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PREFACE

This book covers the extraordinary range of contemporary visual neuroscience,
from molecules and cell assemblies to systems and therapy. Nowhere in the neuro-
sciences has progress been so rapid as in the vision sciences. A book of this scope,
which is even broader than the original Visual Neurosciences assembled 10 years ago,
requires expert advice in many specialties even though the final productis intended
for nonspecialists. We have been fortunate in enlisting the help of associate editors,
authorities in various areas of vision science, with whom we have enjoyed a smooth
working relationship through a variety of common bonds with the University of
California at Davis. They reviewed chapters and solicited expertise from a large
number of reviewers. We are grateful to all these colleagues for helping to bring
this book to completion.

We thank Susan Garcia and Rieko Ringo for administrative support and for labor-
ing long hours beyond their normal work day. We are also grateful to Laura Leming,
Cameron Blount, and Grace Dell’Olio. In addition, the editorial staff at the MIT
Press were not only cordial task masters, but reliable, supportive, and professional,
especially Robert Prior, Susan Buckley, and Katherine Almeida. They provided valu-
able guidance at all stages. Finally, we thank the authors for adhering to tight
deadlines in order to produce a book that is both up to date and of archival value,
a work that we hope will inspire readers who are only beginning their quest in the
visual neurosciences and those established scientists who wish to broaden the scope
of their interests in The New Visual Neurosciences.



CONTENTS

Preface XV

1 A Decade of Progress and New Directions in the Visual Neurosciences 1
JOHN S. WERNER AND LEO M. CHALUPA

I RETINAL MECHANISMS AND PROCESSES

2  Visual Transduction by Rod and Cone Photoreceptors 7
MARIE E. BURNS AND EDWARD N. PUGH, JR.

3  Membrane Protein Transport in Mouse Photoreceptors: Trafficking of Visual

Pigments and Transducin 19
WOLFGANG BAEHR, RYAN CONSTANTINE, HOUBIN ZHANG, AND JEANNE M.
FREDERICK

4  Photoreceptor-RPE Interactions: Diurnal Phagocytosis 29
LINDA RUGGIERO AND SILVIA C. FINNEMANN

5  Information Transfer at the Rod-to-Rod Bipolar Cell Synapse 39
ALAPAKKAM P. SAMPATH

6 Cone Bipolar Cells: ON and OFF Pathways in the Outer Retina 53
STEVEN H. DEVRIES

7  Horizontal Cells: Lateral Interactions at the First Synapse in the
Retina 63
RICHARD H. KRAMER

8  Stratification of the Inner Plexiform Layer in the Mammalian Retina 75
STEPHEN L. MILLS AND STEPHEN C. MASSEY



vi

CONTENTS

10

11

12

13

14

15

II

16

17

18

III

19

20

21

Mind the Gap: The Functional Roles of Neuronal Gap Junctions in the
Retina 93
STEWART A. BLOOMFIELD AND BELA VOLGYI

Retinal Connectomics: A New Era for Connectivity Analysis 107
ROBERT E. MARC, BRYAN W. JONES, J. SCOTT LAURITZEN, CARL B. WATT, AND
JAMES R. ANDERSON

Synaptic Mechanisms of Color and Luminance Coding: Rediscovering the
X~Y-Cell Dichotomy in Primate Retinal Ganglion Cells 123
JOANNA D. CROOK, ORIN S. PACKER, JOHN B. TROY, AND DENNIS M. DACEY

Correlated Activity in the Retina 145
FRED RIEKE AND E. J. CHICHILNISKY

The Retina Dissects the Visual Scene into Distinct Features 163
BOTOND ROSKA AND MARKUS MEISTER

Intrinsically Photosensitive Retinal Ganglion Cells 183
DAVID M. BERSON

Postreceptoral Mechanisms for Adaptation in the Retina 197
YANBIN V. WANG AND JONATHAN B. DEMB

ORGANIZATION OF VISUAL PATHWAYS

The M, P, and K Pathways of the Primate Visual System Revisited 215
EHUD KAPLAN

Ventral and Dorsal Cortical Processing Streams 227
ANDREW H. BELL, TATIANA PASTERNAK, AND LESLIE G. UNGERLEIDER

Network of Mouse Visual Cortex 243
ANDREAS BURKHALTER, OLAF SPORNS, ENQUAN GAO, AND QUANXIN WANG

SUBCORTICAL PROCESSING

The Lateral Geniculate Nucleus and Pulvinar 257
S. MURRAY SHERMAN AND R. W. GUILLERY

Light Responsiveness and Photic Entrainment of the Mammalian Circadian
Clock 285
JOHANNA H. MEIJER, SAMER HATTAR, AND JOSEPH S. TAKAHASHI

Inhibitory Circuits in the Visual Thalamus 301
JUDITH A. HIRSCH, XIN WANG, VISHAL S. VAINGANKAR, AND FRIEDRICH T.
SOMMER



22

23

24

IV

25

26

27

28

29

30

31

32

33

34

35

Functional Properties of Cortical Feedback to the Primate Lateral Geniculate
Nucleus 315
FARRAN BRIGGS AND W. MARTIN USREY

Superior Colliculus and Visual Attention 323
RICHARD J. KRAUZLIS

Attentional Activation in Corticothalamic Loops of the Visual System 339
ANDRZE] WROBEL

PROCESSING IN PRIMARY VISUAL CORTEX

Cell Types and Local Circuits in Primary Visual Cortex of the
Macaque Monkey 353
EDWARD M. CALLAWAY

The Cortical Assembly of Visual Receptive Fields 367
SARI ANDONI, ANDREW TAN, AND NICHOLAS J. PRIEBE

The Cortical Organization of Binocular Vision - 381
RALPH D. FREEMAN

Cortical Pathways for Binocular Depth 397
ANDREW J. PARKER

Functional Organization of Circuits in Rodent Primary Visual Cortex 409
CRISTOPHER M. NIELL, VINCENT BONIN, AND MARK L. ANDERMANN

Beyond the Classical Receptive Field: Surround Modulation in Primary
Visual Cortex 425

ALESSANDRA ANGELUCCI AND S. SHUSHRUTH

Peripheral Guidance of Cortical Organization 445
DARIO L. RINGACH

Brain State and Geniculocortical Communication 455
HARVEY A. SWADLOW AND JOSE MANUEL ALONSO

BRIGHTNESS AND COLOR

Color Vision and the Retinal Mosaic 469

HEIDI J. HOFER AND DAVID R. WILLIAMS

The Interaction of Rod and Cone Signals: Pathways and
Psychophysics 485

STEVEN L. BUCK

Brightness and Lightness 499
FREDERICK A. A. KINGDOM

CONTENTS vil



viii

CONTENTS

36

37

38

39

40

41

VI

42

43

44

45

46

47

VII

48

49

Color Appearance, Language, and Neural Coding 511
DELWIN T. LINDSEY AND ANGELA M. BROWN

Adaptation in Color and Form Perception 533
MICHAEL A. WEBSTER

Color Constancy 545
DAVID H. BRAINARD AND ANA RADONJI¢

Recent Developments in Comparative Color Vision 557
GERALD H. JACOBS

Color in the Primary Visual Cortex 569
ROBERT SHAPLEY, MICHAEL HAWKEN, AND ELIZABETH JOHNSON

The Processing of Color in Primate Extrastriate Cortex 587
DANIEL C. KIPER AND KARL R. GEGENFURTNER

PATTERN, SURFACE, AND SHAPE

Spatial Scale in Visual Processing 595
ROBERT F. HESS

Configural Pooling in the Ventral Pathway 617
HUGH R. WILSON AND FRANCES WILKINSON

Contour Integration and the Association Field 627
DAVID J. FIELD, JAMES R. GOLDEN, AND ANTHONY HAYES

Texture Analysis and Perception 639
MICHAEL S. LANDY

The Perceptual Organization of Depth, Lightness, Color, and
Opacity 653
BARTON L. ANDERSON

Image-Parsing Mechanisms of the Visual Cortex 665
RUDIGER VON DER HEYDT

OBJECTS AND SCENES

Visual Crowding 681
DENNIS M. LEVI

From Textures to Crowds: Multiple Levels of Summary Statistical
Perception 695
DAVID WHITNEY, JASON HABERMAN, AND TIMOTHY D. SWEENY



50

51

52

Face Perception 711
GILLIAN RHODES AND ANDREW J. CALDER

Scene Perception 725
AUDE OLIVA

The Functional Organization of the Ventral Visual Pathway in
Humans 733
NANCY KANWISHER AND DANIEL D. DILKS

VIIITIME, MOTION, AND DEPTH

53 Visual Time Perception 749

54

55

56

57

58

IX

59

60

61

62

ALAN JOHNSTON

Motion Perception: Human Psychophysics 763
DAVID BURR

Functional Mapping of Motion Regions in Human and Nonhuman
Primates 777 :
GUY A. ORBAN AND JAN JASTORFF

The Cortical Analysis of Optic Flow: Mechanism, Function, and
Dysfunction 793
CHARLES J. DUFFY

Stereopsis 809
CLIFTON M. SCHOR

Binocular Rivalry Updated 825
RANDOLPH BLAKE

EYE MOVEMENTS

Natural Eye Movements and Vision 849
MICHAEL B. MCCAMY, STEPHEN L. MACKNIK, AND SUSANA MARTINEZ-CONDE

Neural Mechanisms of Fixations and Saccades: The Eye Plant and Low-Level
Control 865
LANCE M. OPTICAN, PIERRE M. DAYE, AND CHRISTIAN QUAIA

Neural Mechanisms of Eye Movements: Three-Dimensional Control and
Perceptual Consequences 879

ELIANA M. KLIER, GUNNAR BLOHM, AND ]J. DOUGLAS CRAWFORD

Neural Mechanisms for Smooth Pursuit Eye Movements 893
MICHAEL J. MUSTARI AND SEIJI ONO

CONTENTS X



X

CONTENTS

63

64

65

66

67

68

69

70

71

72

73

74

75

76

Selection of Targets for Saccadic Eye Movements: An Update 907
JEFFREY D. SCHALL

Neural Mechanisms of Target Selection in the Superior Colliculus 921
UDAY K. JAGADISAN AND NEERA] J. GANDHI

The Dialogue between Cerebral Cortex and Superior Colliculus: Multiple
Ascending Pathways for Corollary Discharge 935
MARC A. SOMMER AND ROBERT H. WURTZ

Interaction between Eye Movements and Vision: Perception during
Saccades 947
M. CONCETTA MORRONE

Plasticity of Eye Movement Control 963
PABLO M. BLAZQUEZ AND ANGEL M. PASTOR

The Neurology of Eye Movements: From Control Systems to Genetics to Ion
Channels to Targeted Pharmacotherapy 977
DAVID S. ZEE AND AASEF G. SHAIKH

CORTICAL MECHANISMS OF ATTENTION, COGNITION, AND
MULTIMODAL INTEGRATION

Perceptual Learning 991
YUKA SASAKI AND TAKEO WATANABE

Perceptual Learning and Plasticity in Primary Visual Cortex 1001
WU LI AND CHARLES D. GILBERT

Selective Neuronal Synchronization and Attentional Stimulus Selection in
Visual Cortex 1013
THILO WOMELSDORF, CONRADO BOSMAN, AND PASCAL FRIES

Visuomotor Control 1031
MELVYN A. GOODALE

The Evolution of Parietal Areas Associated with Visuomanual Behavior: From
Grasping to Tool Use 1049

DYLAN F. COOKE, ADAM GOLDRING, GREGG H. RECONZONE, AND LEAH
KRUBITZER

Auditory-Visual Interactions 1065
CHARLES SPENCE

Neuroimaging Studies on Human Attention Networks in Visual and
Frontoparietal Cortex 1079
GEOFFREY M. BOYNTON AND SABINE KASTNER

Attentional “Spotlight” in Early Visual Cortex 1097
DAVID C. SOMERS



77

78

XI

79

80

81

82

83

84

85

XII

86

87

88

89

Feature-Based Attention in Primates: Mechanisms and Theoretical
Considerations 1107
JULIO C. MARTINEZ-TRUJILLO AND PAUL S. KHAYAT

Parietal Mechanisms of Attentional Guidance: The Role of Learning and
Cognition 1121
JACQUELINE GOTTLIEB

INVERTEBRATE VISION

Invertebrate Vision: Optics and Behavior 1141
MICHAEL F. LAND

Visual Navigation Strategies in Insects: Lessons from Desert Ants 1153
RUDIGER WEHNER, KEN CHENG, AND HOLK CRUSE

Vision and Body Coloration in Marine Invertebrates 1165
JUSTIN MARSHALL AND KAREN L. CHENEY

The Cognitive Structure of Visual Navigation in Honeybees 1179
RANDOLF MENZEL

Neurobiology of Movement-Sensitive Behavior in Flies 1191
ALEXANDER BORST

Polarization Vision in Arthropods 1207
UWE HOMBERG AND BASIL EL JUNDI

Vision and Navigation in Insects, and Applications to Aircraft

Guidance 1219

MANDYAM V. SRINIVASAN, RICHARD J. D. MOORE, SAUL THURROWGOOD, DEAN
SOCCOL, DANIEL BLAND, AND MICHAEL KNIGHT

THEORETICAL PERSPECTIVES

The Evolution of the Visual System in Primates 1233
JON H. KAAS ’

What Natural Scene Statistics Can Tell Us about Cortical
Representation 1247
BRUNO A. OLSHAUSEN AND MICHAEL S. LEWICKI

Vision: Bayesian Inference and Beyond 1263
DANIEL KERSTEN AND ALAN YUILLE

Neural Oscillations and Synchrony as Mechanisms for Coding,

Communication, and Computation in the Visual System 1279
FRIEDRICH T. SOMMER

CONTENTS

x1



XIIIMOLECULAR AND DEVELOPMENTAL PROCESSES

90

91

92

93

94

95

96

97

98

99

Development of Retinal Arbors and Synapses 1291
JEREMY N. KAY AND JOSHUA R. SANES

The Role of DSCAMs in the Neural Development of the Retina and Visual
System 1305
ABIGAIL L. D. TADENEV, ANDREW M. GARRETT, AND ROBERT W. BURGESS

The Development of Retinal Decussations 1317
CAROL MASON, TAKAAKI KUWAJIMA, AND QING WANG

Mechanisms of Axon Guidance and Adhesion Signaling in Thalamocortical
Axon Targeting 1335
PATRICIA F. MANESS

Development of Direction Selectivity 1347
AARON M. HAMBY AND MARLA B. FELLER

Mechanisms of Visual Cortex Plasticity during Development 1359
IKUE NAGAKURA, NIKOLAOS MELLIOS, AND MRIGANKA SUR

Role of Glial Cells and Immune Molecules in Visual Development 1369
ALLISON R. BIALAS AND BETH STEVENS

Optic Nerve Regeneration 1387
LARRY I. BENOWITZ AND SILMARA DE LIMA

Conformity and Specificity of Primate Corticogenesis 1407
MARION BETIZEAU, COLETTE DEHAY, AND HENRY KENNEDY

Neural Limitations on Visual Development in Primates: Beyond Striate
Cortex 1423
LYNNE KIORPES AND J. ANTHONY MOVSHON

100 The Molecular and Structural Basis of Amblyopia 1433

JASON E. COLEMAN, ARNOLD J. HEYNEN, AND MARK F. BEAR

XIV TRANSLATIONAL VISUAL NEUROSCIENCE

101 Translational Research for Optic Nerve Disorders: Overview 1447

NEIL R. MILLER

102 Transcriptional Regulation of Photoreceptor Development 1467

VINOD RANGANATHAN AND DONALD ]J. ZACK

103 Retinopathy of Prematurity: A Template for Studying Retinal Vascular

Xii CONTENTS

Disease 1483
MARY ELIZABETH HARTNETT



104 Human Choriocapillaris Development 1503
D. SCOTT MCLEOD AND GERARD A. LUTTY

105 Treatment of Neovascular Age-Related Macular Degeneration 1515
RAJENDRA S. APTE AND RITHWICK RAJAGOPAL

106 Bruch’s Membrane in Outer Retinal Health and Disease 1529
CHRISTINE A. CURCIO

107 Macular Pigment: Characteristics and Role in the Older Eye 1547
IAN J. MURRAY

108 Molecular Mechanisms Underlying Non-Neovascular Age-Related Macular
Degeneration 1563
MARK E. KLEINMAN AND JAYAKRISHNA AMBATI

109 Gene Therapy for Retinal Degeneration 1577
CURTIS R. BRANDT

110 Retinal Cell Replacement 1593
MANDEEP S. SINGH AND ROBERT E. MACLAREN

111 Stem Cell Therapies for Visual Disorders 1611
PETER D. WESTENSKOW AND MARTIN FRIEDLANDER

112 Retinal Prostheses 1627
MARK S. HUMAYUN, JAMES D. WEILAND, AND DEVYANI NANDURI

Contributors 1641

Index 1647

CONTENTS xiii



]. A Decade of Progress and New Directions

in the Visual Neurosciences

JOHN S. WERNER AND LEO M. CHALUPA

Even Charles Darwin was initially overwhelmed by the
enormous variation among species in the manner in
which the seemingly effortless task of vision is accom-
plished. In all species, vision begins with a cascade of
molecular reactions in response to the absorption of
electromagnetic radiation, but so varied are the “inimi-
table contrivances,” wrote Darwin (1859), that the
thought they “could have been formed by natural selec-
tion, seems, I freely confess, absurd to the highest pos-
sible degree” (p. 186). But Darwin overcame his own
skepticism, perhaps aided by the realization that, despite
a long evolutionary history, the eye is not perfect
and is still subject to protracted processes of natural
selection.

The visual system has attracted the curiosity of many
other great scientists as well. In most cases, understand-
ing vision was not only a challenge in its own right but
also a test bed for larger fundamental principles. Isaac
Newton (1704), for example, after working out the laws
of motion and the planetary bodies and inventing the
calculus, launched the modern era of vision science
with his discovery of the nature of light. His insight that
“the Rays to speak properly are not coloured” (p. 124)
led to the realization that the proper understanding of
vision is not to be found in the nature of light but in
the nature of the visual pathways. He then went on to
discover the partial decussation of the human visual
pathways. One hundred years later another great phys-
icist credited with unifying our understanding of elec-
tricity and magnetism, James Clerk Maxwell (1872),
concluded from his experiments on color that vision
science is “essentially a mental science” (p. 261). To the
list of extraordinary scientists who facilitated the visual
neurosciences, we could add the names of: Thomas
Young, Jan Evangelista Purkinje, Charles Wheatstone,
David Ferrier, Johannes Miiller, Hermann von Helm-
holtz, Ewald Hering, Ernst Mach, and countless others.

The rapid growth of the vision sciences and the
extraordinary interdisciplinary nature of the effort
made it necessary to create anthologies even in the early
twentieth century. The first and most important was

published in 1909 as Helmholtz’s third edition of the
Handbuch der physiologischen Optik (Helmholtz, 1909),
which included not only his own writings from the first
edition but also those of Gullstrand, von Kries, and
Nagel. It would be many years later before edited
volumes would follow, but they did so with increasing
frequency as the field progressed and expanded in
scope. Some that have shaped our own education
include Graham’s (1965) Vision and Visual Perception and
the many volumes of The Handbook of Sensory Physiology
(Autrum et al., 1971-1984). Other volumes integrated
vision science with various areas of neuroscience such
as the workshops held in Boulder, culminating in a
series called, The Neurosciences (for example, Schmitt &
Worden, 1979). The integration of visual neurophysiol-
ogy and perception in a manner that could be accessible
to students led to Visual Perception: The Neurophysiological
Foundations (Spillmann & Werner, 1990). All of these
volumes remain important, not just for their rich histo-
ries but for many gems lying in wait to be rediscovered
and as brilliant examples of how to think about vision.

Ten years ago we assembled summaries of all areas of
visual neuroscience from leaders in the field who
covered the state of the art, which had by then expanded
to include molecular processes, extraclassical receptive
fields, and excitement about extrastriate cortex, which
together with striate cortex was understood to include
more than one-third of the primate brain and promised
to link visual cognition to visual neurophysiology. The
state of our understanding of these processes was
summarized in two edited volumes called The Visual
Neurosciences (Chalupa & Werner, 2004). It provided a
comprehensive set of reviews of the field by leading
international authorities in language intended for non-
experts and beginning graduate students. We could not
have anticipated that, in only one decade, many of
these areas would advance so fast and so far as to require
much more than an update, because there is so much
that is new.

The New Visual Neurosciences is a comprehensive review
of the vast progress of the past decade. Most of the



authors are new, and a few chapters are updated, but
many cover entirely new topics. The chapters in the
previous volume should be consulted along with this
one, as they contain an essential body of information
that is only partially repeated here.

Chapters 2-15 of the section on Retinal Mechanisms
and Processes describe how photoreceptor signals are
processed in the retina and compressed for transmis-
sion to other brain areas by some 1 million optic nerve
fibers. Much of what is known about the structure of
cells in the retina is owed to the Golgi stain so effectively
exploited by Ramén y Cajal (1892/1972), but remark-
able new techniques described in this section such as
optogenetics, targeted fluorescent markers, and trans-
synaptic viral labeling are revolutionizing our under-
standing of anatomical organization and are aided
further by connectomics and multielectrode arrays that
permit ensembles of cellular interactions and outputs
to be discovered, quantified, and manipulated at a level
that is without precedent. Topics included here that
were not covered in the first edition of this book include:
connectomics, gap junctions, retinal feature detection,
correlated activity, intrinsically photosensitive ganglion
cells, and postreceptoral adaptation.

Central mechanisms of vision encompass chapters
16-32, divided into sections on Organization of Visual
Pathways, Subcortical Processing, and Processing in Primary
Visual Cortex. They collectively provide an up-to-date
account of our understanding of the functional organi-
zation of neural pathways that interconnect visual areas
in the brain, the circuit mechanisms responsible for the
generation of emergent receptive-field properties, and
the influence of brain state and behavior on visual pro-
cessing in early visual areas. Our understanding of these
topics has grown since the discovery of what is now
known as the classical receptive field (Barlow, 1953;
Kuffler, 1953). The effort has benefited tremendously
from the increasing use of alert monkeys for studying
early visual processing as well as the addition of the
genetically modifiable mouse as a major model system
for understanding vision. Specific topics included here
that were not covered in the first edition of this book
include cortical connectomics, the role of inhibition
and other identified local circuits for visual processing,
the dynamic properties of neural circuits for vision, and
feedback from cortex to lateral geniculate nucleus.
Indeed, all of these areas are shaped by feedback from
other areas, cortical and subcortical, making it possible
for top-down influences to shape our visual perception
by attention and prior learning.

The sections on Brightness and Color (chapters 33—-41),
Pattern, Surface, and Shape (chapters 42-47), Objects and
Scenes (chapters 48-52), and Time, Motion, and Depth
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(chapters 53-58) highlight the extension of analyses of
visual coding to higher stages of visual processing and
to more ecologically relevant contexts where analyses
of the properties of natural images continue to play an
important role. This can be seen in the way subjects
such as color and brightness constancy have changed
to the newly added sections in this volume on topics
such as face and scene perception. This myriad of visual
recognition tasks is normally taken for granted but still
can be accomplished to only a limited extent by artifi-
cial vision systems. More than half of the chapters in
the pattern, object, scene, and motion sections are new
to this work. The remaining chapters are complete revi-
sions, focusing entirely on the last 10 years of research.
The first edition provides a basic foundation that is not
repeated in the new chapters. The revised and new
chapters fill in crucial advances, linking low-level pattern
and texture analysis to surface representation, object
recognition, and, finally, scene processing. Entirely new
subfields are represented in the new book, for example,
on time perception. The chapters cover a wider range
of techniques including psychophysics, functional
imaging, and brain stimulation, and they introduce new
avenues of investigation on midlevel vision and spatio-
temporal perception.

A comprehensive coverage of all forms of Eye Move-
ments is provided by chapters 59-68. Natural vision is an
active and dynamic process that depends on eye move-
ments to stabilize the image of objects on the retina and
to direct the eyes to regions of high visual salience.
These operations are carried out by complex subcorti-
cal and cortical circuits, and the dialogues between eye
movements and sensory systems are essential in disam-
biguating signals generated by the motion of the eye
itself from those present in the external world. The
opening chapter of this section reviews the role of eye
movements in natural behavior. Subsequent chapters
describe the eye’s orbital mechanics and the circuitry
underlying eye movements and target selection. The
final chapter reviews the neurology of eye movements
and how models of the eye movement circuitry and
cellular neurophysiology are being used to diagnose
and treat eye movement disorders.

In this edition several chapters investigate how visual
information is integrated with other sensory systems as
well as the motor system in order to generate visually
guided movements. How the parietal lobe and other
traditionally considered multisensory cortical areas are
involved in complex processing is now covered in chap-
ters related to visual-auditory interactions and visually
guided movements. These chapters are embedded
with related chapters that comprise the section on Cor-
tical Mechanisms of Attention, Cognition, and Multimodal



Integration (chapters 69-78). The last decade has seen
an explosion of work in the cognitive neurosciences,
spurred largely by advances in methods that measure
ongoing activity in the human and nonhuman primate
brain during complex awake behaviors. Leaders in the
field describe signature accomplishments in under-
standing of how extrasensory processing and multi-
modal integration contribute to visual perception in
the earliest stages of sensory processing and the control
mechanisms that support these changes.

Invertebrate Vision (chapters 79-85) was not included
in the previous edition, but it has an important place
in our description of neural mechanisms mediating
vision. Because of the relatively small numbers of
neurons in their visual pathways (compared to verte-
brates) and the relative ease with which their electro-
physiological responses can be recorded (by virtue of
their large size, especially at the peripheral levels of the
visual pathways), invertebrates have spearheaded our
understanding of a number of fundamental principles
of visual processing. Examples include the first investi-
gations of phototransduction and photoreceptor phys-
iology—in the horseshoe crab, Limulus (Fuortes, 1959),
the first discovery of lateral inhibition and of its role in
sharpening visual contours as described perceptually by
Mach—again in Limulus (Hartline & Ratliff, 1957), and
the first quantitative characterization of visual motion
detection—in the beetle Chlorophanus (Hassenstein &
Reichardt, 1956). Invertebrates continue to fascinate
and challenge, with chapters from this volume elucidat-
ing, for example, the perception of polarized light (a
domain of vision that lies entirely outside our own) and
its use in navigation and the color vision of mantis
shrimps, which possess over a dozen spectral classes of
photoreceptors. This section is closely linked with the
following section on Theoretical Perspectives.

Theoretical Perspectives (chapters 86-89) presents some
of the prevailing theories regarding the evolution of the
visual system and the principles that underlie its func-
tion. The opening chapter in this section describes the
features of the primate visual system that distinguish it
from those of other mammals, and it provides a possible
account for how these features evolved and how they
became diversified as an adaptation to variations in
ecological niche and primate lifestyles. Two related
theoretical frameworks are provided in chapters on the
neural computations underlying visual perception. One
attempts to account for aspects of neural coding and
representation in terms of their relation to natural
scene statistics, and the other attempts to show how
visual systems learn and exploit these statistics for infer-
ential computations. There is much new work on these
topics since the last edition that is emphasized in both

chapters. An issue that has been a subject of much
theoretical speculation and debate in visual neurosci-
ence is the role that neural oscillations play in informa-
tion processing. The past decade has seen a resurgence
of interest and study on this topic, and the final chapter
in this section provides an up-to-date account of the
latest experimental and theoretical developments.

Chapters 90-100, Molecular and Developmental Pro-
cesses, describe visual system development from retina
to visual cortex. These chapters cover the wide range of
events that constitute neural development, from prena-
tal events such as neurogenesis and neuronal migration
through molecular specification of cell types, formation
of connections, development of functional properties,
and activity-dependent plasticity. Many of these topics
were covered in the first edition, but the dramatically
increased depth of the science included here illustrates
the significant advances over the past 10 years in this
field in understanding the molecular mechanisms that
mediate the development of the visual system. New
molecular and genetic techniques have revealed unex-
pected complexity in cell types within the retina and
equally complex mechanisms to specify the proper con-
nections among those cell types. The standardization of
the mouse visual system for studying development and
plasticity has pushed the field forward, allowing major
advances in determining the learning rules that govern
activity-dependent plasticity as well as in identifying
central molecular pathways that mediate this plasticity.
Combining the now widespread availability of knockout
mice with cutting-edge genomic and imaging tech-
niques has also provided critical insight into how pro-
jections find their targets at multiple levels within the
visual system. These advances have identified many
classes of new molecules involved in visual system devel-
opment, including immune molecules and glial-derived
factors. Finally, these accomplishments in understand-
ing the rules that regulate visual system development
have facilitated truly remarkable and groundbreaking
advances in understanding and promoting optic nerve
regeneration, reviewed here.

The final section of the book, Translational Visual
Neuroscience (chapters 101-112) is closely related to the
preceding section on development. The previous
edition did not cover applied research, but progress in
the field now requires a separate translational section.
Its inclusion here is because of the amazing scientific
progress in novel treatment modalities, many of
which are made possible only by building on equally
remarkable progress in basic science that has directed
these new understandings to attack ocular disease.
Disease processes begin at the molecular level and

can sometimes be addressed by controlling
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