
RETINAL DEVELOPMENT

This advanced text takes a developmental approach to the presentation of our current under-
standing of how vertebrates construct a retina. The book starts by examining how a patch
of ectoderm becomes committed to make the eyes. It proceeds through the generation of
the retinal neurons and how they connect up, culminating in the emergence of the first light
responses. Written by experts in the field, each of the 17 chapters covers a specific step in
this process, focusing on the underlying molecular, cellular and physiological mechanisms.
There is also a special section on emerging technologies including genomics, zebrafish
genetics and stem cell biology that are starting to yield important new insights into reti-
nal development. Primarily aimed at professionals, both biologists and clinicians working
with the retina, this book provides a concise and up-to-date view of what is known about
vertebrate retinal development. Since the retina is ‘an approachable part of the brain’, this
book is also attractive to all neuroscientists interested in development, as processes required
to build this exquisitely organized system are ultimately relevant to all other parts of the
central nervous system.
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‘This book is dedicated to the prevention of blindness.’

www.cambridge.org© Cambridge University Press

Cambridge University Press
978-0-521-83798-9 - Retinal Development
Edited by Evelyne Sernagor, Stephen Eglen, Bill Harris and Rachel Wong
Frontmatter
More information

http://www.cambridge.org/0521837987
http://www.cambridge.org
http://www.cambridge.org


Contents

List of contributors page ix
Foreword xi
Alan Bird
Preface xiii
Acknowledgements xv

1 Introduction – from eye field to eyesight 1
Rachel O. L. Wong

2 Formation of the eye field 8
Michael E. Zuber and William A. Harris

3 Retinal neurogenesis 30
David H. Rapaport

4 Cell migration 59
Leanne Godinho and Brian Link

5 Cell determination 75
Michalis Agathocleous and William A. Harris

6 Neurotransmitters and neurotrophins 99
Rachael A. Pearson

7 Comparison of development of the primate fovea centralis
with peripheral retina 126

Anita Hendrickson and Jan Provis
8 Optic nerve formation 150

David W. Sretavan
9 Glial cells in the developing retina 172

Kathleen Zahs and Manuel Esguerra
10 Retinal mosaics 193

Stephen J. Eglen and Lucia Galli-Resta
11 Programmed cell death 208

Rafael Linden and Benjamin E. Reese
12 Dendritic growth 242

Jeff Mumm and Christian Lohmann
13 Synaptogenesis and early neural activity 265

vii

www.cambridge.org© Cambridge University Press

Cambridge University Press
978-0-521-83798-9 - Retinal Development
Edited by Evelyne Sernagor, Stephen Eglen, Bill Harris and Rachel Wong
Frontmatter
More information

http://www.cambridge.org/0521837987
http://www.cambridge.org
http://www.cambridge.org


viii Contents

Evelyne Sernagor
14 Emergence of light responses 288

Evelyne Sernagor and Leo M. Chalupa
New perspectives

15 Regeneration: transdifferentiation and stem cells 307
Jennie Leigh Close and Thomas A. Reh

16 Genomics 325
Seth Blackshaw

17 Zebrafish models of retinal development and disease 342
James M. Fadool and John E. Dowling
Index 371

Colour plate section between pp. 304 and 305.

www.cambridge.org© Cambridge University Press

Cambridge University Press
978-0-521-83798-9 - Retinal Development
Edited by Evelyne Sernagor, Stephen Eglen, Bill Harris and Rachel Wong
Frontmatter
More information

http://www.cambridge.org/0521837987
http://www.cambridge.org
http://www.cambridge.org


Contributors

Michalis Agathocleous, Department of Anatomy and Physiology, University of Cambridge,
Downing Street, Cambridge CB2 3DY UK

Seth Blackshaw, Department of Neuroscience and Center for High-Throughput Biology,
Johns Hopkins University School of Medicine, BRB 329, 773 N. Broadway Avenue, Bal-
timore, MD 21287, USA

Leo M. Chalupa, Distinguished Professor of Ophthalmology and Neurobiology, Chair,
Section of Neurobiology, Physiology and Behavior, Division of Biological Sciences, UC
Davis, One Shields Avenue, Davis, CA 95616, USA

Jennie Leigh Close, Neurobiology and Behavior Program, 357420 Health Sciences Center,
University of Washington, School of Medicine, Seattle, WA 98195, USA

John E. Dowling, Department of Molecular and Cellular Biology, The Biological Labora-
tories, Harvard University, 16 Divinity Avenue, Cambridge, MA 02138, USA

Stephen J. Eglen, Department of Applied Mathematics and Theoretical Physics, Centre
for Mathematical Sciences, Wilberforce Road, Cambridge CB3 0WA, UK

Manuel Esguerra, University of Minnesota, Department of Neuroscience, 6-145 Jackson
Hall, 321 Church St SE, Minneapolis, MN 55455, USA

James M. Fadool, Department of Biological Science, Florida State University, 235 Biomed-
ical Research Facility, Tallahassee, FL 32306-4340, USA

Lucia Galli-Resta, Istituto di Neuroscienze CNR, 56100 Pisa, Italy

Leanne Godinho, Department of Molecular and Cellular Biology, Harvard University, 16
Divinity Avenue, Cambridge, MA 02138, USA

William A. Harris, Department of Physiology Development and Neuroscience, University
of Cambridge, Downing Street, Cambridge CB2 3DY, UK

Anita Hendrickson, Biological Structure, Box 357420, University of Washington, Seattle,
WA 98195, USA

ix

www.cambridge.org© Cambridge University Press

Cambridge University Press
978-0-521-83798-9 - Retinal Development
Edited by Evelyne Sernagor, Stephen Eglen, Bill Harris and Rachel Wong
Frontmatter
More information

http://www.cambridge.org/0521837987
http://www.cambridge.org
http://www.cambridge.org


x List of contributors

Rafael Linden, Instituto de Biofı́sica da UFRJ, CCS, bloco G, Cidade Universitaria, 21949-
900, Rio de Janeiro, Brazil

Brian Link, Department of Cell Biology, Neurobiology and Anatomy, Medical College of
Wisconsin, Milwaukee, Wisconsin 53226, USA

Christian Lohmann, Max-Planck Institute of Neurobiology, Am Klopferspitz 18, 82152
Planegg-Martinsried, Germany

Jeff Mumm, Luminomics, 1508 South Grand Blvd., St. Louis, MO 63104, USA

Rachael A. Pearson, Developmental Biology Unit, Institute of Child Health, University
College London, 30 Guilford Street, London WC1N 1EH, UK

Jan M. Provis, Research School of Biological Sciences, The Australian National University,
GPO Box 475, Canberra, ACT 2601, Australia

David H. Rapaport, Division of Anatomy, Department of Surgery, University of California,
San Diego, School of Medicine, 9500 Gilman Drive, La Jolla, California 92093-0604, USA

Benjamin E. Reese, Neuroscience Research Institute and Department of Psychology, Uni-
versity of California at Santa Barbara, Santa Barbara, CA 93106-5060, USA

Thomas A. Reh, Neurobiology and Behavior, 357420 Health Sciences Center, University
of Washington, School of Medicine, Seattle, WA 98195, USA

Evelyne Sernagor, School of Neurology, Neurobiology and Psychiatry, Medical Sciences,
University of Newcastle upon Tyne, Framlington Place, Newcastle upon Tyne NE2 4HH,
UK

David W. Sretavan, Department of Ophthalmology, University of California, San Fran-
cisco, CA 94143, USA

Rachel O. L. Wong, Department of Biological Structure, University of Washington, HSB
G514, Box 357420, Seattle, WA 98195-7420, USA

Kathleen Zahs, University of Minnesota, Department of Physiology, 6-125 Jackson Hall,
321 Church Street SE, Minneapolis, MN 55455, USA

Michael E. Zuber, Department of Ophthalmology, SUNY Upstate Medical University, 750
East Adams Street, Syracuse, NY 13210, USA.

www.cambridge.org© Cambridge University Press

Cambridge University Press
978-0-521-83798-9 - Retinal Development
Edited by Evelyne Sernagor, Stephen Eglen, Bill Harris and Rachel Wong
Frontmatter
More information

http://www.cambridge.org/0521837987
http://www.cambridge.org
http://www.cambridge.org


Foreword

The editors have assembled an impressive authorship to produce this book on development
of the retina. There are several reasons why this is timely. Over the last decade there have
been rapid advances in our understanding of the mechanisms involved in formation of the
eye and determination of the fate of cells. This has been driven by an explosion of laboratory
techniques that have allowed the study of gene expression and characterization of cell and
tissue behaviour.

As a consequence there is increasing knowledge of what determines cell function, and
of the behavioural relationship between cells. This has resulted in an understanding of
genetically determined disease in humans. Many genes’ products have been identified during
development because they are highly expressed and mutations in these genes have been
identified as being responsible for developmental abnormalities in man. Some of these
genes express at low levels in adult life fulfilling a house-keeping function, and mutations
in these have also been identified as giving rise to progressive retinal degeneration.

Findings from studies of development are of crucial importance to the current attempts to
devise biological treatment of retinal diseases. There is ample evidence that growth factors
delay cell death due to apoptosis in genetically determined retinal dystrophies in animals,
and therapeutic trials in man have been initiated. There is still some doubt as to which agent
may be the most appropriate to achieve suppression of apoptosis. Our knowledge of the
mechanisms of programmed cell death is derived largely from studies of development and
alternative therapeutic approaches may become evident as this work progresses.

There are also efforts to explore the possible role of cell transplantation. This is a major
development in medicine in general, and the potential of treating retinal disease has been
explored for some years. This was initiated by attempts to replace photoreceptor cells in reti-
nal dystrophies. Many of the early efforts were disappointing but success has been achieved.
Cell transplantation may also be applicable to other retinal diseases. Replacement of reti-
nal pigment epithelium would be important in treatment of age-related macular disease,
and of endothelial and pericytes would be appropriate in retinal vascular disease such as
diabetic retinopathy. Many questions need to be addressed to accomplish success with this
approach. What is the most appropriate source of the cells capable of assuming the func-
tional characteristics of retinal cells? What environmental conditions would induce these
pluri potential cells to form neurons, retinal pigment epithelium, glial cells and vascular

xi

www.cambridge.org© Cambridge University Press

Cambridge University Press
978-0-521-83798-9 - Retinal Development
Edited by Evelyne Sernagor, Stephen Eglen, Bill Harris and Rachel Wong
Frontmatter
More information

http://www.cambridge.org/0521837987
http://www.cambridge.org
http://www.cambridge.org


xii Foreword

cells, and how could these cells be induced to assume appropriate functional relationships
with neighbouring cells?

Studies of development are likely to provide answers to these questions. The process
of regeneration of the eye in amphibia has been intriguing since it was first observed
nearly three centuries ago. With modern techniques it is possible to identify the biology
of the phenomenon. The constant enlargement of the retina from its anterior edge in fish
throughout life allows investigation of the mechanisms of cell and tissue generation. The
relevance of this observation to mammals is illustrated by the observation that pluripotential
cells can be retrieved from human donor eyes from the posterior ciliary body.

Thus this book is of great interest both to biologists and to those involved in the study
of, and developing treatment for, retinal disease in humans. There are questions that can
be addressed only by the study of the embryonic retina, and others that can most easily
be answered by the development biologist. This book gives an invaluable account of the
biology of the developing retina that demonstrates the value of such studies. Above all it
illustrates well the value of research from one discipline to those in another.

Professor Alan Bird
Moorfields Eye Hospital, London
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Preface

Vision is undoubtedly our most ‘cherished’ sense, and blindness the most tragic loss in
perceiving the world around us. Visual perception begins in the eye, of which the retina
is the most important component for interpreting visual signals, including colour, shape
and movement. The retina is an ocular extension of the brain specialized in receiving and
processing light and images. Although it is merely a few 100 micrometres thick and contains
only seven cell types, the retina performs very sophisticated visual processing. Ultimately,
it sends ALL information about the outside world to visual centres of the brain via the optic
nerve in the form of coded electrical impulses. Understanding how the retina is organized
and how it functions is thus of fundamental importance for understanding the entire visual
system. It is therefore not surprising that the retina has been the focus of attention of many
scientists since the late nineteenth century, when Cajal, in 1893, provided the first account
of the anatomical organization of the vertebrate retina.

Although our knowledge of how the retina is organized and functions in adult organisms
is absolutely essential, understanding how it is assembled during development is no less
important. Indeed, when normal development is impaired, irreversible damage can result, in
some cases even blindness. Moreover, understanding how the retina develops is attractive
not only to developmental neuroscientists interested in vision, but to all neuroscientists
interested in development, because the retina is ‘an approachable part of the brain’, and
developmental processes required to build this exquisitely organized system, with well-
defined layers and a limited number of cell types, are ultimately relevant to all other parts
of the central nervous system.

In the last 10 to 15 years, the advent of powerful new techniques in genetics, molecular
biology, imaging and electrophysiology have led to a huge leap forward in our understanding
of how the retina develops. The goal of this book is to review all these new advances, while
placing them in a chronological context of developmental events, from cell proliferation
to the building of neural circuits involved in visual processing. Our intent is to deliver a
well-illustrated source of up-to-date information for scientists interested in retinal research,
retinal development or development of other parts of the vertebrate brain. We hope that the
information gathered will provide deeper insights to all students and researchers aiming to
achieve a better understanding of this fascinating part of the brain. We have also deliberately
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xiv Preface

highlighted many open questions in every chapter, in the hope that they will inspire other
scientists.

Reference

Cajal, S. R. (1893). The Structure of the Retina. La Retine des Vertébrés. Springfield IL:
Thomas Springfield.
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