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Preface

Stem cells are fascinating cell types. They can replicate themselves forever while
retaining the potential to generate progeny with specific functions. Because of these
special properties, stem cells have been subjects of intensive investigation, from
understanding basic mechanisms underlying tissue generation, to modeling human
diseases, to application for cell replacement therapy. Stem cells come in different
forms. For example, mouse embryonic stem cells can general all cell types in a body,
either in a dish or when put back into mouse embryos. On the other hand, neural
stem cells in the adult brain generate neurons and glia cells that contribute to the
brain’s plasticity. Rapid progress has been made in the stem cell field with discover-
ies published in a record speed. A quick Pubmed search has returned 2789 hits for
“embryonic stem cells” and 815 hits for “adult neural stem cells/neurogenesis” in the
year 2008 alone. It remains a taunting task for all who are interested in stem cells to
keep up with rapidly accumulating literatures. The “Perspectives of Stem Cells” by a
truly international team of experts provides a timely and invaluable highlight of the
stem cell field gearing toward future therapeutic applications in the nervous system.

Stem cells with neural potentials have attracted a lot of attention because of their
promise for cell replacement therapy, ranging from degenerative neurological disor-
ders to spinal cord injuries. Before such potentials to be realized, however, we need
to understand the basic biology of these stem cells. For example, understanding how
stem cell behaviors are controlled by intrinsic and extrinsic factors will help to direct
stem cells into a specific fate while avoiding undesired tumorigenesis. Equally impor-
tant, we need to understand adult nervous system milieu where substitute neurons
need to integrate into proper circuitry for maximal recovery. In this regard, the recent
discovery of functional neurogenesis in discrete regions of the adult mammalian
brain, including humans, has a major impact on regenerative medicine. Not only
there exist residual adult neural stem cells as endogenous cellular sources for neu-
rogenesis, the adult nervous system itself exhibits surprising plasticity. They provide
proper signals to support normal neurogenesis and, furthermore, additional signals
upon injuries to activate neural stem cells and guide their neuronal progeny to the
right location. The dogma, “In the adult centers, the nerve paths are something fixed,
ended, and immutable. Everything may die, nothing may be regenerated”, is now long
gone.

The Prospective covers a broad spectrum of a fast evolving field of stem cells:
from different model systems and stem cell types, to their cell biology and molecu-
lar signaling mechanisms; from overview of protocols for directed neuronal subtype
differentiation from embryonic stem cells, and even the latest induced pluripotent
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stem cells, to specific considerations for the therapeutic application. The historical
view of neurogenesis since the time of Cajal was a delight retreat; the discussion of
retrotransposons in generating neuronal diversity through neurogenesis was fascinat-
ing. The Prospective provides a much needed overview of the state of the art in the
field and a rich resource of updated information. More importantly, it sets up a stage
for flourishing of new ideas in stem cell biology and for fostering novel therapeutic
applications in the nervous system for years to come.

Clarksville, Maryland Hongjun Song
August 2009
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The field of stem cell biology is geared towards translation into clinical practice
through in vitro tissue production and regeneration therapy. The discovery of neu-
rogenesis in selected areas of the adult brain has revolutionized neuroscience. This
discovery has overturned the central assumption that no new neurons were origi-
nated in the brain after birth, and provided the basis for understanding the molecular
mechanisms of neural differentiation. Several in vitro models have been developed
to investigate signalling pathway of neurogenesis regulation and cell fate specifica-
tion. Massive propagation of embryonic cells into just the right type of phenotype
of a neural progenitor cell or strategies for mobilizing endogenous neural stem or
progenitor cells provide replacement therapies for brain injury resulting from stroke
or neurodegenerative diseases. Such strategies are getting more important, since the
development of ex vivo cultures of stem cells allows collection of multipotent cells
from patients, their differentiation and transplantation into diseased areas.

This book includes chapters on mechanisms of neural induction in early embryos
as well as a detailed discussion of changes in paradigms in view of the discov-
ery of adult neurogenesis. Neuronal differentiation is detailed using the olfactory
epithelium, one of the tissues bearing neurogenesis along life. In addition to chapters
on therapeutic applicability of embryonic, very small-embryonic like, mesenchymal
stem and neural progenitor cells, this book covers signalling mechanisms guiding
induction to differentiation and selective achievement of specific phenotypes. Cell
diversification of the neuronal system is explained using the example of neural crest
cell differentiation. Alterations in genetic material, such as loss of chromosomes
and retrotransposition, are discussed as possible mechanisms for cell diversification.
Furthermore, fundamental aspects of stem cell biology and neurogenesis, such as the
importance of proliferation induction, programmed cell death, as well as the func-
tion of glia in differentiation of stem cells and development of neuronal circuits, are
also highlighted. The participation of cytoskeletal elements in cell polarization as pre-
requisites of asymmetric division and differentiation induction is discussed. Further
topics include the analysis of extracellular signals, such as neurotrophic factors and
neurotransmitters, their receptor molecules and the propagation of these signals by
intracellular signal transduction leading to activation of selective gene expression dur-
ing differentiation. Rhythmic gene expression for activation and inhibition of Notch
signalling is discussed as a mechanism for regulating the progress of neurogenesis. In
vitro cultures of embryonic, mesenchymal and neural stem cells as well as mobiliza-
tion of endogenous stem and precursor cells for brain repair and replacement therapy
in neurological disorders are important issues of this book.

vii
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Each chapter provides an invaluable resource for information on the most current
advances in the field and possible therapeutic applications, with discussions of con-
troversial issues and areas of emerging importance. By providing an up-to-date and
critical view of the state of Science, we hope that this book shall be a base for excit-
ing scientific ideas regarding functions and therapeutic applications of stem cells in
the adult brain. The book is directed to neuroscientists, physicians, students and all
who are engaged and interested in the exciting and rapidly expanding field of modern
neuroscience and stem cell biology.

São Paulo Henning Ulrich
June 2009



Contents

1 Neural Induction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Karla Loureiro Almeida, José Abreu, and C.Y. Irene Yan

2 Neurogenesis: A Change of Paradigms . . . . . . . . . . . . . . . . 11
Luiz E. Mello and Beatriz M. Longo

3 Neurogenesis in the Olfactory Epithelium . . . . . . . . . . . . . . . 35
Bettina Malnic and Lucia Armelin-Correa

4 Cell Diversification During Neural Crest Ontogeny:
The Neural Crest Stem Cells . . . . . . . . . . . . . . . . . . . . . . 47
Elisabeth Dupin, Giordano W. Calloni, and Nicole M. Le
Douarin

5 Intermediate Filament Expression in Mouse Embryonic
Stem Cells and Early Embryos . . . . . . . . . . . . . . . . . . . . . 59
Zhigang Xue, Vivaldo Moura-Neto, Araksya Izmiryan,
Sheila Cristina de Souza Martins, Jean Christophe Larcher,
Denise Paulin, and Zhenlin Li

6 Aneuploidy in Embryonic Stem Cells . . . . . . . . . . . . . . . . . 73
Rafaela C. Sartore, Priscila B. Campos,
Michael J. McConnell, and Stevens K. Rehen

7 Retrotransposition and Neuronal Diversity . . . . . . . . . . . . . . 87
Maria C. N. Marchetto, Fred H. Gage, and Alysson Muotri

8 Directing Differentiation of Embryonic Stem Cells
into Distinct Neuronal Subtypes . . . . . . . . . . . . . . . . . . . . 97
Noelle Ammon, Nathaniel Hartman, and Laura Grabel

9 Neurotransmitters as Main Players in the Neural
Differentiation and Fate Determination Game . . . . . . . . . . . . 115
Katia K. Yuahasi, Katia N. Gomes, Marcelo Campos, Arthur
A. Nery, Ariane Nunes-Alves, Cleber A. Trujillo, and Henning Ulrich

10 Rhythmic Expression of Notch Signaling in Neural
Progenitor Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
Hiromi Shimojo, Toshiyuki Ohtsuka, and Ryoichiro Kageyama

ix



x Contents

11 Neuron-Astroglial Interactions in Cell Fate Commitment
in the Central Nervous System . . . . . . . . . . . . . . . . . . . . . 145
Joice Stipursky, Tânia Cristina Leite de Sampaio e Spohr,
Luciana Ferreira Romão, and Flávia Carvalho Alcantara Gomes

12 The Origin of Microglia and the Development of the Brain . . . . . 171
Flavia R.S. Lima, Anna Carolina C. da Fonseca,
Giselle P. Faria, Luiz Gustavo F. Dubois, Tércia R. Alves,
Jane Faria, and Vivaldo Moura Neto

13 Tissue Biology of Proliferation and Cell Death Among
Retinal Progenitor Cells . . . . . . . . . . . . . . . . . . . . . . . . 191
Rafael Linden, Rodrigo A.P. Martins, Mariana S. Silveira,
Helena L. Borges, Alfred Sholl-Franco, Lucianne
Fragel-Madeira, and Ana Carolina Dudenhoeffer-Carneiro

14 Potential Application of Very Small Embryonic Like
(VSEL) Stem Cells in Neural Regeneration . . . . . . . . . . . . . . 231
Mariusz Z. Ratajczak, Ewa Zuba-Surma, Magda Kucia,
Przemyslaw Nowacki, and Bogdan Machalinski

15 Embryonic Stem Cell Transplantation for the Treatment
of Parkinson’s Disease . . . . . . . . . . . . . . . . . . . . . . . . . 245
Asuka Morizane and Jun Takahashi

16 Functional Multipotency of Neural Stem Cells
and Its Therapeutic Implications . . . . . . . . . . . . . . . . . . . 255
Yang D. Teng, Serdar Kabatas, Jianxue Li,
Dustin R. Wakeman, Evan Y. Snyder, and Richard L. Sidman

17 Dual Roles of Mesenchymal Stem Cells in Spinal Cord
Injury: Cell Replacement Therapy and as a Model System
to Understand Axonal Repair . . . . . . . . . . . . . . . . . . . . . 271
Cecile King, Shyam Patel, Treena Livingston Arinzeh,
and Pranela Rameshwar

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285



Contributors

José Abreu Cellular and Developmental Biology Program, Institute of Biomedical
Sciences, Universidade Federal do Rio de Janeiro, Centro de Ciências da Saúde –
bloco F, Cidade Universitária, Rio de Janeiro, RJ 21949-590, Brazil,
garciajr@anato.ufrj.br

Karla Loureiro Almeida Prédio do Básico – CCS/UFES – Campus de Maruípe
Av. Marechal Campos, 1468 Vitória, ES 29.043-900, Brazil,
karlaloureiro25@hotmail.com

Ariane Nunes-Alves Departamento de Bioquímica, Instituto de Química,
Universidade de São Paulo, São Paulo, Brazil, anunesalves@usp.br

Tércia R. Alves Programa de Anatomia, Instituto de Ciências Biomédicas,
Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil,
terciabio@yahoo.com.br

Noelle Ammon Hall-Atwater Laboratories, Biology Department, Wesleyan
University, Middletown, CT, USA, nammon@wesleyan.edu

Lucia Armelin-Correa Departamento de Bioquímica, Instituto de Química,
Universidade de São Paulo, São Paulo, Brazil, armelin@iq.usp.br

Helena L. Borges Instituto de Ciências Biomédicas, Universidade Federal do Rio
de Janeiro, Cidade Universitaria, Rio de Janeiro, Brazil, hborges@anato.ufrj.br

Giordano W. Calloni CNRS UPR2197 Laboratoire Développement, Evolution et
Plasticité du Système Nerveux, Institut de Neurobiologie Alfred Fessard, 91198
Gif-sur-Yvette, France; Departamento de Biologia Celular, Embriologia e Genética,
Centro de Ciências Biológicas, Universidade Federal de Santa Catarina,
Florianópolis, Brazil, giordano@ccb.ufsc.br

Priscila B. Campos Instituto de Ciências Biomédicas, Universidade Federal do Rio
de Janeiro, Rio de Janeiro, Brazil, brittopris@anato.ufrj.br

Marcelo Campos Departamento de Bioquímica, Instituto de Química,
Universidade de São Paulo, São Paulo, Brazil, camposm@iq.usp.br

Anna Carolina C. da Fonseca Programa de Anatomia, Instituto de Ciências
Biomédicas, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil,
annafonseca@anato.ufrj.br

Luiz Gustavo F. Dubois Programa de Anatomia, Instituto de Ciências Biomédicas,
Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil, dubois@anato.ufrj.br

xi



xii Contributors

Ana Carolina Dudenhoeffer-Carneiro Instituto de Biofísica, Universidade
Federal do Rio de Janeiro, Cidade Universitaria, Rio de Janeiro, Brazil,
anacarol@biof.ufrj.br

Elisabeth Dupin CNRS UPR2197 Laboratoire Développement, Evolution et
Plasticité du Système Nerveux, Institut de Neurobiologie Alfred Fessard, 91198
Gif-sur-Yvette, France, dupin@inaf.cnrs-gif.fr

Giselle P. Faria Programa de Anatomia, Instituto de Ciências Biomédicas,
Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil,
giselle.faria@gmail.com

Jane Faria Programa de Anatomia, Instituto de Ciências Biomédicas, Universidade
Federal do Rio de Janeiro, Rio de Janeiro, Brazil, jane@anato.ufrj.br

Lucianne Fragel-Madeira Instituto de Biofísica, Universidade Federal do Rio de
Janeiro, Cidade Universitaria, Rio de Janeiro, Brazil, lufragel@biof.ufrj.br

Fred H. Gage Laboratory of Genetics, The Salk Institute for Biological Studies, La
Jolla, CA, USA, gage@salk.edu

Katia N. Gomes Departamento de Bioquímica, Instituto de Química, Universidade
de São Paulo, São Paulo, Brazil, knevesgomes@yahoo.com.br

Flávia Carvalho Alcantara Gomes Laboratório de Neurobiologia Celular,
Programa de Biologia Celular e do Desenvolvimento, Instituto de Ciências
Biomédicas, Centro de Ciências da Saúde, Universidade Federal do Rio de Janeiro,
Rio de Janeiro, Brazil, fgomes@anato.ufrj.br

Laura Grabel Hall-Atwater Laboratories, Biology Department, Wesleyan
University, Middletown, CT, USA, lgrabel@wesleyan.edu

Nathaniel Hartman Hall-Atwater Laboratories, Biology Department, Wesleyan
University, Middletown, CT, USA, nhartman@wesleyan.edu

Araksya Izmiryan UPMC Univ Paris 6, UMR 7079, Paris, France,
araksya.izmiryan@inserm.fr

Serdar Kabatas Department of Neurosurgery, Baskent University Istanbul
Hospital, Istanbul, Turkey, kabatasserdar@hotmail.com

Ryoichiro Kageyama Institute for Virus Research, Kyoto University, Kyoto, Japan;
Japan Science and Technology Agency, CREST, Kyoto, Japan,
rkageyam@virus.kyoto-u.ac.jp

Cecile King UMDNJ-New Jersey Medical School, Department of Medicine,
Newark, NJ, USA, kingc4@umdnj.edu

Magda Kucia Stem Cell Institute at James Graham Brown Cancer Center,
University of Louisville, Louisville, KY, USA, mjkuci01@louisville.edu

Jean Christophe Larcher Laboratoire de Biologie du Développement, Paris,
France, jclarche@snv.jussieu.fr

Nicole M. Le Douarin CNRS UPR2197 Laboratoire Développement, Evolution et
Plasticité du Système Nerveux, Institut de Neurobiologie Alfred Fessard, 91198
Gif-sur-Yvette, France, nicole.ledouarin@academie-sciences.fr



Contributors xiii

Jian xue Li Department of Neurology, Beth Israel Deaconess Medical Center,
Harvard Medical School, Boston, MA, USA, jli7@caregroup.harvard.edu

Zhenlin Li UPMC Univ Paris 6, UMR 7079, Paris, France, zhenlin.li@upmc.fr

Flavia R.S. Lima Programa de Anatomia, Instituto de Ciências Biomédicas,
Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil, flima@anato.ufrj.br

Rafael Linden Instituto de Biofísica, Universidade Federal do Rio de Janeiro,
Cidade Universitaria, Rio de Janeiro, Brazil, rlinden@biof.ufrj.br

Treena Livingston Arinzeh New Jersey Institute of Technology, Department of
Biomedical Engineering, Newark, NJ, USA, arinzeh@adm.njit.edu

Beatriz M. Longo Departamento de Fisiologia, Universidade Federal de São Paulo,
São Paulo, Brazil, beatriz.longo@unifesp.br

Bogdan Machalinski Department of Physiopathology Pomeranian Medical
University, Szczecin, Poland, machalin@pam.szczecin.pl

Bettina Malnic Departamento de Bioquímica, Instituto de Química, Universidade
de São Paulo, São Paulo, Brazil, bmalnic@iq.usp.br

Maria C. N. Marchetto Laboratory of Genetics, The Salk Institute for Biological
Studies, La Jolla, CA, USA, marchetto@salk.edu

Sheila Cristina de Souza Martins Instituto de Ciências Biomédicas-Universidade
Federal de Rio de Janeiro, Rio de Janeiro, Brazil, sheila@anato.ufrj.br

Rodrigo A.P. Martins Instituto de Biofísica, Universidade Federal do Rio de
Janeiro, Cidade Universitaria, Rio de Janeiro, Brazil, Rodrigo.Martins@biof.ufrj.br

Michael J. McConnell Crick-Jacobs Center for Theoretical and Computational
Biology, Salk Institute for Biological Studies, La Jolla, California, USA,
mikemc@salk.edu

Luiz E. Mello Departamento de Fisiologia, Universidade Federal de São Paulo, São
Paulo, Brazil, lemello@unifesp.br

Asuka Morizane Department of Biological Repair, Institute for Frontier Medical
Sciences, Kyoto University, Kyoto, Japan, asuka.morizane@frontier.kyoto-u.ac.jp

Vivaldo Moura-Neto Instituto de Ciências Biomédicas-Universidade Federal de
Rio de Janeiro, Rio de Janeiro, Brazil, vivaldo@anato.ufrj.br

Alysson Muotri University of California at San Diego, School of Medicine,
Department of Pediatrics/Rady Children’s Hospital San Diego and Department of
Pediatrics/Cellular and Molecular Medicine, La Jolla, CA, USA, muotri@ucsd.edu

Arthur A. Nery Departamento de Bioquímica, Instituto de Química, Universidade
de São Paulo, São Paulo, Brazil, arthur.nery@gmail.com

Przemyslaw Nowacki Department of Physiopathology Pomeranian Medical
University, Szczecin, Poland, rektor@szczecin.pl

Toshiyuki Ohtsuka Institute for Virus Research, Kyoto University, Kyoto, Japan;
Japan Science and Technology Agency, CREST, Kyoto, Japan,
tohtsuka@virus.kyoto-u.ac.jp



xiv Contributors

Shyam Patel UMDNJ-New Jersey Medical School, Department of Medicine,
Newark, NJ, USA, patel120@umdnj.edu

Denise Paulin UPMC Univ Paris 6, UMR 7079, Paris, France,
denise.paulin@upmc.fr

Pranela Rameshwar UMDNJ-New Jersey Medical School, Department of
Medicine, Newark, NJ, USA, rameshwa@umdnj.edu

Mariusz Z. Ratajczak Stem Cell Institute at James Graham Brown Cancer Center,
University of Louisville, Louisville, KY, USA; Department of Physiopathology
Pomeranian Medical University, Szczecin, Poland, mzrata01@louisville.edu

Stevens K. Rehen Instituto de Ciências Biomédicas, Universidade Federal do Rio
de Janeiro, Rio de Janeiro, Brazil, srehen@anato.ufrj.br

Luciana Ferreira Romão Laboratório de Neurobiologia Celular, Programa de
Biologia Celular e do Desenvolvimento, Instituto de Ciências Biomédicas, Centro de
Ciências da Saúde, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil,
romao@anato.ufrj.br

Rafaela C. Sartore Instituto de Ciências Biomédicas, Universidade Federal do Rio
de Janeiro, Rio de Janeiro, Brazil, fa_sartore@yahoo.com.br

Hiromi Shimojo Institute for Virus Research, Kyoto University, Kyoto, Japan;
Japan Science and Technology Agency, CREST, Kyoto, Japan,
hshimojo@virus.kyoto-u.ac.jp

Alfred Sholl-Franco Instituto de Biofísica, Universidade Federal do Rio de
Janeiro, Cidade Universitaria, Rio de Janeiro, Brazil, asholl@biof.ufrj.br

Richard L. Sidman Department of Neurology, Beth Israel Deaconess Medical
Center, Harvard Medical School, Boston, MA, USA,
Richard_Sidman@hms.harvard.edu

Mariana S. Silveira Instituto de Biofísica, Universidade Federal do Rio de Janeiro,
Cidade Universitaria, Rio de Janeiro, Brazil, silveira@biof.ufrj.br

Evan Y. Snyder Stem Cell and Regeneration Program, The Burnham Institute, La
Jolla, CA, USA, esnyder@burnham.org

Tânia Cristina Leite de Sampaio e Spohr Laboratório de Neurobiologia Celular,
Programa de Biologia Celular e do Desenvolvimento, Instituto de Ciências
Biomédicas, Centro de Ciências da Saúde, Universidade Federal do Rio de Janeiro,
Rio de Janeiro, Brazil, spohr@anato.ufrj.br

Joice Stipursky Laboratório de Neurobiologia Celular, Programa de Biologia
Celular e do Desenvolvimento, Instituto de Ciências Biomédicas, Centro de Ciências
da Saúde, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil,
joice@anato.ufrj.br

Jun Takahashi Department of Biological Repair, Institute for Frontier Medical
Sciences, Kyoto University, Kyoto, Japan, jbtaka@frontier.kyoto-u.ac.jp



Contributors xv

C.Y. Irene Yan Department of Cell and Developmental Biology, Institute of
Biomedical Sciences, Universidade de São Paulo, Av. Prof Lineu Prestes 1524, São
Paulo, SP 05508-900, Brazil, ireneyan@usp.br

Yang D. Teng Department of Neurosurgery, Harvard Medical School, Brigham and
Women’s Hospital, and Children’s Hospital Boston, Boston, MA, USA; Department
of Physical Medicine and Rehabilitation, Harvard Medical School, Spaulding
Rehabilitation Hospital, Boston, MA, USA; Division of SCI Research, Veterans
Affairs Boston Healthcare System, Boston, MA, USA, yang_teng@hms.harvard.edu

Cleber A. Trujillo Departamento de Bioquímica, Instituto de Química,
Universidade de São Paulo, São Paulo, Brazil, clebertrujillo@yahoo.com.br

Henning Ulrich Departamento de Bioquímica, Instituto de Química, Universidade
de São Paulo, São Paulo, Brazil, henning@iq.usp.br

Dustin R. Wakeman Stem Cell and Regeneration Program, The Burnham Institute,
La Jolla, CA, USA; University of California at San Diego: Graduate Program in
Biomedical Sciences, La Jolla, CA 92093, USA, dwakeman@burnham.org

Zhigang Xue UPMC Univ Paris 6, UMR 7079, Paris, France,
zhigang.xue@upmc.fr

Katia K. Yuahasi Programa de Pós-graduação em Neurologia, Departamento de
Neurologia e Neurocirurgia, Universidade Federal de São Paulo, São Paulo, Brazil,
yuahasi@usp.br

Ewa Zuba-Surma Stem Cell Institute at James Graham Brown Cancer Center,
University of Louisville, Louisville, KY, USA, ewa.zuba-surma@uj.edu.pl





Chapter 1

Neural Induction

Karla Loureiro Almeida, José Abreu, and C.Y. Irene Yan
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Abstract Neural induction, i.e. definition of the
neural domain from the ectoderm, is a fundamental
topic that has fascinated developmental biologists for
years. The concept was first proposed by Spemman
and Mangold after their classic experiment in the
amphibian Xenopus laevis where transplantation of
the embryo’s dorsal blastopore lip induced a com-
plete neural axis from the acceptor embryo’s ectoderm.
Since then, much effort has been applied into iden-
tifying the signals that bias the ectoderm into neural
fate and the resulting picture clearly indicates that
neural induction is a multi-step process that requires
the interplay of various pathways. A major part of
our current understanding of neural induction orig-
inates from the original amphibian model Xenopus
laevis. Recently, the chick embryo has added another

C.Y.I. Yan (�)
Department of Cell and Developmental Biology, Universidade
de São Paulo, Av Prof. Lineu Prestes, 1524, São Paulo, SP,
05508-900, Brazil
e-mail: ireneyan@usp.br

layer of complexity to the interpretation of the results
obtained from the amphibian model. Here, we will
focus on the landmark experiments that address the
earliest step of neural induction in these two models.
Specifically, we will discuss the Neural Default model
that was generated from experiments in the amphib-
ian embryo to explain the choice between epidermal
and neural precursor fate and the modifications on this
model based on conclusions derived from the chick
embryo.

Keywords BMP signaling · Ectoderm · FGF · Neural
induction · Smad · Xenopus · Chick

Abbreviations

BMP bone morphogenetic protein
TGF-β transforming growth factor β

FGF fibroblast growth factor
MAPK mtogen activated protein kinase

1.1 Introduction

The induction of neural tissue is a fundamental ques-
tion that has fascinated developmental biologists since
the classic experiment by Spemmann and Mangold.
In 1924, based on their results from grafting experi-
ments performed in amphibian embryos, the authors
proposed for the first time the concept of neural induc-
tion. At the time, it was known that the blastopore
lip initial involution site during gastrulation marked
the dorsal region of the embryo, and that the future
neural plate arose from the dorsal ectoderm – the ven-
tral ectoderm forms mainly epidermal tissue. Spemann

1H. Ulrich (ed.), Perspectives of Stem Cells,
DOI 10.1007/978-90-481-3375-8_1, © Springer Science+Business Media B.V. 2010
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and Mangold transplanted the blastopore lip of donor
embryos to the ventral region of host embryos in gas-
trula stage. The host embryos went on to develop
a second, ventral neuraxis and anterior nervous sys-
tem. More strikingly, the duplicate nervous system
was fully composed of host tissue, while the trans-
plant gave rise to a second notochord (dorsal meso-
derm) underlying it. This result suggested strongly that
the grafted tissue’s “determinative influences on its
surroundings” converted the surrounding ventral ecto-
derm into the second nervous system (Spemann and
Mangold, 1924). The authors named the dorsal blasto-
pore lip the Organizer, and hypothesized that during
normal development this region determined the choice
of a neural fate for the dorsal ectoderm. They also
proposed that the effect of the Organizer on the respon-
sive ectoderm necessarily would involve cell-to-cell
communication.

In the ensuing years, much effort has been applied
for identifying the exact signals that emanate from the
Organizer and activate the signaling pathways that bias
the ectoderm into neural fate in vertebrates. The result-
ing picture, derived from data obtained by various
groups, indicates that neural induction is a multi-step
process. The amphibian model, Xenopus laevis, has
continued to be of major importance to our understand-
ing of neural induction due to the ease of experimental
readout of neural induction in ectoderm explants. In
recent years, the chick embryo has added another
layer of complexity to the interpretation of the results
obtained from the amphibian model. In the following
sections we will present the major results derived from
both model systems and the model that is emerging
from those results. For the purposes of this chapter, we
will focus our discussion on the earliest step of neural
induction, which is the choice between epidermal and
neural precursor fate.

1.2 Neural Induction in the Xenopus
Embryo – The Early Experiments

In the decade of 1990–2000, the search for the
Organizer’s neural inducing factors intensified and was
mainly performed in the Xenopus embryo. Based on
the characteristic of the Organizer, it was agreed that

a bona fide candidate for direct neural inducer had to
fulfill certain criteria: it should cause axis duplication
in whole embryos, it should be expressed in the dor-
sal blastopore (Organizer) region and elimination of its
activity should interfere with normal neural develop-
ment. The experimental paradigm used to screen for
candidate neural inducers was based on the fact that,
by definition, induction involves a signaling source
and a responsive target. Based on Spemmanś exper-
iment, the endogenous source of neural inducers is
the Organizer and the responsive tissue the ectoderm.
Thus, ectoderm explants assays were used as an initial
screen for candidates. Ectoderm explants (also known
as animal caps) are cultured from a piece of ecto-
derm excised from the animal pole of late blastulas,
the lower part of which constitutes the blastocoele
roof (Fig. 1.1a). At this stage, the ectoderm is not
yet committed to an epidermal or neural fate and
responds to growth factors in the media or overex-
pression of relevant mRNAs by adopting different cell
fates, which are verified through the expression of
marker genes. When cultured as an intact tissue in
saline solution, ectoderm explants express genes char-
acteristic of epidermal tissue (Kintner and Melton,
1987). However, if the explant is co-cultured with a
dorsal blastopore lip, neural markers are expressed
instead (Kintner and Melton, 1987). Thus, a gene’s
neural-inducing activity is identified if there is upregu-
lation of the expression of neural markers and decrease
in the expression of epidermal genes. Importantly,
because the Organizer is part of the dorsal meso-
derm, genes that increased neural marker expression
but also induced mesoderm markers, were not con-
sidered direct neural inducers, as their effect could
be indirect, through additional factors secreted by the
mesoderm.

The first molecule to fulfill all of the above-
mentioned criteria for direct neural induction was
Noggin, a secreted polypeptide first identified by
Smith and Harland (1992) in the Xenopus. Afterwards,
Follistatin (Hemmati-Brivanlou et al., 1994) and
Chordin (Sasai et al., 1994), were also isolated from
Xenopus embryos on the basis of their neuraliz-
ing activity. All of these factors fulfilled the above-
mentioned conditions, including expression at the
Organizer. At the time, these molecules were thought
to act by directly stimulating neural fate, albeit through
an as yet unidentified mechanism.
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Fig. 1.1 Epidermal default
model versus neural default
Model. (a) In the “epidermal
default model” the normal fate
of an ectodermic tissue would
be epidermal, unless this
ectoderm is stimulated by
external factors (such as those
provided by addition of the
dorsal blastopore lip). (b) In
the “neural default model”,
the intact ectoderm secretes
anti-neural/pro-epidermal
factors. Induction of neural
fate occurs either by
co-culture with the dorsal
blastopore lip, which secretes
neuralizing factors or
dissociation of the ectoderm.
In the former, neuralizing
factors counteract the effect of
endogenous pro-epidermal
factors. In the latter case,
dissociation of the ectoderm
dilutes these factors and
generates neural fate.
Addition of ectoderm extract
restores epidermal fate

1.3 Neural Default Model

Insight on the mode of action of these molecules came
from a second series of experiments that explored
the effect of cell dissociation on ectoderm cell fate.
When ectoderm explants are dissociated into individ-
ual cells and cultured as such for a set period of time,
they express neural markers, instead of epidermal ones
(Fig. 1.1b). Remarkably, this occurs in the absence of
the dorsal blastopore lip and without the addition of
exogenous factors (Godsave and Slack, 1989; Grunz
and Tacke, 1989; Sato and Sargent, 1989; Wilson et al.,
1997). These data led to the hypothesis that neural-
ization is the default fate for ectodermal cells, and
that the cell–cell interactions that occur in an intact
ectodermic tissue somehow inhibit this developmen-
tal path, resulting in an epidermal fate (Fig. 1.1b).
Once the tissue is dissociated, these “epidermal fac-
tors” are sufficiently diluted so as to allow development

of neural fate (Godsave and Slack, 1989; Grunz and
Tacke, 1989; Sato and Sargent, 1989). Thus, it was
proposed that the ectoderm has “neural default” fate,
which is revealed in the absence of exogenous sig-
naling (reviewed by Muñoz-Sanjuán and Brivanlou,
2002).

The addition of concentrated ectodermal super-
natant to dissociated cell cultures prevented the expres-
sion of neural markers after ectodermal dissociation
(Grunz and Tacke, 1990). Thereafter, candidate pro-
teins for the role of “epidermal factor” were added
onto dissociated cultures and tested for their ability to
restore epidermal fate while suppressing neuralization.
These screens identified Bone Morphogenetic Protein
4 (BMP4), a member of the Transforming Growth
Factor beta (TGF-β) superfamily as a potent epidermal
inducer. When BMP4 is added to a culture of cells dis-
sociated from the ectoderm it induces the expression of
epidermal markers (Wilson and Hemmati-Brivanlou,
1995). Moreover, the expression pattern of BMPs in
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the Xenopus gastrula is consistent with the role of
“epidermal factor”: BMP4 is found throughout the
ectoderm prior to gastrulation but, afterwards it is
excluded from the neural plate (Fainsod et al., 1994;
Hemmati-Brivanlou and Thomsen, 1995). Finally,
inhibition of BMP signaling in ectodermal cells with
dominant-negative receptors or antisense BMP4 RNA
neuralizes ectodermal cells (Sasai et al., 1995). This
last set of data was consistent with the model that
inhibition of endogenous BMP signaling, through
dilution, directs dissociated ectodermal cells towards
neural fate.

1.4 BMP and the Neural Inducers

The discovery of the neuralization-suppressing effect
of BMP4 suggested a new hypothesis for the mode
of action of the direct neuralizers (Noggin, Chordin
and Follistatin), that is through the inhibition of BMP4
action. Further experiments showed that, indeed,
Noggin and Chordin directly bind to BMP4 protein and
interfere with its ligation to its receptor (Zimmerman
et al., 1996; Piccolo et al., 1996). Follistatin also
binds to BMPs and, while still allowing ligation to its
receptor, forms a trimeric complex that inhibits sig-
naling (Nakamura et al., 1990; Fainsod et al., 1997;
Iemura et al., 1998). Interestingly, molecular studies
have shown that different from Noggin and Follistatin
the inhibitory activity of Chordin on BMP resides in
specific cysteine-rich (CR) domains and is phylogenet-
ically conserved (Abreu et al., 2002).

The model that emerged was one in which the deci-
sion on the neural or epidermal fate of the ectoderm
depends on the level of BMP signaling. When BMP
signaling is decreased, either through dilution in disso-
ciated cultures or inhibition by neural inducers, ecto-
derm will progress towards a neural fate. Conversely,
when BMP signaling prevails, the ectoderm will form
epidermis.

This model is consistent with the conditions occur-
ring during normal Xenopus development: On the ven-
tral ectoderm of the gastrulating embryo, which is dia-
metrically opposite to the Organizer and which devel-
ops into the epidermis, high levels of BMP are detected
(Jones et al., 1996; Reém-Kalma et al., 1995). In con-
trast, the dorsal ectoderm, where neurulation occurs, is
in close proximity to the Organizer, which is the source

of BMP-inhibiting neural inducers. Accordingly, it
has relatively low levels of BMP signaling. Likewise,
this model explains the double-neural axis phenotype
in Spemann and Mangolds ´original Organizer graft
experiment: the grafting of an additional Organizer in
the ventral region provided a source of neural inducers
that inhibited BMP signaling in that region, allow-
ing the ventral ectodermal cells to follow their default
neural fate.

1.5 Challenges to the Neural Default
Model

The model of neural induction based on the sim-
ple inhibition of BMP signaling by its antagonists
expressed at the Organizer has been challenged, how-
ever, by results which suggest that neural induction
is a more complex process, involving additional fac-
tors. One of these might be Fibroblast Growth Factor
(FGF; Kengaku and Okamoto, 1993). FGF treatment
increases expression of neural markers and decreases
that of epidermal markers, (Kengaku and Okamoto,
1993, 1995; Lamb and Harland, 1995; Uzgare et al.,
1998). Furthermore, dominant-negative FGF receptor
inhibits the neuralizing effects of ectoderm dissocia-
tion and of noggin overexpression in whole embryos
(Hongo et al., 1999; Launay et al., 1996). Together,
these data suggested that FGF might also be nec-
essary to promote neural induction. This was just
the beginning of a series of questions regarding the
sufficiency of BMP inhibition in the neural induc-
tion model, which was primarily based on amphibian
embryos. The strongest evidence against the neural
default model of BMP inhibition, however, came from
experiments conducted in chick embryos.

1.6 Neural Induction and the Avian Node

Unlike the Xenopus embryos, whose development is
completely external, the avian embryo initiates its
development in the oviduct (reviewed in Wittler and
Kessel, 2004). The initial cleavage cycles that occur
there generate a flat blastoderm disc overlying the yolk.
When the egg is laid, the avian embryo is a translu-
cent disc composed of an epithelial monolayer – the
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epiblast –, which is subdivided into a central area pel-
lucida and an yolk-rich, extra-embryonic area opaca.
The circumference where the pellucida and the opaca
meet is known as the Marginal Zone. After a few hours,
a half-moon-shaped thickened region appears at the
Marginal Zone. This structure is known as Kohler’s
sickle and is the morphological landmark for the pos-
terior end of the embryo and the site for initiation of
gastrulation. At the stage of its appearance, the epiblast
cells migrate posteriorly in a bilaterally symmetric
movement and anteriorly at the midline, forming the
primitive streak through which epiblast cell ingress and
form the definitive endoderm and mesoderm (Hatada
and Stern, 1994; Voiculescu et al., 2007; Joubin and
Stern, 1999 ). When sickle cells and the central epiblast
cells meet at the anteriormost edge of the primi-
tive streak, they form a thickened structure known as
Hensen’s Node, or simply the node (Fig. 2; Lawson
and Schoenwolf, 2001; Bachvarova et al., 1998 ). As
gastrulation continues, the primitive streak continues
expanding anteriorly and bisects the embryo into left
and right regions (Fig. 1.2).

The node is considered the avian homologue of the
amphibian dorsal blastopore lip. Its neural inductive
abilities and gene expression pattern are reminiscent
of the Organizer: transplantation of the node to the
extraembryonic area opaca induces a secondary neu-
raxis (Waddington, 1932; Storey et al., 1992), with
minimal participation of donor node cells (Storey

et al., 1992). Furthermore, the node expresses the avian
homologues of Goosecoid (Izpisua-belmonte et al.,
1993), Goosecoid-like gene (Gsx, Lemaire et al., 1997)
and Chordin (Streit et al., 1998), which are found in the
Xenopus Organizer.

1.7 Epiblast – The Responsive Tissue

The induction and patterning of the avian nervous
system is a stepwise process that can be subdivided
into the ability of the epiblast to respond to neuraliz-
ing signals (competence), the progressive stabilization
of this response (specification) and the subsequent
patterning of the neural region in its diverse axis.
The initial experiments by Waddington (1932, 1993)
showed that the avian blastula’s epiblast layer is com-
petent to respond to neuralizing signals derived from
the node. Indeed, fate mapping experiments show that
neural structures arise from a widespread region of
the epiblast prior to gastrulation (Hatada and Stern,
1994 García-Martínez et al., 1993). Waddington’s con-
clusions were further refined by Storey et al. who
transplanted ectopic nodes to progressively older host
embryos and determined that the epiblast can generate
a full antero-posterior neural axis up to early gas-
trula stages (Storey et al., 1992; Streit et al., 1997).
Thereafter, the epiblast cannot be induced to form
anterior neural structures.

Fig. 1.2 The expression
pattern of BMP, Chordin
and FGF during different
stages of early chick
development. The first row
represents a simplified dorsal
view of the pre-gastrula and
gastrulating embryo
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The precise stage at which the epiblast first demon-
strates that it is competent to follow neural fate has
been progressively pushed back as more molecular
markers have become available. For instance, the early
neural marker Sox3 and late marker Sox2 have been
used as standard indicators of chick neural specifi-
cation (Rex et al., 1997; Streit et al., 2000, 1997;
Uchikawa et al., 2003). Sox3 is detected throughout
the epiblast before neural induction in pre-gastrula
embryos and becomes restricted to the future neu-
roectoderm as development progresses. Sox2 is first
detected around the time when neural induction is
believed to occur and its expression is limited to the
neuroectoderm (Rex et al., 1997; Muhr et al., 1999).

Accordingly, immediately prior to gastrulation, the
potential of different regions of the epiblast differ.
Cultures of explants derived from central epiblast gen-
erated Sox2 and Sox3-positive cells whereas cultures
derived from explants removed from regions closer
to the marginal zone did not. Rather, these periph-
eral explants express genes indicative of epidermal
fate (Fig. 2, Wilson et al., 2000). Thus, by following
the expression of Sox3 and Sox2 in cultured epi-
blast explants, the earliest stage in which epiblast is
compartmentalized into neural and epidermal domains
was identified to be immediately prior to egg-laying
(Wilson et al., 2000). At this stage, neural fate is
restricted to the central epiblast and epidermal fate to
the peripheral epiblast.

1.8 Inhibition of BMP in the Avian
Context

The search for avian neural inducers that compartmen-
talize the epiblast into neural or epidermal fate was
initially based on a parallelism between the inductive
abilities of Hensen’s Node and Spemann’s Organizer.
In support of this idea was the expression pattern of
BMPs and its inhibitors in late Primitive Streak stages:
Prior to egg-laying, BMP is present throughout the
epiblast but, when neuro-epidermal compartmentaliza-
tion occurs, it becomes excluded from the prospective
neural tissue (Wilson et al., 2000; Streit et al., 1998,
Watanabe and Le Douarin, 1996; Streit et al., 1998).
Likewise, the TGF-beta inhibitors chordin and noggin,
which are expressed anterior to Kohler’s Sickle prior to

gastrulation, are found at the anterior tip of the prim-
itive streak in early gastrulas and are restricted to the
notochord and the node in late gastrulas (Streit et al.,
1998, Streit and Stern, 1999; Connolly et al., 1997).
Altogether, these data suggested that in chick, simi-
lar to Xenopus, BMP and its inhibitors are present in
complementary regions and that definition of a BMP-
activity-free neural domain plays a crucial role in
neural induction.

However, contrary to the results obtained in
amphibian embryos, application of ectopic chordin
onto early gastrula embryos cannot induce neural fate
in non-neural ectoderm (Streit et al., 1998). Moreover,
it would be expected, from the results in the frog
model, that exposure to ectopic BMP would con-
vert the presumptive neural domain into epidermal.
Surprisingly, application of BMP onto early gastru-
las’ neural domains does not inhibit Sox3 or Sox2
expression (Streit et al., 1998). Inhibition of BMP
signaling through overexpression of Smad6 or dom-
inant negative BMP receptor is also not sufficient
for neural induction (Linker and Stern, 2004). These
results, together with the findings that central epiblast
is specified as neural prior to egg-laying (see previ-
ous section), indicated that at early gastrula stages
the neuro-ectodermal regions are already specified and
that the search for the initial neuralizing step should
include earlier developmental stages.

Thus, Wilson and collaborators investigated the
identity of the signals that compartmentalized the cen-
tral and peripheral epiblast into their respective neural
and epidermal fates in pre-gastrula embryos. At this
stage, the central epiblast is still susceptible to BMP
and will respond to its presence by converting from
neural to epidermal fate (Streit et al., 1998; Wilson
et al. 2000). Thus, in early chick epiblasts, the Xenopus
neural induction model holds true, in that BMP sig-
naling confers an epidermal bias and that its absence
is necessary for neural fate. The dynamics of BMP
expression at this stage is consistent with its role
as the endogenous epidermalizing signal – BMP is
downregulated in central epiblast and maintained in
peripheral epiblast (Streit et al., 1998; Wilson et al.,
2000). This plasticity ends with the onset of gastrula-
tion (HH4) (Fig. 2; Wilson et al., 2000). The neural
domain’s progressive resistance to BMP reflects the
gradual commitment to neural fate that occurs during
normal embryonic development.
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1.9 FGF Signaling and Neural Induction

The question that remains is: what is the identity of
the endogenous factor(s) that inhibit BMP signaling in
the pre-gastrula central epiblast? Contrary to expecta-
tions, BMP signaling cannot be directly antagonized
by secreted BMP-inhibitors in pre-gastrula embryo.
Although Chordin is expressed at the gastrula’s node,
neither Chordin, Noggin, Follistatin or Caronte were
detected in central or peripheral epiblast in pre-gastrula
embryos (Levin, 1998; Wilson et al., 2000). Moreover,
these inhibitors cannot induce neural markers by them-
selves (Streit et al., 1998, 2000). In other words, an
alternative signaling mechanism must maintain the
central epiblast BMP-free for the initial step in neural
induction to occur.

The answer came from a series of elegant experi-
ments that provided strong evidence that FGF meets all
the requirements for a role as an endogenous inhibitor
of BMP in avian blastulas. Firstly, FGF3 is expressed
in pre-gastrula central epiblast (Mahmood et al., 1995,
Wilson et al., 2000, 2001). Furthermore, exogenously
applied FGF can induce the expression of early neural
markers (Streit et al., 2000). Blockade of endogenous
FGF signaling inhibits expression of Sox3. Inhibition
of FGF signaling blocks neuralization and induction
of ectopic neural plate by a grafted organizer (Streit
et al., 2000). Lastly, the FGF pathway is required
for downregulation of BMP levels in the central epi-
blast, and absence of FGF signaling in the central
epiblast can be compensated for by the addition of
BMP inhibitors (Streit et al., 2000; Wilson et al., 2000,
2001). Together, these data suggest that FGF is a puta-
tive early neural inducer that acts by counteracting
BMP signaling in the central epiblast.

These results agree with the previously mentioned
effects of FGF on Xenopus embryos. However, at the
time that those reports appeared, FGF was considered
mainly a posteriorizing signal that acted secondarily on
the neural domain generated by inhibition of BMP sig-
naling. In light of the compelling data obtained from
chick embryos, the role of FGF as a primary neural-
izing signal was revisited in the amphibian embryo as
well. This reassessment was done with ex vivo ectoder-
mal explants and in vivo analysis of ventral ectoderm
fate in whole embryos. The results derived from in
vivo experiments differed somewhat from the clas-
sical ex vivo experiments. While overexpression of

truncated TGF-beta receptor was sufficient to induce
Sox2 expression in amphibian ectodermal explants
(Wilson and Hemmati-Brivanlou, 1995), it did not
induce a similar response in whole embryo ventral
ectoderm (Linker and Stern, 2004; Delaune et al.,
2005). In this experimental paradigm, ectopic expres-
sion of neural markers was achieved when there was
concomitant inhibition of BMP and stimulation of FGF
signaling (Linker and Stern, 2004). Moreover, in the
absence of FGF signaling, the ectoderm cannot be neu-
ralized by inhibition of BMP (Delaune et al., 2005).
These results strongly suggest that, similar to the
avian embryo, neuralization in the amphibian embryo
requires interaction of the FGF and BMP pathways.

The interaction between both pathways has been
mapped to Smad1, a downstream nuclear effector of
the BMP pathway. Smad1 nuclear translocation and
transcriptional activity are increased when it is phos-
phorylated at the carboxy-terminal upon activation of
the BMP receptor serine/threonine kinase (Massagué
and Chen, 2000). This activity is required for BMP-
induced epidermal fate (Wilson et al., 1997; Nakayama
et al., 1998). In contrast, when Smad1 is phospho-
rylated by MAPK in the central linker region, both
nuclear translocation and transcription are inhibited
(Kretzschmar et al., 1997).

FGF signals through receptor tyrosine kinases that
ultimately activate MAPK, which in turn phospho-
rylates Smad1 (Pera et al., 2003). Underscoring the
importance of the MAPK pathway during Xenopus
neural development, MAPK activity is required for
neural induction by FGF and cell dissociation in ecto-
derm explants (Uzgare et al., 1998; Kuroda et al.,
2005). Thus, Smad1 integrates signals from the FGF
and BMP pathway. Its activity results from the oppos-
ing effects between FGF-induced linker region phos-
phorylation versus the BMP-driven phosphorylation of
the carboxy-region. Consistent with this idea, overex-
pression of a MAPK-kinase insensitive Smad1 inhib-
ited neural development in whole embryos, whereas
mutation of both MAPK and BMP-sensitive regions
resulted in very mild phenotype (Pera et al., 2003).
Thus, the final model that emerges places Smad1
in the centre of the choice between neural and epi-
dermal fate. In the presence of high levels of BMP
signaling, Smad1 is phosphorylated in the carboxy
terminal, which activates its nuclear activity and cul-
minates in epidermal fate. This epidermalizing effect
can be counteracted by FGF, which phosphorylates the
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Fig. 1.3 Neural and
epidermal fate are
determined by Smad1
activity, which in turn is
regulated by
phosphorylation of its
serine/threonine residues.
FGF-induced phosphorylation
of the linker region retains
Smad1 in the cytoplasm and
results in neural fate, whereas
BMP-induced
phosphorylation of the
carboxy terminal promotes
translocation of Smad1 to the
nucleus and results in
epidermal fate

Smad1 linker, inhibits its nuclear functions, resulting
in adoption of neural fate (Fig. 1.3).

Although this model accounts for most of the results
in the field, there are some points that must be consid-
ered: firstly, besides FGF there are other growth factors
that can activate MAPK activity, which raises the pos-
sibility that additional secreted proteins can modulate
neural induction (Linker and Stern, 2004). Second,
MAPK has other target proteins, amongst them Smad2
and Smad3, components of another TGF-beta pathway.
Therefore, it is possible that FGF modulates additional
pathways for its neuralizing effect. Indeed, there is
evidence that suppression of both Smad1 and Smad2
activity are necessary for neural induction in ventral
ectoderm (Chang and Harland, 2007). Furthermore,
the FGF pathway itself is modulated by other signals
that are present during acquisition of neural compe-
tence. For instance, in the chick embryo, the Wnt
pathway suppresses FGF signaling in the lateral epi-
blast (Wilson et al., 2001). Lastly, as mentioned above,
cell fate induction occurs in a continuous and progres-
sive fashion. Therefore, the response of a target tissue
to neuralizing or epidermalizing signals depends on its
differentiation state at the time of exposure. An exam-
ple of this is neuralization through BMP inhibition in
Xenopus embryos. The response to BMP inhibition
is lost prior to the onset of gastrulation (Wawersik
et al., 2005). Likewise, neural induction in Xenopus
embryos is most sensitive to removal of FGF signaling
during mid-blastula transition (Delaune et al., 2005).
Although these results are still under discussion (de
Almeida et al., 2008) and the exact period when each
identified player is required for normal progression of

neural development is still unclear, it is the general
consensus that the plasticity of the ectoderm decreases
with time due to stabilization of cell fate (Streit et al.,
1998; Wawersik et al., 2005; Linker and Stern, 2004;
reviewed in Stern, 2005).

In conclusion, since the molecular identification
of direct neural inducers the development field has
proposed and refined models for the signaling that
underlies the choice between epidermal and neural fate
from the ectoderm. Even though the current model
does not account for all the complexity that occurs in
this process, the speed with which new findings are col-
lected and incorporated into the most recent hypothesis
has increased, and a more comprehensive panorama
should emerge in the next few years.
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