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Preface to the

Fourth Edition

In this fourth edition of Fundamental Neuroscience, we
have tried to improve on the third edition with a
volume that effectively introduces students to the full
range of contemporary neuroscience. Neuroscience 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. Toward the end of the twentieth cen-
tury, 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 individuals from diverse
backgrounds—including molecular biologists, computer
scientists, and psychologists—are interested in learning
about the structure and function 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. New genetic methods have been intro-
duced to delete or overexpress 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 fourth edition attempts to capture the promise
and excitement of this fast-moving discipline. All the
chapters have been rewritten and updated. The volume
begins with an opening chapter that provides an over-
view of the discipline. A second chapter presents funda-
mental information about the architecture and anatomy
of nervous systems. The remainder of the volume
(Sections II-VII) presents the major topics of neu-
roscience. The second section (Cellular and Molecular
Neuroscience) considers the cellular and subcellular orga-
nization 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, pathfinding,
synapse formation, programmed cell death, synapse elim-
ination, development of dendrites, 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 organiza-
tion of the brain pathways and systems important for
locomotion, voluntary action, and eye movements. The
sixth section (Regulatory Systems) describes the variety
of hypothalamic and extra-hypothalamic systems that
support motivation, reward, and internal regulation,
including respiration, food and water intake, neuro-
endocrine function, circadian rhythms, and sleep and
dreaming. The final section (Behavioral and Cognitive
Neuroscience) describes the neural foundations of the
so-called higher mental functions, including percep-
tion, attention, memory, language, spatial cognition, and
executive function. Additional chapters cover human
brain evolution, cognitive development and aging, and
consciousness. The chapters contain more than 100 Boxes
that describe clinical conditions, techniques, and special
topics related to chapter content. The volume is also
accompanied by companion websites for students and
instructors, which present all the Figures and Boxes. In
addition, the instructor’s website includes sample test
questions for each chapter that draw attention to the key
facts and concepts in the chapters.

The authors of the chapters and boxes are working
scientists, experts in the topics they cover. The Editors edi-
ted the chapters to achieve consistency of style and con-
tent. At Academic Press/Elsevier Science, the project was
coordinated by Mica Haley (Acquisitions Editor), and we
are grateful to her for her leadership and advice through-
out the project. In addition, April Graham (Editorial
Project Manager) very capably and efficiently supervised
the development of the book, and Lisa Lamenzo (Project
Manager) expertly coordinated its production.

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

Xix



About t_he Editors

Larry R. Squire is Distinguished Professor of Psychia-
try, Neurosciences, and Psychology at the University of
California School of Medicine, San Diego, and Research
Career Scientist at the Veterans Affairs Medical Center,
San Diego. He investigates the organization and neuro-
logical foundations of memory. He is a former President
of the Society for Neuroscience and is a member of
the National Academy of Sciences and the Institute of
Medicine.

Darwin K. Berg is Distinguished Professor and Chair
of Neurobiology in the Division of Biological Sciences at
the University of California, San Diego. He has served
as Chair of the Biology Department and Councilor of
the Society for Neuroscience. He currently is Treasurer
for the Society and a Board member of the Kavli Insti-
tute for Brain and Mind. His research is focused on the
roles of nicotinic cholinergic signaling in the vertebrate
nervous system.

Floyd E. Bloom is Professor Emeritus in the Molecu-
lar and Integrative Neuroscience Department (MIND)
at The Scripps Research Institute. His recent awards
include the Sarnat Award from the Institute of Medicine
and the Salmon Medal of the New York Academy of
Medicine. He is a former President of the Society for
Neuroscience and is a member of the National Academy
of Sciences and the Institute of Medicine.

XX1

Sascha du Lac is an Investigator of the Howard
Hughes Medical Institute and an Associate Professor of
Systems Neurobiology at the Salk Institute for Biological
Studies. Her research focuses on the cellular machinery
and circuit mechanisms that mediate cerebellar learning
in the sense of balance.

Anirvan Ghosh is Stephen Kuffler Professor in the
Division of Biological Sciences at the University of
California, San Diego. His research interests include
the development of synaptic connections in the central
nervous system and the role of activity-dependent gene
expression in cortical development. He is recipient of
the Presidential Early Career Award for Scientists and
Engineers, the Society for Neuroscience Young Investi-
gator Award, and the UCSD Revelle College Outstand-
ing Faculty Award.

Nicholas C. Spitzer is Distinguished Professor in the
Division of Biological Sciences at the University of
California, San Diego. His research is focused on the
role of electrical activity in neuronal differentiation. He
has been chairman of the Biology Department and the
Neurobiology Section, a trustee of the Grass Foundation,
and served as Councilor of the Society for Neuroscience.
He is a member of the American Academy of Arts and
Sciences, Co-Director of the Kavli Institute for Brain and
Mind and Editor-in-Chief of BrainFacts.org.



Contributors

Igor Allaman Ecole Polytechnique Fédérale de Lausanne,
Lausanne, Switzerland

Jocelyne Bachevalier Emory University, Atlanta, GA
Martha W. Bagnall Northwestern University, Chicago, IL
James F. Baker

Andrew H. Bell
Cambridge, UK

Floyd E. Bloom The Scripps Research Institute, La Jolla, CA
Scott T. Brady University of Illinois at Chicago, Chicago, 1L

Marianne Bronner California Institute of Technology,
Pasadena, CA

Peter Brophy University of Edinburgh, Edinburgh, Scotland
M. Christian Brown Harvard Medical School, Boston, MA

Elizabeth A. Buffalo Emory University School of Medicine,
Atlanta, GA

Steven J. Burden NYU Medical Center, New York, NY

John H. Byrne University of Texas Medical School at Houston,
Houston, TX

David N. Caplan Harvard Medical School, Boston, MA
J. Patrick Card University of Pittsburgh, Pittsburgh, PA
Hollis Cline The Scripps Research Institute, La Jolla, CA
Carol L. Colby University of Pittsburgh, Pittsburgh, PA

David R. Colman (Deceased.) Formerly at Montreal
Neurological Institute, Montreal, Quebec, Canada

Jean de Vellis University of California at Los Angeles,
Los Angeles, CA

Javier DeFelipe Cajal Institute, Madrid, Spain

Ariel Y. Deutch Vanderbilt University School of Medicine,
Nashville, TN

Sascha du Lac The Salk Institute, La Jolla, CA

Gregory Elder The Mount Sinai School of Medicine and
James J. Peters VA Medical Center, Bronx, NY

Patrick Emery University of Massachusetts Medical School,
Worcester, MA

Barry J. Everitt University of Cambridge, Cambridge,
United Kingdom

Jack L. Feldman University of California at Los Angeles,
David Geffen School of Medicine, Los Angeles, CA

Miguel A. Gama Sosa
New York, NY

Anirvan Ghosh University of California at San Diego,
La Jolla, CA

Andrea C. Gore The University of Texas at Austin, Austin, TX

Northwestern University, Chicago, 1L
MRC Cognition and Brain Sciences Unit,

Mount Sinai School of Medicine,

Jacqueline P. Gottlieb Columbia University College of
Physicians and Surgeons, New York, NY

James L. Gould Princeton University, Princeton, NJ
Martyn Goulding The Salk Institute, La Jolla, CA
Sten Grillner Karolinska Institute, Stockholm, Sweden

William A. Harris Cambridge University, Cambridge,
United Kingdom

Volker Hartenstein University of California at Los Angeles,
Los Angeles, CA

Mary E. Hatten Rockefeller University, New York, NY

Michael Hiiusser University College London, London,
United Kingdom

Stewart H. Hendry Johns Hopkins University, Baltimore, MD

J. Allan Hobson Harvard Medical School, Division of Sleep,
Boston, MA

Patrick R. Hof Mount Sinai School of Medicine,
New York, NY

Steven S. Hsiao Johns Hopkins University, Baltimore, MD

Yuh-Nung Jan Howard Hughes Medical Institute, University
of California at San Francisco, San Francisco, CA

Jon H. Kaas Vanderbilt University, Nashville, TN
Sabine Kastner Princeton University, Princeton, NJ

Grahame Kidd The Cleveland Clinic Foundation,
Cleveland, OH

Clemens Kiecker King's College London, London,
United Kingdom

Eric I. Knudsen Stanford University School of Medicine,
Stanford, CA

Christof Koch California Institute of Technology, Pasadena,
CA and Allen Institute for Brain Science, Seattle, WA

Alex L. Kolodkin Johns Hopkins University School of
Medicine, Baltimore, MD

George F. Koob The Scripps Research Institute, La Jolla, CA

Richard Krauzlis National Eye Institute, Bethesda, MD;
The Salk Institute for Biological Studies, La Jolla, CA

Jeff Lichtman

Andrew Lumsden King’s College London, London,
United Kingdom

Harvard University, Cambridge, MA

Pierre J. Magistretti Ecole Polytechnique Fédérale de
Lausanne, Lausanne, Switzerland; University of
Lausanne and CHUYV, Lausanne, Switzerland

Joseph R. Manns Emory University, Atlanta, GA
Michael Mauk University of Texas at Austin, Austin, X

xxiii



XX1V CONTRIBUTORS

David A. McCormick Yale University School of Medicine,
New Haven, CT

Donald R. McCrimmon Northwestern University,
Chicago, IL

George Z. Mentis Center for Motor Neuron Biology and
Disease, Columbia University, New York, NY

Earl K. Miller Massachusetts Institute of Technology,
Cambridge, MA

Carolanne E. Milligan Wake Forest School of Medicine,
Winston-Salem, NC

Johnathan W. Mink University of Rochester Medical
Center, Rochester, NY

Shaun F. Morrison Oregon Health and Science University,
Portland, OR

Carl R. Olson Carnegie Mellon University, Pittsburgh, PA

Ronald W. Oppenheim Wake Forest School of Medicine,
Winston-Salem, NC

Edward F. Pace-Schott Harvard Medical School,
Boston, MA; Massachusetts General Hospital,
Charlestown, MA

Luiz Pessoa University of Maryland, College Park, MD
Terry L. Powley Purdue University, West Lafayette, IN
Todd M. Preuss Emory University, Atlanta, GA

Peter R. Rapp National Institute on Aging, Baltimore, MD

R. Clay Reid Harvard Medical School, Boston, MA;
Allen Institute for Brain Science, Seattle, WA

John H. Reynolds The Salk Institute, La Jolla, CA

Trevor W. Robbins University of Cambridge, Cambridge,
United Kingdom

Josh Sanes Harvard University, Cambridge, MA

Joseph Santos-Sacchi Yale University School of Medicine,
New Haven, CT

Peter Scheiffele Biozentrum of the University of Basel,
Basel, Switzerland

Marc H. Schieber University of Rochester, Rochester, NY
Howard Schulman Allosteros Therapeutics, Sunnyvale, CA
Thomas L. Schwarz Children’s Hospital, Boston, MA

Kristin Scott University of California at Berkeley,
Berkeley, CA

Nelson Spruston HHMI Janelia Farm Research Campus,
Ashburn, VA

Edward M. Stricker University of Pittsburgh, Pittsburgh, PA

Greg Stuart Australian National University, Canberra,
Australia

Larry W. Swanson University of Southern California,
Los Angeles, CA
Juan C. Tapia Columbia University, New York, NY

Marc Tessier-Lavigne The Rockefeller University, New York,
NY

Roger B. H. Tootell Athinoula A. Martinos Center for
Biomedical Imaging, Charlestown, MA; Harvard Medical
School, Boston, MA

Bruce D. Trapp The Cleveland Clinic Foundation,
Cleveland, OH

Leslie G. Ungerleider National Institute of Mental Health,
Bethesda, MD

W. Martin Usrey Center for Neuroscience, University of
California Davis, Davis, CA

Joseph G. Verbalis Georgetown University, Washington, DC

Christopher S. von Bartheld
of Medicine, Reno, NV
Jonathan D. Wallis  University of California at Berkeley,

Berkeley, CA

M. Neal Waxham University of Texas Medical School at
Houston, Houston, TX

University of Nevada School

David R. Weaver University of Massachusetts Medical
School, Worcester, MA

Stephen C. Woods University of Cincinnati Medical Center,
Cincinnati, OH



Short Contents

|

FUNDAMENTAL NEUROSCIENCE

1. Fundamentals of Neuroscience 3
2. Basic Plan of the Nervous System 15

11

27.
28.
29.
30.
31.
32.

CELLULAR AND MOLECULAR
NEUROSCIENCE

3. Cellular Components of Nervous Tissue 41

=

Subcellular Organization of the Nervous System:
Organelles and Their Functions 61

Membrane Potential and Action Potential 93
Neurotransmitters 117
Release of Neurotransmitters 139
Neurotransmitter Receptors 163

9. Intracellular Signaling 189
10. Postsynaptic Potentials and Synaptic Integration 211
11. Information Processing in Dendrites and Spines 231
12. Brain Energy Metabolism 261

=

I11

MOTOR SYSTEMS
Fundamentals of Motor Systems 599

The Spinal and Peripheral Motor System 613
Control of Movement 631

The Basal Ganglia 653

Cerebellum 677

Eye Movements 697

VI

33.
34.

35.

36.
37.
38.
39.
40.
41.

NERVOUS SYSTEM DEVELOPMENT

13. Neural Induction and Pattern Formation 287

14. Cellular Determination 309

15. Neurogenesis and Migration 339

16. Growth Cones and Axon Pathfinding 363

17. Synapse Formation 385

18. Programmed Cell Death and Neurotrophic Factors 405
19. Synapse Elimination 437

20. Dendritic Development 457

21. Early Experience and Sensitive Periods 479

IV

REGULATORY SYSTEMS

The Hypothalamus: An Overview of Regulatory Systems 717
Central Control of Autonomic Functions:

Organization of the Autonomic Nervous System 729
Neural Control of Respiratory and Cardiovascular
Functions 749

Food Intake and Metabolism 767

Water and Salt Intake and Body Fluid Homeostasis 783
Neuroendocrine Systems 799

Circadian Timekeeping 819

The Neurobiology of Sleep and Dreaming 847

Reward, Motivation, and Addiction 871

VII

42.
43.
44.
45.
46.
47.
48.
49.
50.

SENSORY SYSTEMS

22. Fundamentals of Sensory Systems 499
. Chemical Senses: Taste and Olfaction 513
. The Somatosensory System 531
5. Audition 553
26. Vision 577

5

BEHAVIORAL AND COGNITIVE
NEUROSCIENCE

Human Brain Evolution 901

Cognitive Development and Aging 919

Visual Perception of Objects 947

Spatial Cognition 969

Attention 989

Learning and Memory: Basic Mechanisms 1009

Learning and Memory: Brain Systems 1029

Language 1053

The Prefrontal Cortex and Executive Brain Functions 1069
The Neuroscience of Consciousness 1091



Fullm Contents

List of Boxes xv
Preface to the Fourth Edition xix
About the Editors  xxi

Contributors xxiii

|

FUNDAMENTAL NEUROSCIENCE

| . Fundamentals of Neuroscience
FLOYD E. BLOOM

A Briet History of Neuroscience 3

The Terminology of Nervous Systems Is Hierarchical, Distributed,

Descriptive, and Historically Based 3

Neurons and Glia Are Cellular Building Blocks of the Nervous

System 4

Cellular Organization of the Brain 6

Organization of this Text 7

This Book Is Intended for a Broad Range of Scholars of the
Neurosciences 8

Clinical Issues in the Neurosciences 8

The Genomic Inventory Is a Giant Step Forward 9

Neuroscience Today: A Communal Endeavor 10

The Creation of Knowledge 10

Responsible Conduct 11

Summary 12

References 12

Suggested Readings 12

.. Basic Plan of the Nervous System
LARRY W. SWANSON

Introduction 15

Evolution Highlights: General Organizing Principles 15
Development Reveals Basic Vertebrate Parts 23

The Basic Plan of Nervous System Connectivity 27
Overview of the Adult Mammalian Nervous System 31
References 37

Suggested Readings 38

vii

[1

CELLULAR AND MOLECULAR
NEUROSCIENCE

5. Cellular Components of Nervous Tissue

PATRICK R. HOF, GRAHAME KIDD, JAVIER DEFELIPE,
JEAN DE VELLIS, MIGUEL A. GAMA SOSA,
GREGORY A. ELDER, AND BRUCE D. TRAPP

Neurons 41

Specific Examples of Different Neuronal Types 45
Neuroglia 49

Cerebral Vasculature 55

References 58

Suggested Readings 58

1 Subcellular Organization of the Nervous System:

Organelles and Their Functions
SCOTT T. BRADY, DAVID R. COLMAN, AND PETER J. BROPHY

Axons and Dendrites: Unique Structural Components
of Neurons 61
Protein Synthesis in Nervous Tissue 65
Cytoskeletons of Neurons and Glial Cells 75
Molecular Motors in the Nervous System 82
Building and Maintaining Cells of the Nervous System 85
References 91

5. Membrane Potential and Action Potential
DAVID A. MCCORMICK

Membrane Potential 94

Passive Electrical Properties of the Neuron 99
Action Potential 102

References 116

Suggested Readings 116

Neurotransmitters
ARIEL Y. DEUTCH

Several Modes of Neuronal Communication Exist 117
Chemical Transmission 118
Classical Neurotransmitters 120



viii

Nonclassical Neurotransmitters 129
Peptide Transmitters 130
Unconventional Transmitters 132

The Expanding Synapse and Gliotransmission 136

References 138

/. Release of Neurotransmitters
THOMAS L. SCHWARZ

Transmitter Release Is Quantal 139
Excitation-Secretion Coupling 142
Molecular Mechanisms of the Nerve Terminal 145
Quantal Analysis: Probing Synapric Physiology 155

Short-Term Synaptic Plasticity 158
References 161

Suggested Readings 161

“. Neurotransmitter Receptors
M. NEAL WAXHAM

163
G-Protein Coupled Receprors
187

lonotropic Receptors
177

References

. Intracellular Signaling
HOWARD SCHULMAN

189

Modulation of Neuronal Function by Protein Kinases
and Phosphatases 197

Intracellular Signaling Affects Nuclear Gene Expression

208

Suggested Readings

Signaling Through G-Protein-Linked Receptors

205
References

209

[0 Postsynaptic Potentials and Synaptic Integration
JOHN H. BYRNE

[onotropic Receptors: Mediators of Fast Excitatory
and Inhibitory Synaptic Potentials 211

Metabotropic Receptors: Mediators of Slow Synaptic
Potentials 224

Integration of Synaptic Potentials

Synaptic Plasticity 227

229

Suggested Readings

226

References

230

Il Information Processing in Dendrites and Spines

NELSON SPRUSTON, MICHAEL HAUSSER,
AND GREG STUART

Introduction 231
Synaptic Integration in Passive Dendrites 234
239

250

Synaptic Integration in Active Dendrites
Structure and Function of Dendritic Spines
Computations Performed by Dendrites 254
Summary 258

258

Suggested Readings

References

259

FULL CONTENTS

| .. Brain Energy Metabolism
IGOR ALLAMAN AND PIERRE J. MAGISTRETTI

Energy Metabolism of the Brain as a Whole Organ 261
Tight Coupling of Neuronal Activity, Blood Flow, and Energy
Metabolism 264
Energy-Producing and Energy-Consuming Processes in the
Brain 269
Glutamate Metabolism: A Coordinated Shuttle Between Astrocytes
24
Brain Energy Metabolism at the Cellular Level
The Astrocyte-Neuron Metabolic Unit 283
284

and Neurons

276

References

111
NERVOUS SYSTEM DEVELOPMENT

| 5. Neural Induction and Pattern Formation
ANDREW LUMSDEN AND CLEMENS KIECKER

Neural Induction 287

Early Neural Patterning 292

Regionalization of the Central Nervous System
306

306

296
Conclusions
References

4. Cellular Determination

WILLIAM A. HARRIS, VOLKER HARTENSTEIN,
AND MARTYN GOULDING

309
310

The Proneural and Neurogenic Genes

Introduction
Neurogenesis
312
Transcriptional Hierarchies and Networks 314
Asymmetric Cell Division and Cell Fate 314
Neurons and Glia 316

Sensory Neurons of the Peripheral Nervous System
The Retina 323

The Spinal Cord 328
Motor Neurons 330
The Cerebral Cortex
Conclusions 335
References 335

320

332

[5. Neurogenesis and Migration
MARIANNE BRONNER AND MARY E. HATTEN

339
Development of the Peripheral Nervous System
Segmental Migration of Neural Crest Cells 345
Cell Migration in the CNS 347

References 357
Suggested Readings

Introduction
339

361



16. Growth Cones and Axon Pathfinding
ALEX L. KOLODKIN AND MARC TESSIER-LAVIGNE

Growth Cones Are Actively Guided 363

Guidance Cues for Developing Axons 366

Guidance Cues and the Control of Cytoskeletal
Dynamics 374

Guidance at the Midline: Changing Responses
to Multiple Cues 378

Topographic Mapping 380

References 382

| 7. Synapse Formation
STEVEN J. BURDEN AND PETER SCHEIFFELE
Development of the Neuromuscular Synapse 385

Synapse Formation in the Central Nervous System 394
References 402

|8, Programmed Cell Death and Neurotrophic Factors

RONALD W. OPPENHEIM, CAROLANNE E. MILLIGAN,
AND CHRISTOPHER S. VON BARTHELD

Cell Death and the Neurotrophic Hypothesis 406

The Origins of Programmed Cell Death and Its Widespread
QOccurrence in the Developing Nervous System 407

Functions of Neuronal Programmed Cell Death 409

Modes of Cell Death in Developing Neurons 410

The Mode of Neuronal Cell Death Reflects the Activation
of Distinct Biochemical and Molecular Mechanisms = 412

Nerve Growth Factor: The Prototype Target-Derived
Neuronal Survival Factor 416

The Neurotrophin Family 418

Neurotrophin Receptors 419

Secretion and Axonal Transport of Neurotrophins
and Pro-Neurotrophins 421

Signal Transduction Through TRK Receptors 423

Multiple Cytokines and Growth Factors Implement
Neurotrophic Activities 425

Programmed Cell Death Is Regulated by Interactions with
Targets, Afferents, and Nonneuronal Cells 429

The Role of Trophic Factors and Programmed Cell Death
in Neuropathology 431

References 434

Suggested Readings 435

[Y. Synapse Elimination
JUAN C. TAPIA AND JEFF W. LICHTMAN

Overview 437

The Purpose of Synapse Elimination 441

A Structural Analysis of Synapse Elimination at
the Neuromuscular Junction 443

A Role for Interaxonal Competition and Activity 446

Is Synapse Elimination Strictly a Developmental
Phenomenon? 453

References 454

FULL CONTENTS

20. Dendritic Development

HOLLIS CLINE, ANIRVAN GHOSH, YUH-NUNG JAN,
AND JOSH SANES

Dynamics of Dendritic Arbor Development 457
Transcriptional Control of Dendrite Development 458
Extracellular Regulation of Dendritic Development 460
Dendritic Development and Circuit Formation in
Mammalian Retina 466
Laminar Specificity in the Inner Plexiform Layer 466
Activity-Dependent Dendritic Development 469
The Synaptotrophic Model of Dendrite Development 469
Branch Retraction and Synapse Elimination 471
Calcium-Dependent Mechanisms that Mediate
Dendritic Growth 471
Protein Synthesis Dependent Regulation of Dendrite
Development 472
Convergence and Divergence 472
Conclusion 473
References 474

21. Early Experience and Sensitive Periods
ERIC 1. KNUDSEN

Birdsong: Learned by Experience 431
Sound Localization: Calibrated by Early Experience
in the Owl 483
Binocular Processing in the Mammalian Visual Cortex
Depends on Early Experience 487
A Sensitive Period for Shaping the Temperament
of Rats 489
Principles of Sensitive Period Learning 491
References 494
Suggested Readings 495

IV

SENSORY SYSTEMS

27 Fundamentals of Sensory Systems
STEWART H. HENDRY AND STEVEN S, HSIAO

Sensation and Perception 499

Receprors 501

Peripheral Organization and Processing 503
Central Pathways and Processing 505
Sensory Cortex 507

Summary 510

References 510

Suggested Readings 511

7. Chemical Senses: Taste and Olfaction
KRISTIN SCOTT

Taste 513
Olfaction 520



X

Different Odors Activate Different Combinations
of Glomeruli 524
Pheromone Detection 527

References 529

Suggested Readings 530

’4. The Somatosensory System

STEWART HENDRY AND STEVEN HSIAO

Peripheral Mechanisms of Somatic Sensation 531
Nociception 538

CNS Components of Somatic Sensation 540
Thalamic Mechanisms of Somatic Sensation 544
The Path from Nociception to Pain = 545
Cortical Representation of Touch 549
References 551

Suggested Readings 551

25 Audition

M. CHRISTIAN BROWN AND JOSEPH SANTOS-SACCHI

External and Middle Ear 553
The Cochlea 554

The Auditory Nerve 562
Central Nervous System 566
References 575

Suggested Readings 576

/6. Vision
R. CLAY REID AND W. MARTIN USREY

Overview 577

Sensory Systems Detect Contrast or Change 578
The Eye and the Retina 579

The Retinogeniculocortical Pathway 586
References 595

Suggested Readings 595

V

MOTOR SYSTEMS

/. Fundamentals of Motor Systems
STEN GRILLNER

Basic Components of the Motor System 600

Motor Programs Coordinate Basic Motor Patterns 602

Roles of Different Parts of the Nervous System in the
Control of Movement 605

Conclusion 611

Suggested Readings 611

FULL CONTENTS

‘5. The Spinal and Peripheral Motor System
GEORGE Z. MENTIS

Locomotion Is a Cycle 613

Connecting the Spinal Cord to the Periphery 615
Spinal Interneuron Networks 622

Descending Control of Spinal Circuits 627
Sensory Modulation 628

629

Suggested Readings

References

630

'V Control of Movement
MARC H. SCHIEBER AND JAMES F. BAKER

The Medial Postural System 631
The Lateral Voluntary System 638
Summary 650

References 650

)" The Basal Ganglia
JONATHAN W. MINK

Anatomy of the Basal Ganglia 653

Signaling in Basal Ganglia 661

The Effect of Basal Ganglia Damage on Behavior 664
Principles of Basal Ganglia Operation for Motor Control
Basal Ganglia Participation in Nonmotor Functions 669
References 675
Suggested Readings

668

676

Cerebellum

MARTHA BAGNALL, SASCHA DU LAC,
AND MICHAEL MAUK

677

Cellular and Synaptic Performance of the
Cerebellar Circuit 684

Cerebellar Function 687

References 695

Cerebellar Anatomy and Circuit

/. Eye Movements
RICHARD J. KRAUZLIS

Eye Movements Are Used to Stabilize Gaze or
to Redirect Gaze 697
The Mechanics of Moving the Eyes 700
The Fundamental Circuits for Stabilizing Gaze 703
The Commands for Redirecting Gaze are Formed
in the Brainstem 705
Gaze Movements are Controlled by the Midbrain
and Forebrain 707



FULL CONTENTS xi

The Control of Gaze Movements Involves Higher-Order
Processes 711

Conclusions 713

References 713

Suggested Readings 714

VI

REGULATORY SYSTEMS

33. The Hypothalamus: An Overview
of Regulatory Systems
J. PATRICK CARD AND LARRY W. SWANSON

Historical Perspective 717

Hypothalamic Cytoarchitecture 718

Functional Organization of the Hypothalamus 719

Effector Systems of the Hypothalamus are Hormonal
and Synaptic 722

References 726

Suggested Readings 727

34. Central Control of Autonomic Functions:
Organization of the Autonomic Nervous System
TERRY L. POWLEY

Sympathetic Division: Organized to Mobilize the Body

for Activity 730
Parasympathetic Division: Organized for Energy Conservation 734
The Enteric Division of the ANS: The Nerve Net Found

in the Walls of Visceral Organs 736
ANS Pharmacology: Transmitter and Receptor Coding 738
Autonomic Coordination of Homeostasis 740
Hierarchically Organized ANS Circuits in the CNS = 743
Perspective: Future of the Autonomic Nervous System 746
References 747
Suggested Readings 747

35. Neural Control of Respiratory
and Cardiovascular Functions
J.L. FELDMAN, D.R. MCCRIMMON, AND S F. MORRISON

Breathing 750
Where Are the Neurons Generating the Respiratory Pattern? 751
Discharge Patterns of Respiratory Neurons 752
Models for Respiratory Pattern Generation 752
Mechanoreceptors in the Lungs Adjust Breathing Pattern

and Initiate Protective Reflexes 756
Cardiovascular 757
Sensory Regulation of Respiratory and Cardiovascular Systems 761
Modulation and Plasticity of Respiratory Motor Output 762
References 765
Suggested Readings 766

36. Food Intake and Metabolism
STEPHEN C. WOODS AND EDWARD M. STRICKER

Caloric Homeostasis 767

Role of Caloric Homeostasis in Control of Food Intake 769
Central Control of Food Intake 776

Neuropeptides and the Control of Food Intake 777
References 781

Suggested Readings 781

37. Water and Salt Intake and Body Fluid Homeostasis
EDWARD M. STRICKER AND JOSEPH G. VERBALIS

Body Fluid Physiology 783
Osmotic Homeostasis 784
Volume Homeostasis 790
References 796

Suggested Readings 797

38. Neuroendocrine Systems
ANDREA C. GORE

The Hypothalamus is the Central Neuroendocrine Organ 799
Hypothalamic Control of Anterior Pituitary Hormones
and Their Regulated Functions 800
Hypothalamic Control of Posterior Pituirary Hormones
and Their Regulated Functions 813
Hormones, the Brain, and Behavior 815
References 817

39. Circadian Timekeeping
DAVID R. WEAVER AND PATRICK EMERY

Introduction 819
Overview of the Mammalian Circadian Timing System 819
A Hierarchy of Cell-Autonomous Circadian Oscillators 821
The Molecular Basis for Circadian Oscillation Is
a Transcriptional Feedback Loop 824
Circadian Photoreception in Mammals 832
Circadian Output Mechanisms 836
Diversity of Output Pathways Leading to Physiological
Rhythms 837
General Summary 843
References 844
Suggested Readings 845

40. The Neurobiology of Sleep and Dreaming
EDWARD F. PACE-SCHOTT AND J. ALLAN HOBSON

The Two States of Sleep: Rapid Eye Movement (REM)
and Non—Rapid Eye Movement (NREM) Sleep 847
Neural Control of the Sleep—Wake and REM/NREM Cycles 850

Systems Neuroscience of Sleep and Dreaming 859



xil FULL CONTENTS

Development and Phylogeny of Sleep 861
Sleep Disorders 862

The Purpose of Sleep 865

References 867

Suggested Readings 869

41. Reward, Motivation, and Addiction

GEORGE F. KOOB, BARRY ]. EVERITT,
AND TREVOR W. ROBBINS

Reward and Motivation 871
Addiction 879
References 896

VII

BEHAVIORAL AND COGNITIVE
NEUROSCIENCE

42. Human Brain Evolution
JON H. KAAS AND TODD M. PREUSS

Human Brain Evolution 901

The Brains of Early Mammals 901
Evolution of Primate Brains 906
Conclusions 916

References 917

Suggested Readings 918

43. Cognitive Development and Aging
PETER R. RAPP AND JOCELYNE BACHEVALIER

Brain Development 919

Cognitive Development and Aging: A Life Span Perspective 923
Cognitive Aging 927

Pathological Processes in Cognitive Development and Aging 934
Pathological Manifestations of Cognitive Aging: Dementia 940
References 943

Suggested Readings 944

44. Visual Perception of Objects

ANDREW H. BELL, LUIZ PESSOA, ROGER B.H. TOOTELL,
AND LESLIE G. UNGERLEIDER

The Problem of Object Recognition 947
Substrates for Object Perception and Recognition: Early
Evidence from Brain Damage 948
Visual Pathways for Object Processing in Nonhuman
Primates 950
Neuronal Properties within the Object Recognition Pathway 953
Functional Neuroimaging of Object Recognition 959
Perception and Recognition of Specific Classes of Objects 960
Overall Summary 966
References 966
Suggested Readings 968

45. Spatial Cognition
CARL R. OLSON AND CAROL L. COLBY

Neural Systems for Spatial Cognition 969
Parietal Cortex 970

Frontal Cortex 978

Medial Temporal Lobe 984

Spatial Cognition and Spatial Action 986
References 986

Suggested Readings 987

46. Attention

JOHN H. REYNOLDS, JACQUELINE P. GOTTLIEB,
AND SABINE KASTNER

Introduction 989

Definitions and Varieties of Attention 989

Neglect Syndrome: A Deficit of Spatial Attention 990

Attention Affects Neural Activity in the Human
Visual Cortex in the Presence and Absence
of Visual Stimulation 992

Single Unit Recording Studies in Nonhuman Primates
Provide Convergent Evidence for a Fronto-Parietal
Attentional Control System 994

Attention Increases Neuronal Responses and Boosts the
Clarity of Signals Generated by Neurons in Parts of
the Visual System Devoted to Processing Information
about Objects 998

Attention Modulates Neural Responses in the Lateral
Geniculate Nucleus 1000

The Visual Search Paradigm has been Used to Study the
Role of Attention in Selecting Relevant Stimuli from
within a Cluttered Visual Environment 1001

Where Is the Computational Bottleneck as Revealed by
Search Tasks? 1001

Neuronal Receptive Fields Are a Possible Neural Correlate

1002

Filtering of Unwanted Information in Humans 1004

Competition Can Be Biased by Nonspatial Feedback

1006
1006
Suggested Readings

of Limited Capacity

1005
Conclusions

References

1007

47. Learning and Memory: Basic Mechanisms
JOHN H. BYRNE

Paradigms Have Been Developed to Study Associative
and Nonassociative Learning 1009

Invertebrate Studies: Key Insights from Aplysia into Basic
Mechanisms of Learning 1010

Vertebrate Studies: Long-Term Potentiation

Long-Term Depression 1023

How Does a Change in Synaptic Strength Store

1016

a Complex Memory?! 1023
References 1026
Suggested Readings 1027



48. Learning and Memory: Brain Systems
JOSEPH R. MANNS AND ELIZABETH A. BUFFALO

Introduction 1029

Behavior Supported by Multiple Memory Systems 1048
Conclusion 1049

References 1049

Suggested Readings 1051

49, Language
DAVID N. CAPLAN AND JAMES L. GOULD

Animal Communication 1053

Human Language 1057

Neural Organization for Language 1060
Conclusions 1066

References 1067

Suggested Readings 1067

50. The Prefrontal Cortex and Executive
Brain Functions
EARL K. MILLER AND JONATHAN D. WALLIS

Introduction 1069
Anatomy and Organization of the Prefrontal Cortex 1069

FULL CONTENTS xiii

Effects of Damage to the Prefrontal Cortex in Humans 1071
Neuroimaging Studies and PFC 1074

Effects of Damage to the Prefrontal Cortex in Monkeys 1075
Neurophysiology of the Prefrontal Cortex 1078

Theories of Prefrontal Cortex Function 1083

References 1088

Suggested Readings 1089

51. The Neuroscience of Consciousness
CHRISTOF KOCH

What Phenomena Does Consciousness
Encompass? 1091

The Neurobiology of Free Will 1092

Consciousness in Other Species 1093

Arousal and States of Consciousness 1093

The Neuronal Correlates of Consciousness 1096

The Neuronal Basis of Perceptual Illusions 1097

Perceptual Puzles of Contemporary Interest 1098

Forward versus Feedback Projections 1099

An Information-Theoretical Theory of Consciousness 1100

Conclusion 1101

References 1102

Index 1105



List of Boxes

2.1: The Neuron Doctrine 16
2.2: Cajal: Iconoclast to Icon 20
2.3: Anatomical Relationships in the Vertebrate Body 21
5.1: Nernst Equation 96
5.2: Goldman-Hodgkin-Katz Equation 93
5.3: Voltage-Clamp Technique 103
5.4: lon Channels and Disease 107
6.1: MAO and COMT Inhibitors in the Treatment of Neuropsychiatric Disorders 125
6.2: Going for Gases as Neurotransmitter 134
10.1: Optogenetics 213
11.1: Neuronal Cable Theory and Computational Modeling 232
11.2: Dendritic Recording 235
11.3: Imaging Dendritic Function 242
12.1: Positron Emission Tomography (PET) and Functional Magnetic Resonance Imaging (fMRI) 266
12.2: Hepatic Encephalopathy 275
14.1: Neural Stem Cells 318
15.1: Adult Neurogenesis 352
17.1: Torpedo Electric Organ 386
17.2: Synaptic Targets in Neurodevelopmental Disorders 398
19.1: a—Bungarotoxin 448
20.1: Rho GTPases Control the Structure of the Dendritic Cytoskeleton 464
21.1: Sensitive Periods in Humans 480
21.2: Filial Imprinting: Babies Learn to Recognize Their Parents 492
23.1: Identifying a Genetic Locus Linked to Bitter Taste Perception 516
23.2: Taste Cells in Fruit Flies 518
23.3: Sensing Thousands of Chemicals with a Handful of Neurons 522
25.1: Otoacoustic Emissions 560
25.2: Cochlear Implants 561
25.3: Giant Synaptic Terminals: Endbulbs and Calyces 568
25.4: Bat Echolocation 573
26.1: Kuffler’s Study of Center-Surround Retinal Ganglion Cells 578
26.2: Quantitative Methods in the Study of Visual Neurons Classification of Retinal Ganglion Cells 582
26.3: Inherited and Acquired Defects of Color Vision: Retinal and Cortical Mechanisms 584
26.4: Vision in Mice 585
27.1: Central Pattern Generator Networks 604
28.1: Species Diversity in Neuromuscular Systems 614
28.2: Myasthenia and Myasthenic Disorders 618
28.3: Motor Neuron Diseases 622
28.4: Nonlinear Properties of Motor Neurons and CPG Interneurons 625
28.5: Neural Control of Human Walking 627
29.1: Vestibular Plasticity 637
29.2: Meniere Syndrome 638
29.3: Pyramids in the Brain 640

. 4%



