ELSEVIER

From Molecules to Networks

An Introduction to Cellular and Molecular Neuroscience

M 5 F 2| P 2%

AR FHERFES® izs m)

- John H. Byrne, James L. Roberts

4 4 & M i

BN A A 4 4%

WWW. smencep com

> » [~ ;>I - »
> ST WS S— b
> T T
o | J
R o TR A i
s S - e
I (=2 (N ==~
—t W] DRSS
’ — ?,’_: .0‘: - A.‘;,; ’. - .‘.’. ;
| |
‘ %

:
i
|



I'mm . " ma

- H.ii*%ﬂﬂﬂ

i iyl -




From Molecules to Networks

An Introduction to Cellular and Molecular Neuroscience

M5 FBI4%

HMAEF ST FHERFEFIE
(FR#FHE )

4 4 & K
i 5



EF: 01-2009-72285

From Molecules to Networks: An Introduction to Cellular and Molecular Neuroscience, 2nd edition.
John H. Byrne, James L. Roberts

ISBN: 9780123741325
Copyright © 2009, 2004 by Elsevier Inc. All rights reserved.

Authorized English language edition published by the Proprietor.
ISBN: 9789812725608
Copyright © 2010 by Elsevier (Singapore) Pte Ltd. All rights reserved.

Elsevier (Singapore) Pte Ltd.
3 Killiney Road
#08-01 Winsland House 1
Singapore 239519
Tel: (65) 6349-0200
Fax: (65) 6733-1817

First Published 2010
20105EHIRR

Printed in China by Science Press under special arrangement with Elsevier (Singapore) Pte Ltd.. This edition is
authorized for sale in China only, excluding Hong Kong SAR and Taiwan. Unauthorized export of this edition is a

violation of the Copyright Act. Violation of this Law is subject to Civil and Criminal Penalties.

& 3 B ENAR B Elsevier (Singapore) Pte Ltd 32 EURH H AR 76 1 B KB A R R AT . AR IR B
BR (REFEESME ST LR &Y MR EIFMEE. REFTZH O, Wyl EERE,

B B
EHBERSRE (CIP) i

MO TEIRS: MRS THERESE: 82K FU (X AF (BymeJH)
WmE. —dom. Bl 2010

ISBN 978-7-03-027393-2

[.OM- 1. O M. OWLT-FR-%x V. ©Q189

chE pR A K B0 CIP iz 5 (2010) % 079183 5

FriEskiE: \EN ReAA
FALEpH]: 4R EZS /@it SRt IME

4 8 2 BB HIN
EHF HEBALH 165
R £RE5:100717

http:// www . sciencep.com

A% % 3 5 Elk
BEMBGERAT R R
*

2010F6HE — W& FA: 889X1194 1/16

201048 6 A E—IKEDRY Ensk: 46 3/4

En#: 1—2000 F#: 1112 000
Effr: 148.00 7T (&FED

(IEENEE R B i 8, oAk 7 Tt H)



Contributors

Douglas A. Baxter (181, 413) Department of Neuro-
biology and Anatomy, The University of Texas
Medical School at Houston, Houston, TX

Scott Brady (19) Department of Anatomy and
Cell Biology, University of Illinois at Chicago,
Chicago, IL

Peter Brophy (19) Department of Preclinical

Veterinary Sciences, University of Edinburgh,
Edinburgh, Scotland, UK

John H. Byme (111, 181, 413, 469, 489, 539)
Department of Neurobiology and Anatomy, The
University of Texas Medical School at Houston,
Houston, TX

Luz Claudio (1) Department of Community and

Preventive Medicine, Mount Sinai School of
Medicine, New York, NY

David R. Colman (19) Director’s Office, Montreal
Neurological Institute, Montreal, QC, Canada

Mark R. Cookson (609) Neurogenetics Laboratory,
NIH, National Institute of Aging, Bethesda, MD
Ariel Y. Deutch (267, 301) Department of
Psychiatry, Vanderbilt Medical Center, Vanderbilt
University, Nashville, TN

Gerald A. Dienel (49) Department of Neurology,
University of Arkansas for Medical Sciences,
Little Rock, AR

Andrea Giuffrida (301) Department of Pharmacology,
The University of Texas Health Science Center at
San Antonio, San Antonio, TX

P. John Hart (609) Department of Biochemistry,
The University of Texas Health Science Center, San
Antonio, TX

Patrick R. Hof (1) Department of Neuroscience,
Mount Sinai School of Medicine, New York, NY

Lily Yeh Jan (159) University of California, San
Francisco, San Francisco, CA

Yuh Nung Jan (159) University of California, San
Francisco, San Francisco, CA

Grahame Kidd (1) Department of Neurosciences,
Cleveland Clinic Lerner Research Institute,
Cleveland, OH

vii

JamesJ. Knierim (513) Department of Neurobiology
and Anatomy, The University of Texas Medical
School at Houston, Houston, TX

Dimitri M. Kullmann (217) Department of Clinical
Neurology, Institute of Neurology, Queen’s Square,
University College London, London, England, UK

Kevin S. LaBar (539) Center for Cognitive
Neuroscience, Duke University, Durham, NC

Joseph E. LeDoux (539) Center for Neural Science,
New York University, New York, NY

James R. Lundblad (391) Division of Endocrinol-
ogy, Diabetes, and Clinical Nutrition, School of
Medicine, Oregon Health Sciences University,
Portland, OR

David A. McCormick (133) Department of
Neurobiology, Yale University School of Medicine,
New Haven, CT

Bruce J. Nicholson (445) Department of Bioche-
mistry, The University of Texas Health Science
Center at San Antonio, San Antonio, TX

Esther A. Nimchinsky (1) Department of Radiology,
Mount Sinai School of Medicine, New York, NY

James L. Roberts (301, 391, 609) Department of
Pharmacology, The University of Texas Health
Science Center at San Antonio, San Antonio, TX

RobertH.Roth (267) Department of Psychiatry, Yale
University School of Medicine, New Haven, CT

Juan C. Saez (445) Departamento de Ciencias
Fisiologicas, Pontificia Universidad Catolica de
Chile, Santiago, Chile

Glenn E. Schafe (539) Department of Psychology,
Yale University, New Haven, CT

Howard Schulman (359) PPD Biomarker Discovery
Sciences, LLC, Menlo Park, CA

Thomas L. Schwarz  (217) Department of Neurology,
Children’s Hospital, Harvard University, Boston,
MA

Gordon M. Shepherd (111, 489) Department of
Neurobiology, Yale University School of Medicine,
New Haven, CT



viii CONTRIBUTORS

Paul D. Smolen (413) Department of Neurobiology
and Anatomy, The University of Texas Medical
School at Houston, Houston, TX

Randy Strong (609) Department of Pharmacology,
The University of Texas Health Science Center, San
Antonio, TX

J. David Sweatt (539) Department of Neurobiology,

University of Alabama at Birmingham, Birmingham,
AL

Richard F. Thompson (539) Neuroscience Research
Institute, University of Southern California, Los
Angeles, CA

Bruce D. Trapp (1) Department of Neuroscience,
Cleveland Clinic Foundation, Cleveland, OH

M. Neal Waxham (321) Department of Neurobiology
and Anatomy, The University of Texas Medical
School at Houston, Houston, TX

David Matthew Young (159) University of
California, San Francisco, San Francisco, CA

Robert S. Zucker (217) Neurobiology Division,
Department of Molecular and Cell Biology,
University of California, Berkeley, Berkeley, CA



Preface to the Second Edition

The second edition contains substantial improve-
ments over the first edition. All chapters have been
updated to include recent developments in the field,
and major revisions have been done on the chapters
on Energy Metabolism in the Brain, Molecular Properties
of Ion Channels, Gap Junctions, and Learning and Mem-
ory. In addition, this edition features two new chap-
ters, Information Processing in Neural Networks and
Molecular and Cellular Mechanisms of Neurodegenerative
Disease. Although the first edition covered biochemi-
cal and gene networks in significant detail, little was
included on neural networks. It is the neural net-
works in the brain that collect and process informa-
tion about the external world and about the internal
state of the body and generate motor commands.
Therefore, an understanding of these networks is
essential to understanding the brain and also helps
to put the cellular and molecular processes in per-
spective. However, discussing all of the brain systems
is beyond the scope of a text book on cellular and
molecular neuroscience. Rather, our goal is to
describe the principles of operation of neural net-
works and the key circuit motifs that are common to
many networks. The second new chapter reports on
the progress in the last 20 years on elucidating the

cellular and molecular mechanisms underlying brain
disorders This chapter focuses specifically on amyo-
trophic lateral sclerosis (ALS), Parkinson disease,
and Alzheimer’s disease, and the progress that has
been made and the strategies that have been used to
study and treat the disorders. The fact that all three
diseases are associated with neuronal loss, albeit in
different brain regions and with different neurotrans-
mitter groups, suggests that there may be common
aspects to the degenerative process.

We are once again extremely grateful to Johannes
Menzel at Elsevier for his unfading support and
encouragement throughout the project. Thanks also
to Clare Caruana, Meg Day, Kristi Gomez, Kirsten
Funk, Megan Wickline, and members of the produc-
tion staff. Special thanks to Lorenzo Morales, the
graphic artist on the project, who did an outstanding
job of creating many of the illustrations in the second
edition and restyling all the illustrations for consis-
tency among chapters. He also designed the cover
illustration.

John H. Byrne
James L. Roberts



Preface to the First Edition

The past twenty years have witnessed an expo-
nential increase in the understanding of the nervous
system at all levels of analyses. Perhaps the most
striking developments have been in the understand-
ing of the cell and molecular biology of the neuron.
The field has moved from treating the neuron as a
simple black box that added up impinging synaptic
input to fire an action potential to one in which the
function of nerve cells involves a host of biochemical
and biophysical processes that act synergistically to
process, transmit and store information. In this book,
we have attempted to provide a comprehensive
summary of current knowledge of the morphologi-
cal, biochemical, and biophysical properties of nerve
cells. The book is intended for graduate students,
advanced undergraduate students, and professionals.
The chapters are highly referenced so that readers can
pursue topics of interest in greater detail. We have
also included material on mathematical modeling
approaches to analyze the complex synergistic pro-
cesses underlying the operation and regulation of

nerve cells. These modeling approaches are becoming
increasingly important to facilitate the understanding
of membrane excitability, synaptic transmission, as
well gene and protein networks. The final chapter
in the book illustrates the ways in which the great
strides in understanding the biochemical and bio-
physical properties of nerve cells have led to funda-
mental insights into an important aspect of cognition,
memory.

We are extremely grateful to the many authors
who have contributed to the book, and the support
and encouragement during the two past years of
Jasna Markovac and Johannes Menzel of Academic
Press. We would also like to thank Evangelos Antzou-
latos, Evyatar Av-Ron, Diasinou Fioravanti, Yoshihisa
Kubota, Rong-Yu Liu, Fred Lorenzetii, Riccardo Moz-
zachiodi, Gregg Phares, Travis Rodkey, and Fredy
Reyes for help with editing the chapters.

John H. Byrne
James L. Roberts
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CHAPTER

1

Cellular Components of Nervous Tissue

Patrick R. Hof, Esther A. Nimchinsky, Grahame Kidd,
Luz Claudio, and Bruce D. Trapp

Several types of cellular elements are integrated
to constitute normally functioning brain tissue. The
neuron is the communicating cell, and many neuronal
subtypes are connected to one another via complex
circuitries, usually involving multiple synaptic con-
nections. Neuronal physiology is supported and main-
tained by neuroglial cells, which have highly diverse
and incompletely understood functions. These include
myelination, secretion of trophic factors, maintenance
of the extracellular milieu, and scavenging of molec-
ular and cellular debris from it. Neuroglial cells also
participate in the formation and maintenance of the
blood-brain barrier, a multicomponent structure that
is interposed between the circulatory system and
the brain substance and that serves as the molecular
gateway to brain tissue.

NEURONS

The neuron is a highly specialized cell type and is the
essential cellular element in the central nervous system
(CNS). All neurological processes are dependent on
complex cell-cell interactions between single neurons
and/or groups of related neurons. Neurons can be cate-
gorized according to their size, shape, neurochemical
characteristics, location, and connectivity, which are
important determinants of that particular functional
role of the neuron in the brain. More importantly, neu-
rons form circuits, and these circuits constitute the
structural basis for brain function. Macrocircuits involve
a population of neurons projecting from one brain
region to another region, and microcircuits reflect the

From Molecules to Networks, Second Edition

local cell—cell interactions within a brain region. The
detailed analysis of these macro- and microcircuits is
an essential step in understanding the neuronal basis
of a given cortical function in the healthy and the dis-
eased brain. Thus, these cellular characteristics allow
us to appreciate the special structural and biochemical
qualities of a neuron in relation to its neighbors and
to place it in the context of a specific neuronal subset,
circuit, or function.

Broadly speaking, therefore, there are five general
categories of neurons: inhibitory neurons that make
local contacts (e.g., GABAergic interneurons in the
cerebral and cerebellar cortex), inhibitory neurons that
make distant contacts (e.g., medium spiny neurons of
the basal ganglia or Purkinje cells of the cerebellar cor-
tex), excitatory neurons that make local contacts (e.g.,
spiny stellate cells of the cerebral cortex), excitatory
neurons that make distant contacts (eg., pyramidal neu-
rons in the cerebral cortex), and neuromodulatory
neurons that influence neurotransmission, often at
large distances. Within these general classes, the struc-
tural variation of neurons is systematic, and careful
analyses of the anatomic features of neurons have
led to various categorizations and to the development
of the concept of cell type. The grouping of neurons
into descriptive cell types (such as chandelier, double
bouquet, or bipolar cells) allows the analysis of popu-
lations of neurons and the linking of specified cellular
characteristics with certain functional roles.

General Features of Neuronal Morphology

Neurons are highly polarized cells, meaning that
they develop distinct subcellular domains that sub-
serve different functions. Morphologically, in a typical

Copyright © 2009, Elsevier Inc. All rights reserved.
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neuron, three major regions can be defined: (1) the
cell body (soma or perikaryon), which contains the
nucleus and the major cytoplasmic organelles; (2) a
variable number of dendrites, which emanate from
the perikaryon and ramify over a certain volume of
gray matter and which differ in size and shape,
depending on the neuronal type; and (3) a single axon,
which extends, in most cases, much farther from the
cell body than the dendritic arbor (Fig. 1.1). Dendrites
may be spiny (as in pyramidal cells) or nonspiny (as in
most interneurons), whereas the axon is generally
smooth and emits a variable number of branches (collat-
erals). In vertebrates, many axons are surrounded by an
insulating myelin sheath, which facilitates rapid impulse
conduction. The axon terminal region, where contacts
with other cells are made, displays a wide range of
morphological specializations, depending on its target
area in the central or peripheral nervous system.

The cell body and dendrites are the two major
domains of the cell that receive inputs, and dendrites
play a critically important role in providing a massive
receptive area on the neuronal surface. In addition,
there is a characteristic shape for each dendritic arbor,
which can be used to classify neurons into morpho-
logical types. Both the structure of the dendritic arbor
and the distribution of axonal terminal ramifications
confer a high level of subcellular specificity in the
localization of particular synaptic contacts on a given
neuron. The three-dimensional distribution of den-
dritic arborization is also important with respect to
the type of information transferred to the neuron.
A neuron with a dendritic tree restricted to a

Dendritic branches
with spines
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dendrite\

Purkinje cell of cerebellar cortex

Pyramidal cell of cerebral cortex

FIGURE 1.1 Typical morphology of projection neurons. (Left)
A Purkinje cell of the cerebellar cortex and (right) a pyramidal neuron
of the neocortex. These neurons are highly polarized. Each has an
extensively branched, spiny apical dendrite, shorter basal dendrites,
and a single axon emerging from the basal pole of the cell.

particular cortical layer may receive a very limited
pool of afferents, whereas the widely expanded den-
dritic arborizations of a large pyramidal neuron will
receive highly diversified inputs within the different
cortical layers in which segments of the dendritic tree
are present (Fig. 1.2) (Mountcastle, 1978). The structure
of the dendritic tree is maintained by surface interac-
tions between adhesion molecules and, intracellularly,
by an array of cytoskeletal components (microtubules,
neurofilaments, and associated proteins), which also
take part in the movement of organelles within the
dendritic cytoplasm.

An important specialization of the dendritic arbor
of certain neurons is the presence of large numbers of
dendritic spines, which are membranous protrusions.
They are abundant in large pyramidal neurons and
are much sparser on the dendrites of interneurons
(see following text).

The perikaryon contains the nucleus and a variety of
cytoplasmic organelles. Stacks of rough endoplasmic
reticulum are conspicuous in large neurons and, when
interposed with arrays of free polyribosomes, are
referred to as Nissl substance. Another feature of the
perikaryal cytoplasm is the presence of a rich cytoskel-
eton composed primarily of neurofilaments and micro-
tubules. These cytoskeletal elements are dispersed in
bundles that extend from the soma into the axon and
dendrites.

Corticocortical
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v {8 Axon' | \\@
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FIGURE 1.2 Schematic representation of four major excitatory
inputs to pyramidal neurons. A pyramidal neuron in layer II is
shown as an example. Note the preferential distribution of synaptic
contacts on spines. Spines are labeled in red. Arrow shows a contact
directly on the dendritic shaft.
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Whereas dendrites and the cell body can be charac-
terized as domains of the neuron that receive afferents,
the axon, at the other pole of the neuron, is responsible
for transmitting neural information. This information
may be primary, in the case of a sensory receptor, or pro-
cessed information that has already been modified
through a series of integrative steps. The morphology
of the axon and its course through the nervous system
are correlated with the type of information processed
by the particular neuron and by its connectivity patterns
with other neurons. The axon leaves the cell body from a
small swelling called the axon hillock. This structure is
particularly apparent in large pyramidal neurons; in
other cell types, the axon sometimes emerges from one
of the main dendrites. At the axon hillock, microtubules
are packed into bundles that enter the axon as parallel
fascicles. The axon hillock is the part of the neuron
where the action potential is generated. The axon is gen-
erally unmyelinated in local circuit neurons (such as
inhibitory interneurons), but it is myelinated in neurons
that furnish connections between different parts of the
nervous system. Axons usually have higher numbers
of neurofilaments than dendrites, although this distinc-
tion can be difficult to make in small elements that con-
tain fewer neurofilaments. In addition, the axon may be
extremely ramified, as in certain local circuit neurons; it
may give out a large number of recurrent collaterals, as
in neurons connecting different cortical regions, or it
may be relatively straight in the case of projections to

subcortical centers, as in cortical motor neurons that
send their very long axons to the ventral horn of the spi-
nal cord. At the interface of axon terminals with target
cells are the synapses, which represent specialized
zones of contact consisting of a presynaptic (axonal) ele-
ment, a narrow synaptic cleft, and a postsynaptic ele-
ment on a dendrite or perikaryon.

Synapses and Spines
Synapses

Each synapse is a complex of several components:
(1) a presynaptic element, (2) a cleft, and (3) a postsynaptic
element. The presynaptic element is a specialized part of
the presynaptic neuron’s axon, the postsynaptic
element is a specialized part of the postsynaptic
somatodendritic membrane, and the space between
these two closely apposed elements is the cleft. The
portion of the axon that participates in the axon is
the bouton, and it is identified by the presence of syn-
aptic vesicles and a presynaptic thickening at the
active zone (Fig. 1.3). The postsynaptic element is
marked by a postsynaptic thickening opposite the
presynaptic thickening. When both sides are equally
thick, the synapse is referred to as symmetric. When
the postsynaptic thickening is greater, the synapse is
asymmetric. Edward George Gray noticed this differ-
ence, and divided synapses into two types: Gray's
type 1 synapses are symmetric and have variably

A

FIGURE 1.3 Ultrastructure of dendritic spines (S) and synapses in the human brain. Note the narrow spine necks (asterisks) emanating from
the main dendritic shaft (D) and the spine head containing filamentous material, and the cisterns of the spine apparatus particularly visible in the
lower panel spine. The arrows on the left panels point to postsynaptic densities of asymmetric excitatory synapses (arrows). The apposed axonal
boutons (B) are characterized by round synaptic vesicles. A perforated synapse is shown on the lower left panel. The panel at right shows two
symmetric inhibitory synapses (arrowheads) on a large dendritic shaft (D). In this case the axonal boutons (B) contain some ovoid vesicles com-
pared to the ones in asymmetric synapses. The dendrites and axons contain numerous mitochondria (m). Scale bar =1 pm. Electron micrographs
courtesy of Drs. S.A. Kirov and M. Witcher (Medical College of Georgia), and K.M. Harris (University of Texas — Austin).



