic structures first are specified by inductive
tissue interactions and how they form by the process
of morphogenesis. The second part of the chapter
describes the extensive early developmental events
required for regionalizing the nervous system along its
different axes. Regionalization requires the complex
processes of neural patterning that endow neural pre-
cursor cells with the ability to give rise to correct types
of neuron in appropriate locations in the adult nervous
system. These processes are gradual, continuous, and
begin when neural tissue first forms. We describe some
of the processes underlying neural patterning, begin-
ning with how polarity along each of the neuraxes is
first established, and progressing to more fine levels of
regional organization.

NEURAL INDUCTION

Embryonic Origins of the Nervous System

The progenitor cells that form the vertebrate nervous
system can be traced back in development to an epi-
thelial cell layer, called the ectoderm, that covers the
outside of the embryo during gastrulation (Fig. 14.1).
Ectodermal cells give rise to different tissue deriva-
tives depending on axial position. The dorsal-most
ectoderm thickens to form the neural plate, a structure
in the shape of a key-hole with the broad end located

Fundamental Neuroscience, Third Edition

anteriorly. During a complex morphogenetic process
called neurulation, cells in the neural plate give rise to
the neural tube and, subsequently, the central nervous
system (CNS). Ectodermal cells lying more ventrally
at the edges of the neural plate, the neural folds, come
to lie at the dorsal surface of the neural tube during
neurulation, form the neural crest and emigrate, subse-
quently giving rise to most of the peripheral nervous
system. The ectodermal cells lying even more ventral
around the edge of the cranial neural plate constitute
a domain where various sensory structures such as the
ear, nose, and cranial sensory ganglia will arise from
isolated ectodermal areas called placodes. Finally,
ectodermal cells on the extreme ventral side of the
embryo give rise to the skin or epidermis. The first step
in forming the nervous system, therefore, is to estab-
lish these different regions of ectoderm along the dor-
soventral (DV)axis of theembryosoonafter gastrulation
is complete. The key mechanism that establishes these
different subregions of ectoderm involves inductive
interactions that were discovered in the early part of
the last century. More recently, the molecules that
underlie embryonic induction have been defined and
their action understood.

Neural Induction and the Organizer

In the 1930’s, Mangold and Spemann discovered
neural induction during experiments in which they
transplanted small pieces of tissues from one amphib-
ian embryo to another at pregastrulae stages. The key
observation was made when they transplanted a small
piece of tissue from a region called the dorsal blast-
opore lip (DBL), and the host embryo responded to
the grafted tissue by forming a complete secondary
dorsal axis (Fig. 14.2). Importantly, most of the tissues

© 2008, 2003, 1999 Elsevier Inc.
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FIGURE 14.1 Ectoderm is subdivided into different fates during gastrulation. Shown is a cross-sectional side view, and top view of an
amphibian embryo before (blastula-stage) and after gastrulation (neural plate-stage). During gastrulation, the grey and green (dorsal meso-
derm) regions of the blastula involute inward, and the ectoderm (blue/red) at the top spreads over the outside of the embryo, and extends
along anterior-posterior axis. As this process occurs, signals emanating from the dorsal and ventral sides of the embryo specify different fates,
so that dorsal ectoderm (red) becomes neural tissue while ventral ectoderm (blue) becomes epidermis.

in the secondary dorsal axes were not derived from
the transplanted tissue but rather from the tissue in
the host embryo. In particular, the secondary dorsal
axis contained a complete nervous system that was
derived entirely from the ventral ectoderm of the host
embryo, a tissue that would have differentiated into
skin in the absence of a graft. The implication of this
observation was that the transplanted tissue can act
as a source of inducing signals that can cause ventral
ectoderm to form neural tissue, and that this induc-
tive interaction normally occurs on the dorsal side of
the embryo. Tissue in the DBL was later termed the
organizer because of its ability, when transplanted, to
reprogram the ventral side of the embryo to form
dorsal tissues, not only in the ectoderm but also in the
internal mesodermal tissues. Following Mangold and
Spemann’s lead, it was subsequently found all verte-
brate embryos appear to contain a region, called Spe-
mann’s organizer, which can induce ectoderm to form
neural tissue.

Organizer transplantation experiments also gave
the first indication that signals produced by Spemann’s
organizer were responsible for inducing different
regions of the CNS. In these experiments, smaller
regions of the DBL were used, and taken from embryos

at different stages. The DBL of younger embryos con-
tains the first involuting tissue and, when transplanted,
induces head structures that contained neural tissue
from the anterior portions of the neuraxis. Conversely,
the DBL from older embryos involutes later and, when
transplanted, induces tail structures that contained
neural tissue from just the posterior portions of the
neuraxis. The organizer, therefore, can be subdivided
into two parts, a head and trunk/tail organizer, which
specify different regions of the CNS along the AP axis.
The role of the organizer tissue in the regionalization
of the CNS is discussed further in a later section.

The Molecular Nature of Neural Inducers

The molecular nature of the inducers produced by
organizer tissue remained elusive until the 1990,
when key biochemical pathways that mediate
cell-cell signaling in animal development were
identified using the tools of molecular genetics. One
such pathway is a subfamily of TGFB-like factors,
called the bone morphogenetic proteins (BMPs), which
has proven to be remarkably conserved in action across
the animal kingdom, from flies to humans (Bier, 1997).
The core components of this pathway are the BMP

11I. NERVOUS SYSTEM DEVELOPMENT
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FIGURE 14.2 Organizer transplant experiment of Mangold and Spemann. (A) Tissue around the DBL was removed from one embryo and
placed into the ventral side of another. (B) The transplanted DBL, if large enough, will cause a complete second dorsal axis to form on the host
embryo, resulting in twinning. (C) Cross-section through the tadpoles shows that the second dorsal axis contains a complete nervous system.
Importantly, by using tracers, one can show that the nervous system in this new dorsal axis is not derived from the transplanted tissue, but
rather from host tissue, fated to give rise to ventral tissues in the absence of a graft.

ligands, secreted extracellular proteins that bind and
activate a small family of heterodimeric cell surface
receptors, which in turn transduce a signal by intracel-
lular phosphorylation events that ultimately lead to
changes in the activities of transcription factors, the
SMAD proteins (Fig. 14.3). Importantly, the core
activity of this signaling pathway is subjected to
complex layers of regulation, both positive and nega-
tive (Fig. 14.3). This complex regulation is required to
induce neural tissue by creating a gradient of BMP
signaling activity across the DV axis of the ectoderm,
although for a purpose not envisioned by the early
embryologists (Weinstein and Hemmati-Brivanlou,
1999).

The Default Model

The current view of neural induction, the default
model, stems from experiments using the amphibian
Xenopus laevis, mainly because of an assay where

the ectoderm can be explanted into culture before
gastrulation into a simple salt solution. Ectoderm
isolated before gastrulation differentiates into ventral
epidermal tissue in culture. However, if BMP signal-
ing is inhibited experimentally in these ectodermal
explants, epidermal differentiation is suppressed,
and neural tissue forms instead, presumably as a
default pathway. The converse result can also be
obtained using the fact that when isolated ectodermal
cells are dissociated into single cells, they form nerve
cells. However, if BMP4 is added to these cells, they
revert back to epidermis. These early experiments
were instrumental in showing that BMPs are potent
epidermalizing agents and that blocking BMP signal-
ing was sufficient to induce the ectoderm to form
neural tissue as a default pathway. The ventral ecto-
derm of Xenopus and other vertebrate embryos
was subsequently shown to express several BMPs
ligands, consistent with their epidermalizing effects
(Fig. 14.3).
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