N Development of the

‘

Nervous System

MBREAT

(%8 W)

Dan H. Sanes, Thomas A. Reh, William A. Harris

R
@4 oy el
e
s B

e

By oa Ko

www.sciencep.com



Development of the Nervous System

Second Edition
HERZERE
B RO

Dan H. Sanes
Thomas A. Reh
William A. Harris



B :01-2006-7325 &

This is an annotated version

Development of the Nervous System

Dan H. Sanes, Thomas A. Reh, William A. Harris
Copyright © 2006, Elsevier Inc.

ISBN 13: 978-0-12-618621-5

ISBN 10. 0-12-618621-9

ISBN 13: 978-0-12-369447-8(CD-ROM)

ISBN 10 0-12-369447-7(CD-ROM)

All rights reserved.

No part of this publication may be reproduced or transmitted in any form or
by any means, electronic or mechanical, including photocopy, recording, or
any information storage and retrieval system, without permission in writing

from the publisher.

AUTHORIZED EDITION FOR SALE IN P. R. CHINA ONLY
A A RRFEPEAREAERAHE

HEBERES B (CIP) %12

MEEGRE B3/ ()P (Sanes, D. H)B45%E —EEA. —ib
=Bl A, 2007
ISBN 978-7-03-018282-1

I.%- .35 [.WHRRGE-EF-HIL V.R322.8
o B A B 548 CIP BE 8 (2006) 85 152449 &
TAEG S Wem/ F A4l R 25/ # @& #h 2Rt 4T

# 8 2 BB OBK
RLHERRRRIE 168
ARECARES . 100717
http: //www. sciencep. com
REANRLAPHEML A PRI
PR RT SHFHEHESY
20074 1A% — JR  FF3.889X1194 1/16
2007 4E 1 A —KEIRI  Ep7K.24 3/4
Ep¥:1—2 500 2. 682 000 -
TEH:68.00 5T ( M)

WA B R B IRV, B S TR A e



gF—RBF

AP AR R RATE it R RN E 20—k, B T2 0 40 B A 48 fa () B LA T 423 i
BRBRRERLFRNBDHES. BIHEREPHAR™ERE. THUERREREHEINTACE
AR R PR N ERN— TSR, B, HENERINELBRIAMBIIFRAOE—ABELE
ETALGERR: KR SRAERE— I SE—MEE, JFHERAELSE— MR ERNTA PR
HEHEM5ZMEMRN ., THIEKFR George Coghill #811, “ AKLER LR —FLER, EHEXE
PLEE HA R A a4 . B K PAERE B REEMAREFT”. WL, ATARE, BINFETH
XYL BARR A R —4 i E ) e 2 B .

R RE—RFIREH BRNESE, dEV BRI AREARTS, BEWEH
Mz MBE RN RENTRENSMEN I, FRTRLEEBEESFANBITHIIR. BR - KEE
KB ERREEHRCLWBEMEZRET, ERSXMFHKRARREERN, HEDPHE
EREINEEMR. XL A H LR MR, EERTARTXRAOEHHTEE.
Ht, AHEETXEEENENE LB, LW RAEAENZ.

BRMAREHREN T KEVMERKEAEEEREL, HEEFHHRIIARIMTEINIFZ LYK
AP RER R, EIHEXRTREREMNMEZ A MENE £ BT ERZREGEFATAE, Bk
BHEAFTREZARETFEANEN. 4R, RBZLEAS b EEXERREL. Hik, RITAN, #H
2 2 8 A R R P B 8] T SO B IR AR BATE In A AL 4T R

AHHEORENEEREESREF EYEEROAR T/EEERE - ITHELTIERNAE,
X5 Z R CRGRTE M ERESARFM, R —KKM MEDLINE &P X8 (UME/ T/
HEHMET/ERYF/ BB AR, M 1966 4£F 1999 4F, EHLRFMAREEZN LB LS
56 840 25, TAFATRPIIE T XL CEM 1966 4FLART BT SCBR P A — /R4 . B T R PIX A~ SE R ]
B, BATBETHBRNPBE. BFRRERMSTER, HFXNRIMNEER B EANKSBREBHFET THE
. BB, BRGERT R, FEI, 2R A A BT DUE D 2 R SO SRR 0 S S AR A EE N i
WY TR, B—IBELENRE, RNRES FEYENEETRERREE X LB FEREYFHMS
1, BRUAB KB E AR ERETE T4 FoRetE. BRI, XTFE—KESFRARZIENLREIE
MZERPEERCL2HTRE T, BERIESE - SEMZ RSP EARARNERMEAR, @
AEESFEARLHENE LERB— KB NRNER., EHik, ER¥EENERMNSE HITUEMITGERE
FEZE, RIMBI—NEHIREIAS, EEFVERXEEIRNE AN RMEEESS,
T RT 5 ELHN T TFRIE.

AHAEGEIRPEE TIESRERO K IR, 1R GRBFEIGF) . Chiye Aoki, Michael
Bate, Olivia Bermingham-McDonogh, John Bixby, Sarah Bottjer, Martin Chalfie, Hollis Cline, Martha
Constantine-Paton, Ralph Greenspan, Voker Hartenstein, Mary Kintner, Sue McConnell, Ilona Miko,
Ronald Oppenheim, Thomas Parks, David Raible, Henk Roelink, Edwin Rubel, John Rubenstein, Da-
vid Ryugo, Nancy Sculerati, Carla Shatz, and Tim Tully,

€ S & S



EZWRF

ARETRIRARZERIIC MR B B 2209 — Mk, Bl 423 6% 40 0 40 M 18] B00A JT 424+ 89
BEMEARETBENBEYHES, RERITM TFROARELEEAE, HEREARHERZKEHME
TR SR AR M= A e . AT AR BEMIESI W T RE LR ARERR TR R EWNAR, R,
HRBEZ AR ERBIRIMENFRO R~ AW R AEELK B, ERNBESRATIEERE -
K, W%, BERIT R, EHit, AT IANRBEITHAE, TRAOTLFTH R H 1 2 35 B 2 e
EEN, UREATERBGESLUEREA TR, Santiago Ramén y Cajal 2B HZ BRI B3
ANZ—, M2 LAV LAZERR ST 0 2 R G 40 b B O T SRS R e O BUEE , ZER KRR EE b BB Wb OB 5%
BRI, Ay, MEENMRMERE “FRON, ELTRENE, MAREE%ELKN
AR TR,

R BE—RINZEMBRMESEK, BBV ERRARB M ESREARITE, BEETH
HIAIE, XMREABABENAS. RSHRAWRRLREARMER, B XEEHEREER
HNRBEEKR . XMELEERILHE IR — M SR, EERE SRR SHETHEE.

Xt R B R ERATAT LURAEEY R MIEF LT X R., PR TRRREMMERE MR
MEe 28 BRERERNERIAE, #ARENTNEZINETREMMERN, MR, RHBLZEL
Bl b B AR RN, EH, RATINK, BEEEE 2R BTSSR B TIRA BRSO R
T A AL RS 7R

AHHEMBRARFEREEMNA AP ERRNARERBE IR THL2ETIBNNE,
B ORGATE 1 LR RN, T8 It , Rl EERBASUREE 1966 5 1000 45
SAIRLAAT 54 000 BAXC R, THEE Lt R IR SUH 25000 b SCRTE (LU 4/ MIETE/ MM
MERE/MCRR%/ BBLL K 2000~2004 AR . EHARNATBIEFERHRPHBE RS ELBRE,
FRUTE A% A BHE BB NI TSI B E Z B, RIOTRB - PEAREXASE, EEHFH
SZRXEMERNRNE LW REEESE, MBRPINEZHSFRIK. AMBHEETLETA
&) SCER A LR R X FE TR SV E B IR AR 1 f% .

ARETRMEEL R FER T AT XS AR, Mifi1R2 Chiye Aoki, Michael Bate, Carla
Shatz, Ford Ebner, Edward Gruberg, Christine Holt, Lynne Kiorpes, Vibhakar Kotak, Tony Movs-
hon, Ron Oppenheim, Sarah Pallas, Sheryl Scott, Tim Tully, and Lance Zirpel,

BERERIHAFHLZRE Johannes Menzel, F.0EEHBAIFEE . BIFIS X,

Dan H. Sanes
Thomas A, Reh
William A, Harris
200547 A

(BEXFx #)



s

The human brain is said to be the most complex object
in our known universe, and the billions of cells and
trillions of connections are truly wonders of enormous
proportions. The study of the way that the cellular
elements of the nervous system work to produce
sensations, behaviours, and higher order mental
processes has become a most productive area of
science. However, neuroscientists have come to realize
that they are studying a moving target: growth and
change are integral to brain function and form the very
basis by which we can learn anything about it. As the
behavioral embryologist George Coghill pointed out,
“Man is, indeed, a mechanism, but he is a mechanism
which, within his limitations of life, sensitivity and
growth, is creating and operating himself.” To
understand the brain, then, we need to understand
how this mechanism arises and the ways in which it
can change throughout a lifetime.

The construction of the brain is an integrated series
of developmental steps, beginning with the decision
of a few early embryonic cells to become neural
progenitors. As connections form between nerve cells
and their electrical properties emerge, the brain begins
to process information and mediate behaviors. Some
of the underlying circuitry is built into the nervous
system during embryogenesis. However, interactions
with the world continuously update and adapt the
brain’s functional architecture. The mechanisms by
which these changes occur appear to be a continua-
tion of the processes that sculpt the brain during
development. Since the text covers each of these
developmental steps, it is relatively broad in scope.

An understanding of the development of the
nervous system has importance for biologists in a
larger context. Studies of development have led to
insights into the evolutionary relationships among
organisms. The dogma of phylogeny and ontogeny of

the last century has been superseded by a deeper
understanding of the ways in which evolutionary
change can be effected through changes in
development. The brain is no exception to these rules.
We should expect that insight into the evolution of that
which makes us most human will be gained from an
appreciation of how developmental processes are
modified over time.

The goal of this text is to provide a contemporary
overview of neural development for undergraduate
students or those who have some background in the
filed of biology. This intent is not compatible with a
comprehensive review of the literature. A recent
MEDLINE search of publications in the field of neural
development [(neural or neuron or nervous) and
(development or embryology or maturation)] yielded
56,840 papers published between 1966 and 1999. We
admit, up front, to having read only a fraction of
these papers or of the thousands that were published
before 1966. As a practical matter, we made use of
authoritative books, contemporary review articles,
hallway conversations, and e-mail consultations to
select the experiments that are covered in our text.
Even so, we expect that important contributions have
been missed inadvertently. Therefore, advanced
students will find themselves quickly turning to
specialized texts and reviews. Another compromise
that comes from writing an undergraduate biology
book well after the onset of the revolution in molecular
biology is that all subjects now have a rather broad
cast of molecular characters. In addition, the most
instructive experiments on a particular class of
molecules have often been performed on nonneural
tissue. Even if we chose to cover only the genes and
proteins whose roles have been best characterized in
the nervous system, most chapters would run the risk
of sounding like a (long) list of acronyms. Therefore,
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we charted a compromise between the need to update
students and our strong inclination to hold their
attention. The book does not contain exhaustive lists
of molecular families, and the most current articles
must serve as an appendix to our text.

Among the many scientists who helped us through
discussions, unpublished findings, or editorial
comment are (in alphabetical order) Chiye Aoki,

Michael Bate, Olivia Bermingham-McDonogh, John
Bixby, Sarah Bottjer, Martin Chalfie, Hollis Cline,
Martha Constantine-Paton, Ralph Greenspan, Voker
Hartenstein, Mary Beth Hatten, Christine Holt, Darcy
Kelley, Chris Kintner, Sue McConnell, Ilona Miko,
Ronald Oppenheim, Thomas Parks, David Raible,
Henk Roelink, Edwin Rubel, John Rubenstein, David
Ryugo, Nancy Sculerati, Carla Shatz, and Tim Tully.



Preface to the Second Edition

The human brain—perhaps the most complex object in
our universe—is composed of billions of cells and tril-
lions of connections. It is truly a wonder of enormous
proportions. Although we are far from a thorough
understanding of our brains, study of the way that
the cellular constituents of the nervous system, the
neurons and glia, work to produce sensations, behav-
iors, and higher order mental processes has been a most
productive area of science. However, more and more,
neuroscientists are realizing that we are studying a
moving target-growth and that changes are integral to
brain function, forming the very basis for learning, per-
ception, and performance. To comprehend brain func-
tion, then, we must understand how the circuits arise
and the ways in which they are modified during matu-
ration. Santiago Ramoén y Cajal, one of the founders of
modern neuroscience, was able to make his remarkable
progress in studies of the cellular makeup of the
nervous system in large part because of his work with
the embryonic brain, choosing to study “the young
wood, in the nursery stage...rather than the...
impenetrable . . . full grown forest.”

The construction of the brain is an integrated series
of developmental steps, starting with the decision of a
few early embryonic cells to become neural progenitors
and nearing completion with the emergence of behav-
ior, which is the scope of this book. Interactions with
the world continuously update and adapt synaptic
connections within the brain, and the mechanisms by
which these changes occur are fundamentally a contin-
uation of the same processes that sculpted the emerg-
ing brain during embryogenesis.

Studies of development have also led to insights
about the evolutionary relationships among
organisms. The dogma of phylogeny and ontogeny of
the last century has been superseded by our current
deeper understanding of the ways in which
evolutionary change can be effected through changes
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in development. The brain is no exception to these
rules, and we can expect that much insight into the
evolution of that which makes us most human will be
gained from an appreciation of how developmental
processes are modified over time.

The goal of this text is to provide a contemporary
overview of neural development both for under-
graduate students and for those who have some
background in the field of biology. This intent is not
compatible with a comprehensive review of the litera-
ture. In the first edition, we noted that there were about
54,000 papers published in this field between 1966 and
1999. Another 25,000 have appeared during the past
4 years (using the search string “neural or neuron or
nervous” and “development or embryology or matu-
ration” and 2000:2004). We charted a compromise
between the need to update students and our strong
inclination to hold their attention. The book does not
contain exhaustive lists of molecular families, and
the most current review articles must serve as an
appendix to our text. Since the text does not encom-
pass many exciting areas of research, students will find
themselves quickly turning to specialized texts and
reviews.

Among those who helped us through discussion
and editorial comment are: Chiye Aoki, Michael Bate,
Carla Shatz, Ford Ebner, Edward Gruberg, Christine
Holt, Lynne Kiorpes, Vibhakar Kotak, Tony Movshon,
Ron Oppenheim, Sarah Pallas, Sheryl Scott, Tim Tully,
and Lance Zirpel.

Finally, we acknowledge our editor, Johannes
Menzel, with particular gratitude, for his help, advice,
and perseverance.

Dan H. Sanes
Thomas A. Reh
William A. Harris
July 2005
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CHAPTER

Neural Induction

DEVELOPMENT AND
EVOLUTION OF NEURONS

Almost as early as multicellular animals evolved,
neurons have been part of their tissues. Metazoan
nervous systems range in complexity from the simple
nerve net of the jellyfish to the billions of specifically
interconnected neuron assemblies of the human brain.
Nevertheless, the neurons and nervous systems of all
multicellular animals share many common features.
Voltage-gated ion channels are responsible for action
potentials in the neurons of hydras, as they are in
people. Synaptic transmission between neurons in
nerve nets is basically the same as that in the cerebral
cortex in humans (Figure 1.1). This book describes the
mechanisms responsible for the generation of these
nervous systems, highlighting examples from a variety
of organisms. Despite the great diversity in the
nervous systems of various organisms, underlying
principles of neural development have been main-
tained throughout evolution.

It is appropriate to begin a book concerned with the
development of the nervous system with an evolu-
tionary perspective. The subjects of embryology and
evolution have long shared an interrelated intellectual
history. One of the major currents of late-nineteenth-
century biology was that a description of the stages of
development would provide the key to the path of
evolution of life. The phrase “ontogeny recapitulates
phylogeny” was important at the start of experimen-
tal embryology (Gould, 1970). Although the careful
study of embryos showed that they did not resembie
the adult forms of their ancestors, it is clear that new
forms are built upon the structures of biological pre-
decessors. One aim of this book is to show how an
understanding of the development of the nervous

system will give us insight into its evolution. It is also
wise to remember, as Dobzhansky pointed out, that
“nothing in biology makes sense except in the light of
evolution.”

EARLY EMBRYOLOGY OF METAZOANS

The development of multicellular organisms varies
substantially across phyla; nevertheless, there are
some common features. The cells of all metazoans
are organized as layers. These layers give rise to the
various organs and tissues, including the nervous
system. These layers are generated from the egg cell
through a series of cell divisions and their subsequent
rearrangements (Figure 1.2). The egg cells of animals
are typically polarized, with an “animal pole” and a
“vegetal pole.” This polarity is often visible in the egg
cell, since the vegetal pole contains the yolk, the stored
nutrient material necessary for sustaining the embryo
as it develops. Once fertilized by the sperm, the egg
cell undergoes a series of rapid cell divisions, known
as cleavages. There are many variations of cleavage
patterns in embryos, but the end result is that a large
collection of cells, the blastula, is generated over a
relatively short period of time. In many organisms the
cells of the blastula are arranged as a hollow ball, with
an inner cavity known as a blastocoel. Those cells at
the vegetal pole will ultimately develop as the gut,
whereas those at the animal pole will give rise to the
epidermis and the nervous system. Cells in between
the animal and vegetal poles will generate mesoder-
mal derivatives, including muscles and internal skele-
tal elements. The rearrangement of this collection
of cells into the primary (or germ) layers is called



