
        
       

The Neural Crest, 
Second Edition 

The development of an organism from a single cell to a fertilized egg is one of 
the most marvelous and beautiful of all nature's creations. In the context of a 
rapidly advancing field of study, this fully revised edition of The Neural Crest 
contains the most current information about a structure unique to the verte
brate embryo and which has only a transient existence in early embryonic life. 
The neural crest's component cells migrate throughout the embryo and home 
to specific sites, where they differentiate into a large variety of cell types, 
including the peripheral nervous system, pigment cells, endocrine cells, and 
mesenchymal derivatives. The latter provide a large contribution to the verte
brate head as it gives rise to nearly all the skull and facial skeleton. The 
ontogeny of the neural crest embodies the most important issues in develop
mental biology, as the neural crest is considered to have played a crucial role in 
evolution of the vertebrate phylum. 

Fifteen years ago, research on the neural crest centered on avian and amphi
bian embryos. Included are new data that analyze neural crest ontogeny in 
murine and zebrafish embryos, two species that enable both genetic studies and 
single-cell analysis. Coverage of recent advances in our understanding of mar
kers of neural crest cell subpopulations is also included, and a full chapter is 
devoted to cell lineage analysis, a field that has also significantly contributed to 
an understanding of the phenotypic segregation of neural crest cell subpopula
tions. 

Since the first edition, perhaps the major research breakthrough has been 
the introduction of molecular biology to neural crest research, enabling the 
elucidation of many molecular mechanisms of neural crest development. These 
include effects of growth factors and receptors of the neurotrophin family, the 
endothelin family, bone morphogenetic proteins, etc. Likewise, elucidation of 
the molecular mechanisms leading to neural crest migration in the embryo 
characterizes the type of frontline research covered in this revised edition. 

This book is essential reading for students and researchers in developmental 
biology, cell biology, and neuroscience. 

Nicole M. Le Douarin is Professor at the College de France in Paris and Director of the 
Institute of Cellular and Molecular Embryology of the College de France and CNRS. 

Chaya Kalcheim is Professor in the Department of Anatomy and Cell Biology at the 
Hebrew University of Jerusalem-Hadassah Medical School. 
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Foreword 

The development of an organism from a single cell, the fertilized egg, is one of 
the most marvelous and beautiful of all  nature's creations. The last decades 
have seen an explosion in our understanding of the mechanisms involved in 
development, largely due to the application of the techniques of molecular 
biology. The language of cells is molecules. 

The neural crest presents us with a system in which almost all the basic 
features of development are present - pattern formation, determination, direc
ted migration, and differentiation. It is truly remarkable in the diversity of cell 
types to which it gives rise - neural, mesenchymal, endocrine, and pigment -
and all these end up away from their site of origin. Its development requires to 
know how genes control the behavior of the cells. We need to know to what 
extent the crest's diversity is laid down early on and to what extent it is multi
potential. We also need to know the role of intrinsic developmental programs 
and their relation to external signals. A particular problem with the crest is 
how its migration to specific sites is directed. The creation of the crest during 
vertebrate evolution was a major event and has profound implications for 
human development. 

The early understanding of the development of the crest relied on the tech
niques of classical embryology, such as removal of the crest from the early 
embryo and noting the effects, but a crucial step was the ability to mark the 
neural crest population reliably and so follow their development. The discovery 
by Nicole Le Douarin of the quail nuclear marker transformed the field, for it 
opened up the way to finding out what the crest gives rise to and about the 
development of its cells. All this now "classical" work is dealt with in the 1 982 
edition of The Neural Crest. 

xvii 



        
       

xviii FOREWORD 

This present volume provides a detailed and most impressive account of the 
current state of the field. It is not just that numerous genes and signals con
trolling neural crest development have been identified, but it is the combination 
of the older techniques of experimental embryology with molecular 
approaches. Cloning experiments have illuminated both the multipotential 
capacity of the early neural crest as well as some restriction. It provides one 
of the best systems for understanding the directed migration of cells to distant 
sites, and it is now clear that both positive and negative signals are involved. 
Understanding the nature of crest migration has provided new insights into the 
origin of the segmental nature of the peripheral nervous system. 

Many of the advances have been due to Le Douarin and her coworkers, and 
it is not surprising that the sight of crest cells down the microscope still pro
vides Le Douarin with an aesthetic pleasure. It remains an exciting area for 
study. 

Lewis Wolpert is Professor of Biology as Applied to Medicine in the Department of 
Anatomy and Developmental Biology, University College London, London, UK. 



        
       

Pref ace 

The first edition of The Neural Crest appeared in 1 982. As I wrote in the 
preface at that time, it "marked a step in a venture which started twelve 
years before when I noticed that the nucleus of quail cells has a characteristic 
structure and can be distinguished at first glance from its chick counterpart." 
Quail-chick chimeras used to follow the behavior and fate of neural crest cells 
in the avian embryo had proved an efficient tool to decipher the participation 
of this structure in forming key structures that constitute the body of higher 
vertebrates. 

During the period of time separating these two editions, developmental 
biology has considerably benefited from the recent advances in cell and mol
ecular biology. Many new investigators have become interested in the ontogeny 
of the neural crest; certain questions raised in the early work have been 
answered and new avenues of research are now open. The present book is 
an illustration of such an evolution, as two friends and colleagues, former 
mentor and student, have joined their expertise and deep interest in the subject 
to reevaluate our knowledge on the ontogeny of this fascinating embryonic 
structure. Our ambition is not only to provide the reader with the most up-to
date information but hopefully also to raise the interest of newcomers to the 
field. 

Both Chaya Kalcheim and myself wish to express our deep gratitude to the 
colleagues and friends who helped us during the preparation of this book. The 
contribution of our students and collaborators who have read chapters, pro
vided insightful suggestions, and furnished original photographs has been 
invaluable. Our thanks go to Gerard Couly, Catherine Ziller, Anne Grapin, 
Anne Eichmann, Alan Burns, Elisabeth Dupin, Laure Lecoin, Ron Goldstein, 
Nitza Kahane, Gilat Brill, and Anat Braffman. 

xix 



        
       

XX PREFACE 

I am particularly grateful to Dr Fran9oise Dieterlen for her constant and 
friendly support in this venture and to Professor Joseph Bagnara who took 
time to carefully read two chapters of this book. Professor Mike Gershon will 
find here an expression of our deep appreciation for reading the chapter on the 
autonomic nervous system, his domain of outstanding expertise. 

Many authors of published and unpublished work have generously provided 
us with permission to reproduce their data and, in certain cases, with original 
photographs. We both thank them deeply. 

We are indebted to the very dedicated collaborators who, in the Nogent 
laboratory, have efficiently helped both of us in preparing the book: Chryste!e 
Guilloteau for the typescript, Marcelle Gendreau and Charmaine Herberts 
who have devoted all their skill to preparing the bibliography and reference 
chasing. Fran9oise Viala, Francis Beaujean, Sophie Gournet, and Heiene San 
Clemente have prepared photographs and artwork. Chaya Kalcheim and I are 
happy to thank them all for their very professional and friendly contributions. 

Nicole M. Le Douarin 
Nogent-sur-Marne, March 15, 1998 



        
       

General Introduction 

Although the neural crest is a discrete structure which comprises only a few 
cells and exists transiently in the early embryo, it embodies most of the crucial 
issues of developmental biology. Its highly pluripotent component cells yield 
an astonishing variety of cell types: from bones, tendons, connective and adi
pose tissues, and dermis to melanocytes, neurons of many kinds, glial, and 
endocrine cells. The neural crest forms according to a rostrocaudal gradient 
along the body axis and releases free-moving mesenchymal-like cells that fol
low definite migration routes at precise times of development, finally reaching 
target embryonic sites where they settle and differentiate. What triggers this 
migratory behavior? Which signals do these cells require to move along these 
definite pathways and what causes them to stop and accumulate? These are 
among the most puzzling problems raised by morphogenesis, problems that go 
beyond embryology and concern the stability of the histiotypic state and its 
disruption in metastasis. 

The neural crest was first described in the chick embryo by His ( 1 868) as a 
"Zwischenstrang," a strip of cells lying between the dorsal ectoderm and the 
neural tube. This observation prompted a number of studies, essentially per
formed in the amphibian embryo, which provided the grounds for the first 
recognition of the neural crest as a "remarkable embryonic structure" desig
nated as such by Newth ( 195 1 ). The classical contributions resulting from this 
pioneering work were reviewed in a comprehensive monograph by Horstadius 
in 1950. After these early studies, the ontogeny of the neural crest in higher 
vertebrates remained largely unresolved for many years. However, the intro
duction of cell labeling with tritiated thymidine in the 1960s by Chibon and 
Weston marked the beginning of a new era. Visualization of neural crest cells 
became possible in amphibian and avian embryos. This cell-labeling method, 

xxi 



        
       

xxii GENERAL INTRODUCTION 

however, allowed only a transient follow-up of the cells as sequential cell 
divisions progressively diluted the radioactive isotope. This limitation was 
completely overcome upon introduction of the quail-chick marker, which pro
vided a stable means of tracing the migration and fate of neural crest progeni
tors exiting from the neural primordium along the entire axis. This technique 
was subsequently utilized to elucidate the contribution of the neural crest to a 
large number of tissues and structures in the avian embryo. Moreover, it 
revealed a high level of plasticity in the development of neural crest derivatives, 
the fates of which are largely influenced by the environment to which the crest 
cells are subjected during migration and in the embryonic sites to which they 
home. The wealth of data provided by this technique throughout the 1 970s was 
reviewed by Nicole Le Douarin in The Neural Crest. Since the publication of 
this monograph in 1 982, other methods have been developed whereby indivi
dual cells or groups of crest cells can be labeled in a non-invasive manner in all 
vertebrate classes from fish to mammals. With the advent of molecular biology 
and developmental genetics, considerable progress has occurred in our under
standing of the mechanisms controlling neural crest ontogeny, and a second 
edition of The Neural Crest seemed timely. 

In the early 1 980s, data concerning the migration processes of neural crest 
cells had been gathered on two classes of vertebrates only, amphibians and 
avians. Investigations now include fish and mammals. It has become apparent 
that the major crest migratory paths have been conserved between fish, amphi
bia, birds, and mammals in spite of the significant differences in the number of 
migrating cells. A better understanding has been acquired concerning the 
nature of the extracellular matrix through which the crest cells move, as well 
as about the relationships between cells and matrix. Notwithstanding this 
progress, little is still known about the mechanisms of epithelial-mesenchymal 
conversion, a key process that triggers the onset of crest cell migration, and of 
the mechanisms responsible for the choice of the homing sites by the crest
derived cells. 

Concerning the mechanisms of cell diversification into the various deriva
tives of the neural crest, significant advances have been made, although it is 
worth stressing that our understanding of lineage segregation is still in its initial 
stages. Some answers have been found regarding both the fate and state of 
commitment of neural crest cells at different times of development. Owing to 
the development of elegant in vivo lineage tracing techniques of single progeni
tors and of in vitro cloning procedures, it is now clear that neural crest stem 
cells exist and that diversification of neural crest derivatives present many 
similarities to the processes through which hemopoietic lineages are generated. 
The existence of a totipotent neural crest progenitor has also been demon
strated in the avian embryo although its autoreplicating capabilities have to 
be proven. On the other hand, neural crest progenitors endowed with self
renewal capacities have been found in mammals, but they have not been 
shown to be totipotent. 

The last decade has witnessed the identification and cloning of a vast 
number of molecules recognized to play important roles in the survival of 



        
       

GENERAL INTRODUCTION xxiii 

postmitotic neurons during the critical period of programmed cell death. Some 
of these factors have been shown to be active earlier in development in impor
tant aspects of the ontogeny of the peripheral nervous system, namely prolif
eration, differentiation, and survival of distinct neuronal and glial cell types. 

The formation of color patterns of the vertebrate skin and its appendages 
and the regulation of color changes in vertebrates are topics that pertain to 
neural crest ontogeny, constituting a vast field which has benefited from recent 
spectacular advances. This progress has relied heavily on the collection over the 
years of a number of mouse mutants remarkable for their pigment patterns. 
With the advent of molecular genetics, the underlying mechanisms and inter
actions leading to pigmentation are currently being unraveled. 

In mice, some of the genes mutated in several models for neurocristopathies, 
such as piebaldism and Hirschprung's disease, have been cloned. More
over, null mutants are currently being created that lack specific genes. These 
approaches, in association with refined cellular techniques, provide insight into 
the etiology of the diseases as well as the mechanisms of normal development. 

Another expanding field in neural crest research concerns its capacity to 
yield mesenchymal derivatives similar to those arising from the mesoderm, 
with the exception of blood and blood vessel endothelia. It has been established 
that the head is essentially of ectodermal origin via the neural plate, which 
gives rise to brain and to most of the skull and connective tissues. We now 
know much more about the genetic basis of head morphogenesis due to the 
discovery of genes that encode transcription factors and growth factors 
involved in head and face morphogenesis. Nearly every month a new regula
tory pathway is disclosed which affects cephalic and facial derivatives of the 
neural crest. Nevertheless, the complexity of head morphogenesis makes it 
difficult to predict when an integrated picture of these pathways will emerge. 

The advances summarized above are only part of the enormous progress 
achieved since the first edition of The Neural Crest. This progress has been 
possible thanks to the advent of new markers, which can follow subsets of 
neural crest cells throughout ontogeny at the molecular and cellular levels in 
increasingly refined ways. Going hand in hand with modern developments, the 
quail-chick marker, widely used to trace the migration and fate of crest cells, is 
still serving the field, whether applied in isolation or in combination with the 
detection of specific proteins or genes. 

In every way, it has been both a challenge and a pleasure to write this book. 
Our hope is to convey to the readers our enthusiasm and curiosity for what the 
next decade will bring to the field. 



        
       



        
       

Methods for Identifying 

Neural Crest Cells and Their 

Derivatives 

1.1 Introduction 

A prerequisite for studying the individualization, migration, and fate of neural 
crest cells is the availability of specific markers that allow this cell type to be 
identified throughout ontogeny. This is due to the fact that in the majority of 
vertebrate species the movements of embryonic cells cannot be directly fol
lowed in situ under the microscope because the embryo contains too many 
cells. Moreover, the migratory neural crest cells do not exhibit generally recog
nizable features which would allow them to be distinguished from the other 
embryonic cells. Teleost embryos, however, constitute a model system particu
larly amenable to study neural crest ontogeny since, at least in certain species, 
crest cells can be distinguished in living samples by direct observation. Thus, 
several species of fishes have been used to study neural crest development (see, 
e.g., Newth, 1 956; Lamers et al. , 1 98 1 ;  Langille and Hall, 1 988a,b; Sadaghiani 
and Vielkind, 1989, 1 990). In zebrafish (Brachydanio rerio), the blastomeres 
and their progeny are nearly transparent and the embryo has relatively few 
cells, making it possible to recognize them individually and to follow their 
migration. Moreover, in this species, crest cells have a large size and can be 
easily labeled, as described below, and even ablated or transplanted hetero
topically (see Eisen and Weston, 1 993, for a review). 

As mentioned above, experimental procedures had to be devised in order to 
disclose the dynamic behavior of neural crest cells in higher vertebrates. These 
methods relied on two principles: either the source of neural crest cells, the 
neural folds, were removed prior to crest cell emigration and their fate was 
inferred from the deficiencies consecutive to the operation, or the neural fold
derived cells were recognizable by natural or artificial markers which allow the 

1 
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crest cells to be traced up to their definitive target sites in the embryo. In recent 
years, some distinctive molecular markers have been identified in neural crest 
cells. This was useful for the validation of pre-existing evidence based on 
embryonic grafting experiments of the neural primordium. 

1.2 Extirpation or in situ destruction of the neural crest 

In this technique, the neural fold or the entire neural primordium is either 
removed or destroyed in situ by electrocauterization at a defined level of the 
neural axis. The deficiencies subsequent to the operation provide information 
on the presumptive fate of the excised territory. This experimental approach 
has often been used for studying the migration of neural crest cells in lower and 
higher vertebrates (see reviews of Horstadius, 1 950; Weston, 1 970) and has 
yielded significant information. A serious drawback of this technique, however, 
is the fact that extirpation of embryonic areas triggers regulatory mechanisms 
which may restore the deletions. This is particularly true for the neural crest 
which is endowed with a high power of regeneration after partial removal of 
the neural fold. This will be discussed in detail in Chapter 3. In addition, tissue 
interactions commonly occur between embryonic structures and play a decisive 
role in many histogenetic processes. Removal of embryonic tissues may disturb 
such developmental mechanisms. Thus, lack of certain structures or their 
abnormal morphogenesis may result primarily from such disturbances rather 
than from the actual removal of the primordia. A striking example is provided 
by the role of axial organs, neural tube and notocord in ensuring the survival of 
somitic cells (Teillet and Le Douarin, 1 983). 

These remarks show that, although some fundamental knowledge concern
ing the role of the neural crest in embryogenesis has been acquired through the 
use of this technique, the results obtained are relatively crude. Much more 
precise and detailed information on the migration process and on the fate of 
neural crest cells has been obtained by means of cell marking experiments. 

1.3 Differential identification of neural crest cells 
throughout ontogeny 

Identifying premigratory and migrating neural crest is of interest from several 
viewpoints. Firstly, it provides knowledge of the exact source of the future 
migratory cells and what migration routes they take. It further allows the 
molecular characteristics which make these routes favorable for crest cell trans
location to be investigated. Secondly, following the crest-derived cells through
out migration until they stop and differentiate in their target sites leads to 
knowledge of their derivatives and allows a fate map along the neural axis 
to be drawn. In fact, constructing fate maps is a prerequisite to studying the 
mechanisms underlying morphogenesis and organogenesis in most cases. Two 
approaches permit visualization of neural crest cells throughout ontogeny: one 
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takes advantage of intrinsic molecular markers they may have, the other 
applies extrinsic markers to the cells prior to their departure from their site 
of origin. Since the beginning of research on the neural crest, enormous pro
gress has been made along these two lines. 

1.3 .I Intrinsic markers of neural crest cells 

1.3. 1 . 1  Pioneer work based on cytological criteria. Pioneer studies during the 
first half of this century, essentially carried out in the amphibian embryo, have 
taken advantage of a variety of naturally occurring and easily observable cell 
characteristics to follow neural crest cell movements. Various intrinsic markers 
such as cytoplasmic inclusions (e.g., yolk granules, pigments), nuclear staining 
properties, and differences in cell size (Raven, 1937; Triplett, 1 958) have been 
used. For example, Raven ( 1 936, 1937), taking advantage of differences in cell 
size between Triturus and Amblystoma, carried out xenoplastic reciprocal graft
ing experiments by means of which he could gain some insight into the origin 
of sympathetic ganglia from the neural crest. These markers may be recognized 
in regions where neural crest cells accumulate, but cannot be used to identify 
isolated cells and therefore are of no help in following them during migration. 

Before modern techniques became available to distinguish molecular mar
kers expressed by neural crest cells (as reported below), several authors took 
advantage of certain histologically distinguishable features of neural crest cells 
to study their behavior. Thus, Stone ( 1932) noted that crest cells in Amblystoma 
contained vesicles which stained blue when exposed to Nile blue sulfate. 
Milaire ( 1 959) found that, in the mouse, crest cells could be distinguished 
from other cells by their high RNA content when stained with methyl green
pyronin. Nichols ( 1981 )  devised a histological technique which, after appro
priate fixation and further toluidine blue staining, reveals in a striking manner 
the neural crest cells emigrating from the neural fold and undergoing the 
characteristic epitheliomesenchymal transition in the mouse embryo 
(Nichols, 198 1  ) .  

1.3.1.2 Molecular markers of neural crest precursor cells. The presumptive 
neural crest cells have several characteristics which differentiate them from 
their neighbors, the future cells of the neural tube and of the superficial ecto
derm. First, they are endowed with migratory properties; second, they have a 
different fate. This is reflected by a number of molecular features or intrinsic 
markers that are more or less stable, depending on their nature, but which 
allow crest progenitors to be identified at various stages of their ontogeny. 

A. A VIAN NEURAL CREST CELLS EXPRESS THE ENZYME ACETYLCHOLINESTER
ASE. Although not a strictly specific marker for neural crest cells, because it is 
also present in other embryonic cell types (e.g., in the ectoblast during gastru
lation; Drews, 1975; Rama-Sastry and Sadavongvivad, 1979), acetylcholin
esterase becomes evident in the avian embryo in the neural folds and later in 
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the neural crest while it becomes clearly individualized after neural tube closure 
(Fig. 1 . 1  ). Individually migrating crest cells also contain this protein at least 
during the early stages of their migration (Cochard and Coltey, 1 983). The 
function of this enzyme in neural crest cells is not clear but may be related either 
to the fact that, at the stage of migration, neural crest cells synthesize acetylcho
line through the enzyme choline acetyltransferase (Smith et al., 1 977, 1 979), or 
to a variety of non-catalytic functions known to be undertaken by acetylcholin
esterase (Layer and Willbold, 1 995; Sternfeld et al., 1 998). 

B. THE NEURAL CREST AND THE HNK-1/NCI EPITOPE. With the advent of mono
clonal antibody (Mab) technology and in an attempt to further characterize the 
cells composing the neural crest, several authors developed antibodies against 
either neural crest cells themselves or their derivatives. In the latter case, the 
aim was to see to what extent, and from what stage in ontogeny, phenotypic 
molecular markers were expressed in the precursor cells contained in the crest 
itself. 

Several interesting reagents were obtained in an attempt to identify neural 
crest cells in the chick or quail embryo. The most useful of them in the avian 
embryo was the Mab which recognizes the HNK- 1/NC I epitope because it is 
carried by a large majority of the neural crest cells soon after they have left the 
neural primordium. The NC I Mab was obtained by immunizing a mouse with 
crude extracts of 8-day-old (E8) quail ciliary ganglion (Vincent and Thiery, 
1984). One of the clones resulting from this immunization produced an anti
body showing a strong affinity for a membrane antigenic determinant carried 
by migrating neural crest cells but absent on their precursors contained in the 
neural fold. The epitope recognized by the NCI antibody remains expressed in 
Schwann cells along the peripheral nerves and in ganglia where virtually all 
glial cells and some neurons are brightly labeled. 

The neural crest origin of the cells which exhibited NC I immunoreactivity 
was checked on quail-chick chimeras (see below and Fig. 1 . 1 )  in which a 
fragment of quail neural tube had been isotopically implanted into a chick 
embryo before the onset of neural crest cell emigration at this level (Le 
Douarin et al. , 1 984a). It could be seen that the large majority of neural 
crest cells carry the NC I epitope when they are migrating in both quail and 
chick. The flux of neural crest cells exiting from the encephalic vesicles is NC!
positive when they start migrating and are in a subectodermal position. 
However, the cephalic crest cells which are endowed with mesectodermal dif
ferentiation capacities and reach a ventral position in the branchial arches and 
facial structures (see Chapter 3) rapidly lose their immunoreactivity which thus 
remains restricted to the neural derivatives of the neural crest (Vincent and 
Thiery, 1 984). 

The melanoblastic precursors which take the dorsolateral pathway of migra
tion and colonize the skin express differently the NC I antigen according to the 
species considered. In the chick they are NC I-positive (Erickson et al., 1 992) 
and much less so in the quail (Nataf et al., 1 993). Subsequently, the NC I 



        
       

,, � . . • . . .  . . 

·\ 
... 

� 

METHODS FOR IDENTIFYING NEURAL CREST CELLS 5 

.. 

. . -

' 
. . 

-· 

. ' 
::' .... . 

• 
. 

; � . .. . 
. .. \-
,. .... 11 

r ' • 

. .. 

. ...:..· . 
·-· 

"' .,,,.. · ... . 

���·.:�·� . -.,., �-� .:� .. -... . -. .... . 

Figure I.I Crest cell migration at the posterior rhombocephalic (vagal) level. (A) 
Postotic level, Feulgen-Rossenbeck DNA staining of 1 5-somite chimeric embryo. (B) 
First somite level, HNK- 1/NC I labeling, 16-somite quail embryo. (C) Third somite 
level, acetylcholinesterase activity, 14-somite chick embryo. Neural crest cells identified 
by the nuclear, membrane, and cytoplasmic markers migrate in the acellular space 
located underneath the ectoderm (e). At the level of the first 3-4 somites, this migration 
takes place essentially between the ectoderm and the top of the somites (s) with little if 
any ventral progression between neural tube (nt) and somites. Bar = 25 µm. (From Le 
Douarin et al., 1984a.) 
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epitope appears on various other cell types such as in neural tube and in the 
perichondrium (Tucker, 1984; Tucker et al., 1984). 

Soon after the NCI Mab had been obtained, it was shown that its specificity 
was the same as that of a Mab prepared by Abo and Balch ( 1 98 I )  against a 
human lymphoid cell line with natural killer (NK) activity (Tucker et al., 1984). 
Then the epitope recognized by HNK- I (and very likely also by NC I)  was 
found to be a glucuronic acid-containing carbohydrate carried by several sur
face glycoproteins and glycolipids (Chou et al. , I 986). Among those are the 
membrane glycoprotein of the lg-like superfamily called BEN or SCI or DM
GRASP (Pourquie et al., I 992, and references therein), the expression of which 
is developmentally regulated in the nervous system and other cell types and 
SMP (Schwann cell myelin protein) which is expressed on glial cells in the avian 
embryo (Dulac et al., I 988, I 992; Dupin et al., I 990; Cameron-Curry et al., 
I 993). Moreover, certain human neuropathies are characterized by the pre
sence of lgM recognizing the HNKI epitope (Chou et al., 1 985, 1 986). Most 
of the studies relying on the recognition of the HNKI /NCI epitope were done 
using the antibody produced by the HNK-1 hybridoma cell line. However, it 
should be noted that no reactivity with mouse neural crest cells could ever be 
detected with either the HNK- 1 or the NC I Mabs while they were used in 
several studies in the rat embryo (Erickson et al., 1 989; Pomeranz et al., 1 993; 
Chalazonitis et al., 1 994). 

In conclusion, the HNK- 1 /NC l Mab has been instrumental in studying the 
early steps of neural crest cell migration in the avian embryo both in normal 
and experimental conditions (see, e.g., Bronner-Fraser, 1986a; Kalcheim and 
Le Douarin, 1 986) but, since it is neither a permanent nor a specific marker for 
these cells, the HNK- 1/NC l Mab is not appropriate to determine the long term 
fate of neural crest cells and to establish fate maps. 

c. TRANSCRIPTION FACTORS EXPRESSED IN NEURAL CREST CELLS. The Slug 
gene encoding a zinc finger transcription factor is strongly expressed in the 
neural crest precursor cells prior to the onset of migration (see Fig. 2 . 1  ). The 
Slug gene remains active in the crest cells particularly in the head, at least 
during the early stages of their migration. Thus, the presence of Slug tran
scripts in neural crest cells precedes the onset of immunoreactivity for the 
HNK-1 Mab. No detailed study has so far been done to find out when, during 
their differentiation, the various neural crest derivatives stop transcribing the 
Slug gene. 

The Slug gene was first isolated from a screen of an E2 chick embryo cDNA 
library with a probe from Xsna, the Xenopus homolog of the Drosophila Snail 
gene known as a zinc finger-containing nuclear protein (Nieto et al., 1 994). A 
high level of sequence similarity is observed in the finger region between 
chicken Slug and two genes of the Drosophila Snail family, Escargot and 
Snail (69% and 80%, respectively), but no significant sequence conservation 
was observed in the other domains of the protein. 

The Slug gene is interesting because it is expressed in the vertebrate embryo 
in two systems at the time when the cells initiate a migration phase by going 
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through an epitheliomesenchymal transition: the primitive streak and the 
neural crest. Slug expression has also been recently detected in the growing 
limb bud (Ros et al., 1997). 

D. GROWTH FACTOR RECEPTORS EXPRESSED IN THE NEURAL CREST. Inactiva
tion of the genes encoding EDN3 (endothelin-3) and its heptahelical G protein
coupled receptor EDNRB (endothelin receptor B) in the mouse resulted in 
phenocopies of the long-described mouse mutants lethal spotted (ls) and piebald 
lethal (s\ respectively, in which skin pigmentation and gut innervation are 
severely impaired (Greenstein-Baynash et al., 1 994; Hosoda et al., 1 994; see 
also Gariepy et al., 1 996, in the rat). This led to the demonstration that EDN3 
and EDNRB genes were allelic to the genes mutated in ls and s', respectively 
(Greenstein-Baynash et al., 1994; Hosoda et al., 1994). Cloning of the quail 
homolog of EDNRB (QEDNRB) allowed Nataf et al. ( 1 996) to explore the 
sites where this gene is expressed in the embryo. A prominent level of 
QEDNRB transcripts is present in the neural crest precursors of the neural 
fold prior to the outset of migration as well as in the outflow of crest cells 
exiting the neural primordium at both the head and trunk levels (Fig. 1 .2). This 
marker remains present in most derivatives of the neural crest except the 
mesectoderm and the melanocytic lineages. Its absence in the latter cell type 
was paradoxical since, in the mouse, pigmentation is affected in EDNRB 
mutants. It was subsequently shown that, in the avian embryo, the melanocytic 
cells taking the dorsolateral pathway express another closely related receptor 
designated EDNRB2 (Lecoin et al., 1 998). 

Other growth factor receptors of the protein tyrosine kinase type are also 
present in the neural fold and maintained at least for a while in the neural crest 
cells as they exit the neural primordium and start migrating. Many of them 
have a regionalized distribution. Such is the case for the platelet-derived 
growth factor receptor et (PDGFRa) which is present only in the cephalic 
neural fold from the mid-diencephalic level down to the level of somite 5 in 
quail and chick embryos. PDGFRa transcripts are later on present only in a 
subpopulation of cephalic neural crest cells which are likely to correspond to 
the precursors of mesectodermal cells since, in the mouse, a mutation in the 
PDGFRa gene, designated Patch, results in cephalic defects of the mesenchy
mal neural crest derivatives. 

The c-ret receptor, the targeted mutation of which results in the absence of 
neural crest-derived gut innervation, is also expressed in the neural fold prior to 
the onset of the crest cell migration at the level of somites 1-7 in the chick 
embryo, which corresponds to the source from which the enteric ganglion cells 
and plexuses emerge (Le Douarin and Teillet, 1 973; Robertson and Mason, 
1995). 

Several other molecular markers have an even more restricted distribution in 
transverse segments of the neural fold along the anteroposterior axis, especially 
at the cephalic level of the neural crest. They will be described in forthcoming 
chapters (e.g., Chapter 3). 



        
       

8 THE NEURAL CREST 

Figure 1.2 QEDNRB expression in quail embryos. (A, B) Whole-mount embryos after 
hybridization with digoxygenin-labeled probes. At 4ss (A), cephalic neural folds express 
EDNRB. The anteriormost region of the neural folds, which does not yield neural crest 
cells, does not express EDNRB. Bar = 1 25 µm. At 1 4ss (B), neural crest cells migrating 
rostral and caudal to the otic vesicle (Ot) (arrowheads) express EDNRB. Bar = 266 µm. 
(C, D) QEDNRB expression by trunk neural crest cells after radioactive in situ 
hybridization on transverse sections of quail embryos at 27ss. Section in C (bright field) 
and D (dark field) is more caudal than in E (bright-field) and F (dark-field). Trunk 
neural crest cells express EDNRB when they are still in the neural folds (D) and when 
they migrate in the dorsoventral pathway (arrow). Bar = 60 µm. (Reproduced, with 
permission, from Nataf et al., 1 996. Copyright ( 1996) National Academy of Sciences, 
U.S.A.) 
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Another receptor that is expressed in migrating crest cells is the low-affinity 
neurotrophin receptor p75. Expression of p75 has been used to study migration 
of murine and rat neural crest cells as HNK l was for avian and rat embryos 
(Stemple and Anderson, 1 992; Bannerman and Pleasure, 1 993; Farinas et al., 
1996; Chalazonitis et al., 1 997). p75 is a general marker for murine migrating 
crest cells in cranial, vagal, and trunk areas, and highlights the migratory 
pathways previously defined with independent techniques such as Dil labeling 
(Brill, Melkman, and Kalcheim, unpublished observations). Finally, trkC 
MRNA that encodes a receptor for the neurotrophin NT3 is expressed in 
avian neural crest cells located in the premigratory domain and thereafter 
constitutes a selective marker for the ventrally migrating crest cells and some 
of their neural derivatives. It is, however, not present on melanocytes (Kahane 
and Kalcheim, 1 994; Henion et al. , 1 995; Lefcort et al. , 1 996; see also Fig. 4. 1 ) .  

More recently, some markers were found that recognize neural crest cells in 
the mouse. These include the AP-2 transcription factor which is expressed in 
neural crest cells migrating from the cranial neural folds. Null mutation of the 
gene encoding this factor revealed its significance in development of cranio
facial structures including some cranial ganglia (Schorle et al., 1 996; Zhang et 
al. , 1 996). 

1.3.2 Extrinsic markers applied to neural crest precursor cells 

Vital dye staining of the premigratory crest cells is a long-used technique to 
study neural crest cell migration. In the pioneer studies carried out on amphi
bians, the donor embryo was treated with a dilute solution of dyes such as Nile 
blue sulfate, neutral red or Bismark brown, and stained areas of the neural fold 
were grafted into unlabeled recipients (Detwiler, 1 937a,b; Hilber, 1 943). This 
procedure suffered from a lack of specificity due to dye diffusion to neighbor
ing cells and loss of label with time, together with a certain level of cytotoxicity. 

The modern versions of this approach are much more efficient. First, they 
involve direct labeling of cells in situ without requiring transplantation, and call 
upon the lipophilic dyes Dil ( l ,  l '-dioctadecyl-3,3,3 ',3 '-tetramethylindocarbo
cyanine perchlorate) or DiO (3,3 '-dioctadecyloxacarbocyanine perchlorate; 
Molecular Probes) (Stern, 1 990; Selleck and Stern, 1 99 1 ,  1992; Hatada and 
Stern, 1994) which are deposited on the surface of the cells, to be labeled. Since 
the dye is incorporated into the cell membrane, it is transferred to the daughter 
cells through a certain number of generations and provides a means of marking 
them for 2-4 days. Because it is passively transported through membranes, 
diffusion to neighboring cells also occurs, yet to a limited extent (C. 
Kalcheim, personal observation). This method was extensively used in chick 
and also in mouse embryos where the neural crest cells became labeled after the 
dye, diluted in isotonic sucrose, was injected into the lumen of the neural tube 
(e.g., Serbedzija et al., 1 989, 1 990) or deposited directly on the cells to be 
labeled (Lumsden et al., 199 1 ). 
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Labeling of neural crest cells by this method can be combined with the 
explantation of segments of the trunk of E2 chick embryo in an organotypic 
culture system. This allows the direct observation for 2 days of the fluores
cently labeled neural crest cells when they are migrating by using low-level light 
videomicroscopy (Krull et al. , 1 995). 

More refined to follow both migration and clonal descendance of single 
embryonic cells is the technique which consists in labeling single cells by ion
tophoretic injection of a recognizable and unharmful tracer. This has been 
achieved by injecting the enzyme horseradish peroxidase into embryonic cells 
of the Xenopus embryo (Jacobson, 1 984). 

Another cell lineage marker is lysinated rhodamine dextran (LRD) (Gimlich 
and Braun, 1985). Both molecules are large and membrane impermeant that 
are passed to progeny by cell division over a few cell cycles. They have been 
used successfully in avian (Bronner-Fraser and Fraser, 1 988, 1 989; Artinger et 
al., 1995) and zebrafish embryos (Kimmel et al., 1 989; Warga and Kimmel, 
1990). 

Before modern vital dyes came into common use, radioisotopic labeling of 
the nucleus using tritiated thymidine ([3H]TdR) represented real progress in 
neural crest studies. Introduced by Weston ( 1963) to study the development of 
the neural crest in the chick embryo and by Chibon ( 1 964) for the same pur
pose in amphibians, it gave rise to a series of elegant studies (see also Weston 
and Butler, 1 966; Weston, 1970; Chibon, 1966, 1 970; Johnston, 1 966; Noden, 
1 975, 1976, 1 978a,b). The technique of marking nuclei with [3H]TdR is parti
cularly suitable for embryonic tissues in which growth by cell division is very 
active. However, this property is also one of its main limitations since the label 
rapidly becomes diluted as a result of cell proliferation. For example, in the 
study of the neural crest in bird and amphibian embryos, [3H]TdR labeling can 
provide information only on events occurring within hours or at best within the 
first few days following incorporation of the radioisotope. 

Since [3H]TdR is concentrated by the cell's most radiosensitive structure, 
nuclear DNA, the question of toxicity had to be considered. According to 
Weston ( 1 967), when [3H]TdR was used at a specific activity of about 3.0 
Ci/mmol to label the neural crest cells in the chick embryo, no abnormalities 
were detected either in the neural tube or in the labeled derivatives of the neural 
crest. One can therefore conclude that a dose of the isotope sufficient for 
marking the cells can be found which does not hinder the normal morpho
genetic processes. 

1.3.3 The quail-chick marker system 

1 .3.3. J The structure of the quail nucleus. After hematoxylin staining, a large 
nucleolus is seen in the nucleus of all quail cell types, including mesenchymal 
cells. The unusual size of the quail nucleolus prompted one of us (Le Douarin, 
1 969, 197 l a,b, 1 973, 1974) to compare the structure of chick and quail nuclei 
after several nuclear staining procedures under light and electron microscopy. 
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The Feulgen-Rossenbeck reaction (Feulgen and Rossenbeck, 1924) applied 
to quail cells revealed that the large size of the nucleolus is related to the 
presence of a mass of heterochromatin (Fig. l .3A). With the Unna
Pappenheim reaction the heterochromatin appears associated with the nu
cleolar RNA. The same disposition of chromatin material is observed in all 
embryonic and adult quail cells. 

In contrast, the chromatin of chick cells is evenly distributed in the nucleo
plasm, as a fine network with some dispersed chromocentres (Fig. l .3B) The 
amount of nucleolar DNA is small and the nucleolus is not detectably stained 
by the Feulgen-Rossenbeck reaction. In certain cell types, however (e.g., 
hepatocytes or differentiating neuroblasts), the nucleolus contains a rather 
conspicuous shell of perinucleolar DNA, revealed by the Feulgen
Rossenbeck reaction as a ring around the unstained area of nucleolar RNA. 

At the electron microscopic level, differences between quail and chick nuclei 
are as striking as those observed by light microscopy (Fig. l .3C,D). Although 
certain variations of the quail nucleolar substructure occur during differentia
tion (see Le Douarin, 197 l a,b, 1 973, 1974), quail and chick cells can be dis
tinguished at any stage of development in the neural crest and its derivatives. 

A technique described by Bernhard ( 1968) using EDTA (ethylenediamine
tetraacetic acid) treatment associated with uranyl acetate staining was also 
applied for analyzing further the structure of the quail nucleolus. With this 
technique RNA stains preferentially, while DNA and most of the proteins 
remain uncontrasted. The nucleolar RNA of the quail appeared located later
ally in relation to the heterochromatic DNA in one to three masses in which 
strands of intranucleolar chromatin could be detected. Therefore it is possible 
to distinguish quail and chick cells at the electron microscopic level by the size 
and structure of their nucleoli in all tissues examined. Examples are those of 
adrenomedullary and calcitonin-secreting cells (Le Douarin, 1 970; Le Douarin 
and Teillet, 197 1 ). In the chick, these cells contain one or two small nucleoli 
0.5-1 .9 µm in diameter, the most frequent size being 1 µm. In the correspond
ing cells of the quail, the nucleolus is usually single and measures 2--4 µm when 
cut in its largest diameter. Of course, this criterion can be applied only to 
sections that include the central nucleolar regions, allowing species identifica
tion of only a certain percentage (about 50-60%) of cells in a tissue (Rothman 
et al., 1986). 

Since the size of the nucleolus is significantly increased in cell types with 
active protein synthesis, nucleolar size alone cannot always be used to distin
guish quail from chick cells. Feulgen-Rossenbeck staining and electron micro
scopic observation, with or without the help of the EDT A differential staining 
for nucleic acids, give indisputable results because they allow the unique fea
ture of the quail cells (i.e. the heterochromatic condensation) to be visualized. 

When quail cells are transplanted into a chick embryo, or associated with 
chick tissues in vitro in organotypic cultures, the cells from each species retain 
their nuclear characteristics and can be identified in the chimera after Feulgen
Rossenbeck staining. The natural nuclear labeling of quail cells is conspicuous 
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Figure 1 .3 Neuroblasts of 8-day quail (A) and chick (B) embryos stained with the 
Feulgen-Rossenbeck reaction. Note the large centronuclear condensation of 
heterochromatin in quail nuclei. In chick nuclei, the heterochromatin is dispersed in small 
chromocentres ( x 1 100). Electron microscopy of quail (C) and chick (D) nuclei of the 
adreomedullary cells at 1 1  days of incubation. In quail cells the nucleoli are associated 
with the mass of heterochromatin, while in the chick they remain apart ( x 22 500). 

enough to enable the identification of a single quail cell located in chick tissues, 
provided that the section includes the nucleolus. 

Since the quail-chick marker system was devised, several species-specific 
antibodies have been produced which have greatly enhanced the power of 
this technique. The polyclonal chicken anti-quail serum prepared by Lance
Jones and Lagenaur ( 1 987) enables virtually all quail cell types to be identified. 
In addition, the QCPN Mab (standing for quail non-chick perinuclear antigen) 
raised by Carlson and Carlson at the University of Michigan, is easier to use 
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Figure 1 .4 Identification of quail cells in quail--{;hick chimeras by the QCPN antibody. 
Transverse section at the rhombencephalic level of a Sss chimeric embryo. The host 
chick embryo at 5ss received isotopic graft of quail neural crest unilaterally following 
bilateral resection of the neural folds. Grafted neural crest cells migrate bilaterally, as 
revealed by immunoperoxidase staining with QCPN Mab. Bar = 45 µm (Reproduced, 
with permission of Company of Biologists Ltd., from Couty et al., 1996.) 

because it is produced in unlimited amounts (available at the Developmental 
Studies Hybridoma Bank (DSHB), Department of Biology, University of 
Iowa, Iowa City, IA 52242, USA). 

The QCPN antigen appears as early as the blastula stage in all quail cells, 
and the Mab can be used for in toto staining of whole embryos at least up to 
E4 and later in embryonic regions or organs, thus providing a three-dimen
sional picture of the structures and tissues yielded by the graft. Visualization 
of QCPN Mab-stained cells can also be carried out on sections where it 
provides a very clear distinction of quail cells on a chick background even 
at the single cell level, as shown in Fig. 1 .4. Other Mabs and nucleic probes 
which are both species- and cell type-specific are also available and useful to 
analyze the cell types yielded by either host or donor in quail-chick chimeras 
(see Table 1 . 1  ) . 

1 .3.3.2 Construction of quail-chick chimeras. Several techniques have been 
used: 

I .  Grafting of fragments of the neural primordium (including the neural 
tube and the associated neural folds) between quail and chick 
embryos. 
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Table 1 . 1 .  Species-specific antibodies and nucleic acid probes used to analyze 
quail-chick chimeras 

Cell type 

All 

Neurons 

Glial cells 

Quail 

Chick anti-quail serum 
(Lance-Jones and Langenaur, 
1987) 
QPCN (Carlson and Carlson, 
Hybridoma Bank) 

QN (neurites) (Tanaka et al., 
1990) 

SMP: nucleic acid probe 
(Dulac et al., 1992) 

Hemangioblastic MBl /QH I (Peault et al., 1983; 

lineage Pardanaud et al., 1987) 

MHC 

T-cell markers 

TAC! (CI II) (Le Douarin 

et al., 1983) 

Source: Le Douarin et al. ( 1996). 

Chick 

37F5 (neuronal cell bodies) 
39Bl 1 (neurites) (Takagi et al. , 
1989) 

CN (neurites) (Tanaka et al., 1 990) 

T APl (Cl II) (Le Douarin et al. , 
1983) 

aTCR l  (y8) (Chen et al. , 1988) 
aTCR2 (a{J) (Cihak et al., 1 988) 
aCT3 (Chen et al., 1986) 
aCT4 (Chen et al., 1988) 
aCT8 (Chen et al., 1988) 

2.  Grafting of the quail neural fold from the cephalic region into chick 
embryos. 

3. Injections of dissociated quail cells into chick embryos. 

The operations are generally performed at stages preceding the onset of 
vascularization of the neural epithelium - i.e., during the second and third 
days of incubation in the chick and quail. 

A. ISOTOPIC AND ISOCHRONIC GRAFTING OF FRAGMENTS OF THE NEURAL PRI
MORDIUM. The technique of isotopic and isochronic grafting of fragments of 
the neural primordium is derived from that used by Weston ( 1963), who trans
planted isotopically neural tube segments from chick embryos, in which cells in 
S-phase of the cell cycle had been labeled by [3H]TdR, into normal unlabeled 
recipients of the same species. 

Most often, in the interspecific quail-chick chimeras, the elected donor is a 
quail since it is easier to recognize quail cells, especially if they are isolated in a 
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chick context, than vice versa. However, grafts in both directions are necessary 
to assess the validity of the experimental results. 

The substitution can be done at any level of the neural axis at different 
stages of development. Closure of the neural tube occurs first at the presump
tive level of mesencephalon at about the 5-somite stage (5ss) and then proceeds 
in both rostral and caudal directions to the anterior and posterior neuropores, 
respectively. Thus, the more posterior the level of the neuraxis to be studied, 
the older the embryo must be. 

The fragment of the neural tube of the recipient is surgically removed from a 
definite level of the neuraxis using very fine microscapels obtained either by 
sharpening steel sewing needles on an Arkansas oiled stone or made from 
tungsten needles sharpened by electrolysis (Conrad et al., 1993). 

The notochord and paraxial mesoderm are left in situ. Visualization of the 
embryo is obtained by injecting a suspension of Indian ink in Tyrode into the 
subblastodermal space rather than by using vital dyes. By density, the particles 
of Indian ink eventually fall down in the yolk and do not perturb normal 
development of the embryo. For isotopic and isochronic grafts the donor 
neural tube is removed from stage-matched embryos at the axial level chosen 
for excision in the recipient. In certain experiments heterotopic transpositions 
of the neural tube were performed. In those cases, donor and recipients were at 
different developmental stages (see, e.g., Le Douarin and Teillet, 1974; see also 
Le Douarin et al., 1996, for details). 

Transpositions of rhombomeres along the anteroposterior axis are currently 
performed and involve only one half of the neural tube except the floor plate 
(Grapin-Botton et al., 1 995, 1997). In experiments aimed at identifying the 
neural crest derivatives the donor neural tube must be dissociated from its 
surrounding tissues by trypsinization in order that it is freed from any con
tamination by mesodermal cells. 

In the grafts performed at the level of the spinal cord, it appeared readily 
that well-known neural crest derivatives, such as sensory ganglia and sym
pathetic ganglionic chains, developed normally at the level of the graft and 
were derived from the implant. This suggested that in the chimeras the migra
tion pattern of the grafted crest cells was indistinguishable from that in normal 
embryos. Though the technique involves interspecies combinations, no devel
opmental abnormalities were observed in the host embryos when the graft had 
been done properly. This was confirmed by the fact that the graft-derived 
derivatives of the neural crest were normally positioned and differentiated in 
the host. The gross anatomy of the recipient embryo was normal and the only 
evident sign that the embryo was chimeric was the appearance of a transverse 
stripe of quail-like pigmented feathers on a White Leghorn chick background. 
This stripe corresponds to the skin area which was colonized by the melano
cytic precursors emanating from the grafted segment of quail neural crest. 
Moreover, the immunolabeling of neural crest cells during the early steps of 
their migration by the HNK- 1 Mab revealed a pattern similar to that 
conspicuously provided by the quail-into-chick chimeras (Le Douarin et 
al., l 984a). 
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An additional proof that development is not perturbed in the chimeras was 
given by transplantations of single rhombomeres (Couly et al., 1 996; Kontges 
and Lumsden, 1 996). The neural crest cells released by the graft were evidenced 
in embryos immunostained by QCPN Mab at stage 14-19  of Hamburger and 
Hamilton ( 1 95 1 )  (HH 1 4-19) (Fig. 1 .5). The pattern of neural crest cell 
migration was found to be similar to the pictures provided after Dil labeling 
of non-operated embryos as performed by Lumsden et al. ( 199 1) .  Thus, "any 
possible delays due to embryonic healing thus appear negligible and do not 
systematically affect neural crest migratory pathways" (in Kontges and 
Lumsden, 1 996). This was also evident if crest cell migration was compared 
in quail-chick chimeras and in intact embryos where the crest-derived cells 
were labeled by HNK-1 Mab or for acetylcholinesterase (Fig. 1 . 1 ). 

The quail-chick neural chimeras were able to hatch and, after birth, exhib
ited a sensory-motor behavior apparently similar to that of normal birds of the 
same age (Fig. 1 .6). However, after several weeks (the number of which varied 
according to the individuals) quail into chick neural chimeras developed a 
neurological syndrome due to the immune reaction of the host against the 
grafted quail cells (Kinutani et al., 1 986, 1 989). This graft rejection process 
was significantly delayed with respect to the immune maturity of the chick 
which takes place during the first 2 weeks of postnatal life. The delayed 
immune reaction following neural grafts contrasted with that triggered by 
embryonic grafts of other tissue types. Thus, grafts of the anterior limb bud 
between E4 quail and chick embryos resulted in the normal development of the 
transplanted wing and in its prompt and acute rejection initiated sometime 
during the 2 postnatal weeks (Ohki et al. , 1 987, 1 989). 

In the case of neural quail-into-chick chimeras in which progression of the 
immune disease has been the more thoroughly studied, it appeared that the first 
sites of inflammation involved the derivatives of the neural crest (i.e., the 
peripheral nerves and ganglia including the adrenal medulla). The part of the 
central nervous system (CNS) derived from the graft was invaded by T and B 
lymphocytes and other leukocytes only in a second step, after sensitization of 
the host immune system against both the quail-specific and the neural-specific 
antigens had occurred at the periphery. The immune attack extended in some 
cases to the host's CNS itself, thus consisting of a true autoimmune reaction 
similar to that observed in experimental allergic encephalomyelitis. The reason 
for both the delay and the pattern of the immunological syndrome of the 
chimeras must be related to the fact that the nervous system has a privileged 
immunological status due to the presence of the blood-tissue barrier in the 
CNS and to the low antigenicity of the cells derived from the neuroepithelium 
(neurons and glia) which express no or low levels of M HC antigens. 

Grafts of quail neural primordium into chick embryos have been performed 
extensively at the level of the brain vesicles to study either their neural crest 
derivatives (Le Lievre and Le Douarin, 1975; Le Lievre, 1 978) or problems of 
brain development (see Le Douarin, 1 993, and Le Douarin et al., 1 997, for 
reviews). Chick or quail embryos carrying more or less extended regions of the 
brain from the other species are able to hatch as are birds operated at the spinal 
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Figure 1.5 Rhombencephalic region of a chimeric quail-chick embryo after whole
mount immunocytochemistry with QCPN Mab. The rhombomere 6 (r6) of chick host at 
5ss was replaced isotopically and unilaterally by its quail counterpart. Twenty-four 
hours after the graft, quail cells immunoreactive for QCPN can be seen migrating from 
r6 into the third branchial arch. BA, branchial arch; OV, otic vesicle. 

Figure 1.6 Quail-chick chimera at 2 months of age, showing the quail-like pigmented 
feathers on the wings and chest. The feathers have been pigmented by melanocytes 
originating from the grafted neural primordium implanted at the brachia! level (somite 
1 5-20) in 22ss host embryo. 
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cord level (Balaban et al., 1 988; Hallonet et al., 1 990; Balaban, 1 997). This has 
opened new avenues to study certain aspects of brain development, namely 
those related to the origin of some behavioral traits (Balaban et al., 1 988; Le 
Douarin, 1993; Le Douarin et al., 1 997; Balaban, 1997). However, the fact that 
the heterospecific chimeras eventually develop a most often fatal neurological 
syndrome due to graft rejection limits the period of observation of the birds to 
the early postnatal life. Interestingly, no or only a very mild reaction of the host 
toward the graft occurs when exchange of embryonic neuroepithelium is done 
in allogeneic combinations between chicks of distinct MHC haplotypes. Such 
brain chimeras have been constructed to study a genetic form of reflex epilepsy 
exhibited by a strain of chicken carrying an autosomic recessive mutation (see 
Batini et al., 1996, for review). 

B. GRAFTS OF THE QUAIL CEPHALIC NEURAL FOLD INTO CHICK EMBRYOS. The 
method of grafting cephalic neural fold is interesting since it allows operation 
on the embryos earlier and smaller grafts than for fragments of the neural tube. 
This method was first developed in birds by Johnston ( 1 966) to study cephalic 
crest cell migration using radioisotopically labeled crest cells grafted into 
unlabeled embryos. Only relatively small fragments of the neural fold were 
involved in the operation generally performed at stage HH9. 

Later, similar transplantations were carried out between quail and chick 
embryos in a number of studies (Johnston et al., 1 974; see Noden, 1 978b; 
Narayanan and Narayanan, 1 978a,b). Couly and coworkers have systemati
cally investigated the developmental fate of the cephalic neural fold at the early 
stages of neurulation ranging from the time preceding the appearance of the 
first somite to that of the fifth somite (0-5ss). The neural fold segments 
involved in the operation were measured and positioned in the embryo using 
an ocular micrometer. Their size ranged from 50 to 300 µm according to the 
type of experiment performed (Fig. 1 .7) (Couly and Le Douarin, 1 985). These 
experiments were critical to establish the fate of the cephalic neural fold with 
precision (see Chapter 3). 

c. SUPERNUMERARY GRAFTS OF QUAIL TISSUES INTO CHICK EMBRYOS. Super
numerary grafts of quail tissues into chick embryos involve fragments of quail 
neural crest and ganglia being inserted into one of the pathways of migration 
followed by crest cells (i.e. ,  between the neural tube and the somites) in 2-day
old chick embryos. 

This method was first devised to study the evolution of differentiating ciliary 
ganglion cells in the dorsal mesenchyme of the trunk (Le Douarin et al., 1 978) 
(see Fig. 1 .8) and was found useful for other purposes (Le Douarin et al., 1 979; 
Le Lievre et al., 1 980; Erickson et al., 1 980; Ayer-Le Lievre and Le Douarin, 
1 982; Schweizer et al., 1 983; Fontaine-Perus et al., 1 988; Rothman et al. , 1 990, 
l 993b ). A variation of this method consists in the injection of quail cells in the 
lumen of a somite of young chick embryos (Bronner and Cohen, 1 979; 
Bronner-Fraser and Cohen, 1 980; Bronner-Fraser et al., 1 980) or between 
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Figure 1.7 (A) Dorsal view in scanning electron microscopy (SEM) of the head of a 3ss 
chick embryo. (B) At the same stage, transverse section at the presumptive level of the 
mesencephalon. No cephalic mesodermal cells are present dorsally within the neural 
fold. (C) 2.5 hours after the graft, SEM view of a chick embryo in which the right 
prosencephalomesencephalic neural fold (arrows) has been replaced at 3ss by its 
counterpart taken from a stage-matched quail embryo (Le Douarin et al. , 1993). Note 
the perfect incorporation of the transplant into the host neural fold. (D) Diagrammatic 
representation of the removal of the anterior neural ridge by microsurgery in 3ss 
embryos (Couly and Le Douarin, 1985). The size of the removed neural ridge fragment 
was about 1 50 x 40 µm. (E) SEM view of the anteriormost region of a chick embryo 2 
hours after grafting the anterior neural fold. Arrows indicate the limits of the graft. 
Bar = 100 µm. (From Le Douarin et al., 1996.) 

the neural tube and the somites (Korade and Frank, 1996) to look thereafter at 
their dispersion. 

D. CONSTRUCTION OF CHIMERIC TISSUES IN CULTURE. Direct association of the 
neural crest or of its derivatives (e.g., ganglia of the peripheral nervous system, 
PNS) with various types of tissues has been used to study a variety of problems. 
The two primordia are associated in vitro in organotypic culture and if the 
duration has to be prolonged for several days the explant may be thereafter 
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Donor : 
6-day 
Quail 

Host : 
2-day 
Chick 

DA No NC 

Figure 1.8 Experimental design for back-transplanation of differentiating cholinergic 
ganglia from 4--6-day quail donor embryo into 2-day chick hosts. The ciliary ganglion 
(CG) is dissected and inserted, either whole or in pieces, into a slit made between the 
neural primordium and the somites (S). DA, dorsal aorta; Gr, graft; NC, neural crest; 
No, notochord. (From Le Douarin, 1982.) 

transferred in vivo onto the chorioallantoic membrane of 6-day-old chick 
embryos. The in vitro culture period allows adhesion to occur between the 
two tissues whilst the in vivo phase of the experiment provides suitable condi
tions for growth and differentiation in an aneural embryonic environment. By 
this method, neural crest cells can be associated either with their normal target 
tissue or with embryonic rudiments that they normally do not meet. This can 
provide interesting information on the interactions of crest cells with various 
kinds of environment. Furthermore, this method may provide a more defined 
model of analysis than do neural crest derivatives developed in situ. For exam
ple, direct association of neural crest cells with the aneural hindgut in grafts 
onto the chorioallantoic membrane allows the differentiation of enteric ganglia 
to be studied in the absence of preganglionic innervation (Le Douarin and 
Teillet, 1 974; Smith et al., 1 977; Teillet et al. , 1 978). Thus, the glial phenotype 
characterized by the expression of SMP was shown by this method to be 
controlled by environmental cues (Dulac and Le Douarin, 1 99 1 ). 
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E. PHENOTYPIC ANALYSIS OF THE CHIMERIC TISSUES. Since neural crest cells 
become widely distributed over the embryo and participate in numerous struc
tures, it was of interest to know what cell types they give rise to in each of their 
target sites. In numerous cases, this can be achieved by combining methods 
which allow detection of quail or chick cells and others which identify a specific 
cell type. 

A number of cytological techniques have been used for this purpose. For 
example, the silver impregnation technique has been applied to detect neurons 
in various kinds of ganglia. Two consecutive sections of the digestive tract are 
respectively stained, e.g., by Tinel's reaction to recognize neurons and 
Feulgen-Rossenbeck's reaction to identify quail or chick cells by the structure 
of the nucleus (Le Douarin and Teillet, 1974; Le Douarin et al., 1 975; Fontaine 
et al., 1 977). 

Formaldehyde-induced fluorescence (FIF) for the detection of biogenic 
amines (Falck, 1962) has been applied in many experiments. On the other 
hand, the capacity to take up specific amino acids, (such as 3,4-dihydroxy
phenylalanine (DOPA) and 5-hydroxytryptophan (5-HTP), and decarboxylate 
them to produce the corresponding amine, dopamine and 5-hydroxytrypt
amine (5-HT), respectively, has been tested by intravascular injection of 
DOPA and 5-HTP 1 hour before tissue fixation for FIF (Fontaine, 1973; Le 
Douarin et al., 1974). In these experiments, sections are first observed in ultra
violet light, then postfixed in Zenker's fluid and stained by the Feulgen
Rossenbeck reaction for DNA. The sequence of techniques makes it possible 
to determine whether a given fluorogenic cell belongs to the chick or quail 
species. 

Detection of [3H]5-HT in enteric serotonergic neurons was also carried out 
in quail cells (Rothman et al., 1 986). 

A number of experiments have involved the detection of quail cells by their 
content of heterochromatin together with the application of immunocytochem
ical techniques to evidence the cell content in various polypeptides such as 
calcitonin, vasoactive intestinal peptide (VIP) and substance P (Fontaine
Perus et al., 198 1). In this case acridine orange rather than the Feulgen
Rossenbeck technique is used to evidence DNA since it does not alter the 
immunoreactivity of the polypeptides to be detected. Recently immunocyto
chemistry using two antibodies, one of which was QCPN Mab and the other 
specific for neurons, was used to identify the fate of sacral crest cells colonizing 
the hindgut (Burns and Le Douarin, 1 998; see Fig. 5.4). 

F. CODETECTION OF QUAIL CELLS AND mRNA IN CHIMERAS. Several techniques 
have been used to combine the advantages of the quail-chick marker and the 
search for specific gene activities by detection of their transcripts in grafted 
embryonic territories. 

Grapin-Botton et al. ( 1995) transposed hemisections of the rhombencepha
lon corresponding to the length of two rhombomeres along the neuraxis by 
taking chick embryos as hosts and quails as donors. The genes under scrutiny 
were Hox genes that were revealed by radioactive in situ hybridization. Two 
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Figure 1 .9 Frontal sections of the rhombencephalic region of a chimeric embryo treated 
with immunocytochemistry for QCPN Mab (A, bright field) and radioactive in situ 
hybridization with Hoxb-4 riboprobe (B, dark field) 2 days after unilateral graft of a 
quail rhombomere (r)8 to the position of r3/4 in a 5ss chick embryo. QCPN 
immunostaining shows the limits of the graft (A), which expresses Hoxb-4 (B). OV, otic 
vesicle. Bar = 1 20 µm. 

methods were successfully applied to recognize the transplanted neuroepithe
lium and the neural crest it produced together with Hox gene transcripts. A 
simple hematoxylin-eosin staining was applied to the sections after completion 
of the in situ hybridization procedure. Then, the large nucleolus could be 
distinguished in quail cells. It is worth mentioning that the standard Lison's 
nuclear stain (Couly et al., 1993; Kontges and Lumsden, 1 996) clearly shows 
quail nucleoli in black, cartilage in blue, and bone in red, and is usefully 
applied in a number of experiments with or without codetection of mRNA. 
However, the visualization and particularly the quality of the photomicro
graphs were not totally satisfactory. A better resolution was obtained by treat
ing alternate sections with the QCPN Mab and in situ hybridization (Fig. 1 .9). 



        
       

The Migration of Neural Crest 

Cells 

2.1. Introduction 

The neural crest segregates from the tips of the neural folds just before or 
shortly after they fuse to give rise to the neural tube. Prior to their migration, 
neural crest cells are an integral part of the neuroepithelium. Thanks to a 
morphogenetic conversion that causes these epithelial progenitors to become 
mesenchymal, the neural crest cells become motile and engage in migration. 
This process, which is highly complex both in space and time, leads the cells 
through defined pathways until reaching their final homing sites. 

Research during the past years has made use of sensitive techniques 
(described in Chapter 1 )  to track the movements of these progenitors in rela
tion to the equally dynamic neighboring structures. These studies have clarified 
the timing and pathways of migration of neural crest cells and related these 
parameters with their ultimate fate. At the same time, they raised fundamental 
questions as to the molecular mechanisms that regulate migration. Some exam
ples are the as yet uncovered molecular cascade leading to the detachment of 
neural crest cells from the neuroepithelium and the factors that control the 
onset and arrest of migration, respectively. 

A general problem about the mechanisms that control the migration of 
neural crest cells concerns the relationship that may exist between the direc
tionality of migration and the degree of cell specification. More specifically, do 
neural crest cells migrate in a stochastic manner along the different paths to 
become specified by local cues present at their homing sites, or, alternatively, 
are they predetermined progenitors responding differentially to signals 
expressed along the pathways leading them to migrate in a directional fashion? 
Obviously, the above possibilities represent extreme cases, and additional 

23 
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testable combinations could also be envisaged. Furthermore, the biochemical 
nature of the migratory substrata and of the signals affecting cell migration 
also remains to be clarified as well as their mode of action. Recent studies have 
emphasized the notion that neural crest cell migration, much like neurite 
growth, is channeled both by permissive contact-mediated guidance cues and 
by specific chemorepellent molecules that exert their effects either via diffusion 
or cell contact. 

2.2 Segregation of the neural crest from the neuroepithelium 

2.2.1 Induction of the neural crest 

During the process of neurulation, ectodermal cells thicken to form the neural 
plate. The lateral margins of the plate adjacent to the ectoderm undergo 
changes in cell shape and give rise to neural folds. Forces proposed to emanate 
from embryonic growth in the longitudinal axis and motile activity in the basal 
surfaces of the epithelial cells were proposed to cause the elevation of these 
folds and their ultimate fusion in the dorsal midline leading to the formation of 
the neural tube and the subsequent regeneration of the superficial ectoderm 
dorsally (see Jacobson et al., 1 986, and references therein). 

Neural crest cells are classically considered to originate from the lateral 
ridges (neural folds) of the closing neuroepithelium. This is the case for the 
cephalic and truncal regions of avian, amphibian and murine embryos. In 
contrast, the neural tube of teleosts forms from a ventral thickening of the 
ectoderm that gives rise to a neural keel initially devoid of a central canal 
(Lamers et al., 1 98 1). In these embryos, the neural crest cells are thought to 
derive directly from the dorsal region of the neural keel that lies in apposition 
to the ectoderm. This situation observed in fish resembles the process of neur
ulation observed in the caudalmost region of the avian axis (see Schoenwolf 
and Smith, 1 990; Schoenwolf, 1 99 1 ;  Catala et al., 1 995). 

The initial studies dealing with the generation of neural crest cells were 
performed in amphibian embryos. Several models were proposed to explain 
the formation of the neural crest from the ectoderm. Exposure of ectoderm to 
different concentrations of an inducer was postulated to give rise either to 
epidermis, to neural plate, or to neural crest (Raven and Kloos, 1945). The 
validity of this model, however, was not further challenged. In a second model, 
it was postulated that the various ectodermal derivatives cited above arise as a 
result of a temporal change in competence of the ectoderm to respond to a 
neural inducer from the mesoderm (see Albers, 1 987; Servetnick and Grainger, 
199 1 ). In vivo and in vitro experiments have now partially confirmed this view 
and concluded that, in Xenopus, the ectoderm loses competence to respond at 
least to neural fold induction by the end of gastrulation (Mancilla and Mayor, 
1 996). In a third line of experiments the neural plate and epidermis of different 
pigmented species of Urodeles were juxtaposed, giving rise to the formation of 
neural crest at the junction between the two tissues. These results suggested a 
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third model which postulates that formation of the neural crest derives from an 
interaction between cells of the neural plate and the non-neural ectoderm 
(Rollhauser ter Horst, 1 979; Moury and Jacobson, 1 989, 1 990). 

Approaching the central question of the mechanisms of neural crest genera
tion entirely depends upon the ability to distinguish these cells from the adja
cent ectoderm and the CNS primordium, respectively. In early studies, this was 
attempted by direct observation of unstained specimens at the electron micro
scope level (see, e.g., Schroeder, 1 970; Sadaghiani and Thiebaud, 1 987, for 
Xenopus embryos). In avians, the activity of the enzyme acetylcholinesterase 
was utilized as a marker. In the head region, the neural fold and the adjacent 
band (four or five cells thick) of the lateral thin ectodermal layer are made up 
of strongly acetylcholinesterase-positive cells. This enzymatic activity is main
tained later when the cells leave the neural epithelium, and during the early 
phases of migration. In the trunk, acetylcholinesterase activity is particularly 
conspicuous in the dorsal region of the closing neural tube and can be followed 
for a while in the cells that progressively leave the neural epithelium to form the 
neural crest (Cochard and Coltey, 1 983). 

The expression of acetylcholinesterase, however, is not restricted to the 
neural crest. Therefore, it was necessary to develop more specific markers 
that help define the earliest time of segregation of the neural crest lineage. 
More recently, two markers expressed in premigratory neural crest cells have 
become available: the Slug transcription factor (see Chapter 1 )  and the cad
herin c-Cad-6B. Transcripts encoding this cadherin are specifically expressed in 
premigratory crest cells and are downregulated when the cells leave the neural 
primordium (Nakagawa and Takeichi, 1 995). Slug appears in the extreme 
lateral region of the neural plate only after it has begun to fold and its expres
sion is maintained to different extents during crest cell migration in both avian 
and amphibian embryos (see Fig. 2 . 1 ;  see also Nieto et al., 1 994; Liem et al. , 

1995; Mayor et al., 1 995; Mancilla and Mayor, 1 996). 
Using Slug expression as the earliest marker for neural crest emergence, the 

third theory discussed above was reevaluated. To this end, experiments were 
performed in both avian and amphibian embryos in which pieces of epidermal 
ectoderm and neural plate were brought into contact either in vitro or in vivo. 
Consistent with the proposed notion, this juxtaposition resulted in the genera
tion of Slug-positive neural crest cells which were not observed in explants of 
each tissue separately (Dickinson et al. , 1 995; Liem et al. , 1995; Mancilla and 
Mayor, 1996). Moreover, contact between the epidermal ectoderm and the 
neural plate was found to induce the expression of a variety of additional 
markers that localize in the dorsal regions of the neural tube such as Wnt-1 ,  
Wnt-3a, Pax-3, and Dorsalin I (Dickinson et al. , 1 995; Liem et al., 1 995). This 
competence of neural tissue to express Wnt genes in response to ectodermal 
signaling was found to be restricted to stage 8-1 0  chick embryos, whereas the 
upregulation of Slug occurred both at stages 4 and 8-10, regardless of the age 
of the ectoderm. These results suggest that the competence of the neural tissue 
to respond to ectodermal signals changes with time. 
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Furthermore, the inductive activity of the ectoderm could be mimicked in 
vitro by the addition of two distinct members of the TGF,B (transforming 
growth factor) gene family, BMP4 and BMP7, which are first expressed in 
the epidermal ectoderm of stage 10 chick embryos and then in the dorsal neural 
tube (Liem et al., 1 995). Thus, dorsalization of the neuroepithelium, including 
the generation of the neural crest lineage, requires active induction by factors 
derived from the non-neural ectoderm. This mechanism is analogous to the 
ventralization of neural tube properties, including the generation of motor 
neurons, which is induced by floor plate-derived Sonic Hedgehog (Roelink et 
al., 1994; Ericson et al., 1995). 

Is the neural plate the only competent tissue to generate neural crest cells? 
Grafting LRD-labeled neural plate underneath the non-neural ectoderm of 
unlabeled Xenopus hosts yielded XSlug-positive cells of both labeled and un
labeled type (Mancilla and Mayor, 1996). Likewise, analogous recombinations 
between chick and quail tissues have shown the formation of neural crest cells 
bearing the two markers (Selleck and Bronner-Fraser, 1 995). Thus, both the 
prospective neural plate and the epidermis can contribute to the formation of 
neural crest cells. Ectodermal cells might thus generate neural crest proceeding 
through an intermediate neural plate stage, at least until closure of the neural 
tube when the neural lineages (crest and tube) definitively segregate from the 
ectoderm (Selleck and Bronner-Fraser, 1995). This evidence suggests that, at 
least during the initial phases of neural crest induction before closure of the 
neural tube, some type of reciprocity in the transmission of inductive signals 
between the two tissues must occur rather than a unidirectional flow of infor
mation from the ectoderm to the neural plate. It is not known whether BMP 
family members are instrumental in these inductive processes prior to stage 10. 
The identity of possible additional inducers is at present unclear. 

2.2.2 Epithelial-mesenchymal transition and the onset of neural 

crest migration 

The next apparent stage in neural crest ontogeny is the onset of cell migration, 
which entails dramatic changes in cell-cell and cell-matrix interactions related 
to the generation of cell motility. Although the identity of the factors that 

Figure 2.1 The expression of Slug mRNA in neural crest cells. Transverse sections 
through a 1 5ss quail embryo after in situ hybridization with a digoxygenin-labeled avian 
specific Slug probe. (A) Mesencephalic region showing the presence of Slug transcripts 
in premigratory neural crest cells confined to the dorsal neural tube and in crest cells 
migrating underneath the ectoderm. (B-D) Trunk region showing three successive 
segmental levels. (B) Neural groove stage opposite the segmental plate mesoderm. Slug 
mRNA is confined to the tips of the neural folds. (C) Recently closed neural tube facing 
the segmental plate. After fusion of the neural folds, Slug is restricted to the dorsal part 
of the neuroepithelium. (D) Neural tube facing an epithelial somite showing strong Slug 
expression in premigratory crest cells. Bar = 60 µm. 
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trigger initial emigration of neural crest cells from the neuroepithelium is 
unknown, several prerequisites for the initiation of this process have been 
recognized (reviewed in Erickson, 1993a). Some of these are discussed below. 

2.2.2.1 The breakdown of the basal lamina over the dorsal portion of the neural 
tube. According to Erickson ( 1 987), a fully established basal lamina appears to 
be impenetrable to neural crest cells. The question is then whether neural crest 
cells actively digest the lamina overlying them and thereby are set free to 
migrate from the neural primordium. Neural crest cells have this digestive 
capacity as they produce a variety of proteolytic enzymes and particularly 
the plasminogen activator, as shown by Valinsky and Le Douarin ( 1 985; see 
also Erickson et al., 1 992). Moreover, electron microscopic examination of 
mouse, chick, salamander, and zebrafish embryos has clearly shown that the 
basal lamina around the neural tube in the region that overlies the neural crest 
cells is actually incomplete and reconstitution of a continuous basal lamina 
does not take place until emigration of neural crest cells is completed (Martins
Green and Erickson, 1987; Raible et al. , 1 992, and references therein). These 
results, which are observed in all species so far tested, strongly suggest that the 
presence of an incomplete basal lamina is important for emigration of neural 
crest cells. They, however, do not document the mechanism through which this 
process takes place. 

2.2.2.2 Cell-matrix interactions. In axolotl embryos, grafting of extracellular 
matrix (ECM)-coated filters underneath the ectoderm in contact with the pre
migratory neural crest led to precocious crest cell emigration (Lofberg et al. , 
1985). These results suggested that local changes in the ECM trigger the onset 
of neural crest dispersal (see also Section 2.2.2.4). In contrast to the situation in 
axolotl embryos, explanting avian neural tubes containing neural crest cells 
onto ECM substrates was unable to accelerate the timing of neural crest emi
gration (Newgreen and Gibbins, 1 982). 

Although avian neural crest cells can contribute to the production of specific 
ECM components (Kalcheim and Levie!, 1 988), many of the ECM macro
molecules required for later migration are already present in the right place 
prior to crest emigration. This is the case for fibronectin, laminin, and collagen 
types I and IV (Newgreen and Thiery, 1 980; Duband and Thiery, 1 982, 1 987; 
Sternberg and Kimber, 1 986a,b; Krotoski et al., 1986; Duband et al., 1 986a,b; 
Martins-Green and Erickson, 1987; Krotoski and Bronner-Fraser, 1 990). 
Consistent with a general requirement for ECM molecules in initiation of 
cell migration, injection of neutralizing antibodies to fibronectin, laminin
heparan sulfate proteoglycan complex or tenascin, into a lateral position 
with respect to the cranial neural tube, led to defects in neural crest emigration. 
A similar treatment at thoracic levels was, however, without effect (Bronner
Fraser, 1 986b; Poole and Thiery, 1 986; Bronner-Fraser and Lallier, 1 988). The 
reasons for this regional discrepancy remain unclear. These may include differ
ences in the responsiveness of cranial versus truncal crest cells to the same 
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ECM components, or technical limitations of the microinjection technique into 
the restricted space available at thoracic levels of the axis. 

Many cell membrane receptors which bind specific motifs of the ECM 
molecules have been identified. They constitute a family of transmembrane 
molecules called integrins. In Table 2. 1 ,  the integrins expressed by neural 
crest cells are recorded. The expression of the {31 subunit of the integrin hetero
dimeric receptor, which binds all the glycoproteins mentioned above, is wide
spread at all axial levels tested throughout embryonic development (Duband et 
al. , 1986a,b; Krotoski et al. , 1986; Sutherland et al., 1 993; Gawantka et al. , 
1994). This expression pattern suggests that the differences reported in the 
responsiveness of cranial versus truncal crest cells are not likely to be mediated 
by the {31 subunit alone. In contrast, the a l  integrin subunit, contained at least 
in the receptor complex that binds laminin and collagen type I, was not found 
to be prominent in the neural tube during neurulation and was still weak on 
migrating neural crest cells prior to overt neuronal differentiation (Duband et 
al. , 1992). In fact, little is known about the exact subunit composition of 
integrin receptor complexes in different regions, a limitation that makes it 
more difficult to interpret the results of loss-of-function studies. For instance, 
injection of neutralizing antibodies to the {31 subunit or to various a subunits of 
the integrin receptors, led to an abnormal onset of crest cell migration when 
injected into the midbrain (Kil et al., 1 996), but results with knockout mice 
showed no effect of specific integrin deletions on neural crest migration (see 
review by Perris, 1997). Taken together, available data are consistent with the 
idea that the presence of an elaborated ECM may be a prerequisite for emi
grating cells to begin advancing outside the confines of the neural primordium, 
yet the mechanism of action of specific ECM components (identity of receptor 
complexes) and their possible role in neural crest emigration remain to be 
clarified. 

2.2.2.3 Changes in cell-cell adhesion. Observation of avian embryos with 
transmission electron microscopy revealed that the apical zones of presumptive 
neural crest cells are joined by intercellular junctions at the stage of neural fold 
fusion, but such junctions disappear progressively about 5 hours before the 
onset of migration (Newgreen and Gibbins, 1982). To further investigate the 
molecular nature of these intercellular contacts, neural primordia were cultured 
in the presence of calcium blockers. This treatment reduced the cohesion 
between premigratory crest cells and caused their precocious emigration 
from the explanted neural tubes (Newgreen and Gooday, 1 985). These results 
suggested that calcium-dependent cell-cell adhesions play a role in the main
tenance of the epithelial premigratory state of crest progenitors. The onset 
of migration can thus be provoked either by downregulation of calcium
dependent cell adhesion molecules of the cadherin family, or by biochemical 
changes in their properties, such as phosphorylation (see Newgreen and 
Minichiello, 1 995). In fact, the expression of the cadherin c-Cad-6B is high 
at premigratory stages and is down-regulated during migration. Likewise, the 
expression of N-cadherin/A-CAM is high in the neural folds, and then avoids 
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Table 2. 1 .  Generalized distribution and proposed function of various ECM components during neural crest (NC) cell migration 

Component 

Fibronectinsb 
Laminin-1 
Laminin-2 
Laminin-4 
Laminin-8 
Laminin-10  
Tenascin-C 
Collagen type I 
Collagen type II 
Collagen type III 
Collagen type IV 
Collagen type V 
Collagen type VI 
Collagen type VII 
Collagen type VIII 
Collagen type IX 
Collagen type XI 
Collagen type XII-L/S 
Collagen type XIV 
Nidogen 
Fibulin-1 
Fibulin-2 
Fibrillin-1 
Vitronectin 
Link protein 

Timing of expression 
(along NC migratory routes) 

NC cell migration Postgangliogenesis 

No Yes 
Yes Yes 
No Yes 
No Yes 
Yes Yes 
No Yes• 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
No Yes 
Yes Yes 
No No 
No Yes 
Yes Yes 
Yes No 
No Yes 
No No 
Yes Yes 
Yes Yes 
No Yes (?) 
No Yes (?) 

No (?) Yes 
No Yes 

Role during NC 
cell migration• 

Permissivec 
Permissive 
Permissive 
Permissive 
Permissive 

? 
Non-permissiver 

Permissive 
Non-permissive 
Non-permissive 

Permissive 
Non-permissive 

Permissive 
Non-permissive 
Non-permissive 
Non-permissive 
Non-permissive 
Non-permissive 

n.d. 
Non-permissive 
Non-permissive 
Non-permissive 

n.d. 
n.d. 
n.d. 

Recognized domains (site) 

CBD (RGD), mes (CSI )  
TS 

C-terminal rodd 
C-terminal rod 
C-terminal rod 

CBr3, CBr7 a l (I) chain 

Triple helix, NCI al-2 (IV) chains 

Triple helix, GD al-3 (VI) chains 

Receptors 

avfJ, .a4fJi . a_Jh 
a 1{31 , a7{31 ?, Galtase 

a1f31 
a ,{3, 
a 1f31 

RGD ? 



        
       

Table 2. 1 (cont.) 

Component 

Thrombospondin-2 
Aggrecans 
PG-M/versican-VO 
PG-M/versican-Vl 
PG-M/versican-V2 
PG-M/versican-V3 
PG-Mersicans-like PGsi 
Perlecan 
Decorin 
Fibromodulin 
Biglycan 
Hyaluronan 

Timing of expression 
(along NC migratory routes) 

NC cell migration Postgangliogeneses 

No Yes 
Yes Yes 
Yes Yes 
Yes Yes 
No No 

Yes< Yes< 
Yes Yes 
Yes Yes 
No Yes 
No Yes 
No No 
Yes Yes 

Role during NC 
cell migration" 

n.d. 
Inhibitory8 

Non-permissive 
(Non-permissive) 
(Non-permissive) 
(Non-permissive) 
(Non-permissive) 
Non-permissive 
Non-permissive 
Non-permissive 

(Non-permissive) 
Non-permissive 

Recognized domains (site) 

G I ,  G3 domains 

Notes: alncluding migration of NC derivatives. b Refers to fibronectins with and without the EDa, EDb and III CS alternatively spliced modules/domains. 

31 

Receptors 

Hyaluronanh 
C-terminus ? 
C-terminus ? 
C-terminus ? 
C-terminus ? 
C-terminus ? 

cPresumably the region corresponding to the "E8 domain" of EHS laminin-1.  dlndicates that NC cells bind to the molecule and are capable of utilizing it as a migratory substrate to different extents. 
eThus far only determined at the mRNA level. flndicates that NC cells are unable to interact with the molecule. 
!!Indicates that NC cells are capable of interacting with the molecule and this interaction causes a subsequent impedement of their movement. h Refers to cell surface-bound hyaluronan. 
1May well correspond to novel a1ternative spliced variants of the PG-M/versican. 
Abbrei·iations: PGs = proteoglycans; CBD = cell-binding domain comprising both the RGD and 1-2 synergistic cell recognition sites; IIICS = alternative spliced region of fibronectin embodying the primary binding 
site for a4fJ1 and a4{37 integrins denoted connecting segment 1 (CSl); T8 = smallest proteolytic fragment of the E8 domain of EHS laminin-1 retaining full cell attachment- and motility-promoting activity; CBr3 and 
CBr7 = cyanogen bromide-derived fragments from the al(I) chain; NCI = C-terminal non-collagenous domain I; GD = globular domains of all three constituent chains, al-3 (VI); GI domain = N-terminal 
hyaluronan-binding domain; Galtase = 1 .4{3-galactosyltransferase; n.d. = not determined. 
Source: Kindly provided by R. Perris and reprinted in modified form from Trends Neurosci. 20, Perris, R., The extracellular matrix in neural crest-cell migration, 23-3 1 ,  Copyright ( 1 997) with permission from Elsevier 
Science. 
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the premigratory crest and the migrating cells until being reexpressed at gang
liogenesis (Duband et al., 1 988; Bronner-Fraser et al., 1 992). The expression of 
N-CAM, a calcium-independent adhesion molecule, shuts down after initial 
emigration of neural crest cells (Thiery et al., 1 982; Akitaya and Bronner
Fraser, 1 992). Consistent with these findings, ensuing studies have shown 
that loss of cell-cell adhesion mediated by calcium-dependent N-cadherin or 
by N-CAM accompanies detachment of the neural crest cells from the epithe
lial layer (Takeichi, 1 988; Bronner-Fraser et al., 1 992; Takeichi et al., 1 997). 

The notion that loss of intercellular adhesion correlates with the onset of 
migration does not exclude, however, the possibility that migratory cells may 
also be interconnected via their processes by specific cadherins. In fact, c-Cad-7 
(Nakagawa and Takeichi, 1 995) and U-cadherin (Winklbauer et al. , 1 992) 
mediate the interaction among subsets of migrating neural crest cells and remain 
restricted after differentiation into specific crest derivatives. Thus, multiple 
cadherins are expressed by neural crest cells in a stage- and subpopulation
specific manner. 

2.2.2.4 Changes in the plane of cell division. The cleavage plane formed during 
cytokinesis could separate daughter cells from apical junctions if the mitotic 
spindle were to form parallel to the surface of the neural tube epithelium. In 
support of such a notion, it was observed that 70% of all mitotic spindles in the 
dorsal neural tube are oriented such that one of the daughter cells would 
detach from the epithelium, whereas elsewhere along the neural tube the clea
vage planes are oriented so that the progeny retain a connection with the 
luminal surface. If this assumption is correct, then a factor stimulating the 
proliferation of premigratory crest cells could be part of the process leading 
to their emigration from the epithelium (Erickson and Perris, 1 993). 

2.2.2.5 Generation of cell motility 
A. TGF,B FAMILY MEMBERS. Delannet and Duband ( 1 992) have shown that the 
progression of migratory properties of neural crest cells could be accelerated by 
exposing premigratory crest cells to TGF,81 and 2. More recently, it has been 
suggested that TGF ,B family members may trigger the onset of crest cell migra
tion by affecting an initial stage of cell determination (Basler et al. , 1 993; Liem 
et al., 1 995). The related protein Dorsalin- 1 was also found to stimulate neural 
crest cell migration, although this factor is not expressed in the ectoderm and 
appears instead in the dorsal neural tube following initial neural crest specifi
cation (Basler et al. , 1 993). The idea is that TGF,B-related proteins could induce 
the activation of a cascade of genes (cadherins, cytoskeletal components, tran
scription factors) required for initiation of neural crest cell migration. It is 
conceivable that the Slug transcription factor is one of the genes in this signal
ing pathway, firstly because its expression is induced by these molecules, and 
secondly because treatment of chick embryos with antisense oligonucleotides to 
Slug, resulted in the failure of epithelial-mesenchymal conversion of premigra
tory crest cells (Nieto et al., 1 994). 
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B. HEPATOCYTE GROWTH FACTOR/SCATTER FACTOR. The so-called "motility
inducing factors," such as hepatocyte growth factor/scatter factor (SF/HGF), 
are known to induce epithelial-mesenchymal transitions of several cell types. 
The SF/HGF exerts its activity through the c-met receptor, a tyrosine kinase 
receptor whose oncogenic variant has transforming activity (reviewed in Birch
meier and Birchmeier, 1994). Both HGF/SF and c-met show an overlapping 
expression pattern in murine neural crest cells (Andermarcher et al., l 996), and 
overexpression of the ligand in transgenic mice alters the normal differentiation 
of neural crest subpopulations, leading to skin hyperpigmentation and mela
nosis in the CNS (Takayama et al., 1996). This phenotype could be accounted 
for by a direct effect on pigment progenitor cells. Yet, the known scattering 
activities of this factor leave open the possibility of an early action on 
epithelial-mesenchymal conversion or on cell migration that could lead in 
turn to secondary defects in specific crest derivatives. Such possibilities are 
not supported, however, by results of deletion of the HGF/SF gene by homo
logous recombination which leads to defects in the liver and placenta, but 
neural induction and subsequent nervous system development appear to be 
normal at least at the level of analysis attained so far (Schmidt et al., 1 995; 
Uehara et al., 1 995). 

c. PAX-3. The transcription factor PAX-3 is expressed in both the dorsal neural 
tube and the adjacent somites (Goulding et al., 1 99 1 ). The mouse mutation 
Splotch, initially characterized by the presence of a white patch in the abdomen 
of heterozygotes (Russell, 1 947), represents a deletion in the gene coding for 
PAX-3 (Kessel and Gruss, 1 990; Epstein et al., 1 99 1 ). Splotch mutants are 
characterized by defects in neural tube closure, and severe reduction or even 
absence of certain neural crest derivatives including pigment cells, sympathetic 
and spinal ganglia, enteric neurons, and cardiac structures. An in vitro study 
has suggested that these defects are due to a delay in the onset of neural crest 
emigration from the neural tube (Moase and Trasler, 1990). Another study 
performed in vivo found that crest cell emigration (or formation) was severely 
affected in the vagal and rostral thoracic areas, while virtually no cells emi
grated from the tube more caudally (Serbedzija and McMahon, 1 997). In the 
latter study neural crest cells were recognized after crossing heterozygote ani
mals for the Splotch mutation with a stable line of transgenic mice which 
expresses a Lacz reporter gene under the control of the Wnt-1 enhancer. 
The Wnt-1/LacZ reporter gene, like the Wnt-1 gene, is expressed in much of 
the dorsal CNS both at cranial and spinal cord levels. ,B-Galactosidase activity 
in the neural crest cells derives from sustained expression of either the mRNA 
or the protein originally present in the dorsal neural tube (Echelard et al., 
1 994). To investigate whether the lack of migration of LacZ-positive neural 
crest cells was due to an intrinsic defect or to the absence of somitic or neural 
tube-derived PAX-3, the authors performed interspecies chimeras between 
mice and chick embryos. When neural tubes of both wild-type and Splotch 
mutants were grafted in the equivalent place of chick hosts, migration of crest 
cells occurred in the two cases, suggesting that crest cells in the Splotch mutant 
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have the intrinsic capacity to form and migrate. However, when grafted into 
the lateral plate mesoderm of chick hosts, migration was observed from the 
wild-type mouse neural tube exclusively. This result indicates that successful 
emigration of crest cells requires an interaction between crest cells and the 
somites, and that the molecules mediating these interactions are defective in 
the Splotch mutation (Serbedzija and McMahon, 1997). 

2.3 The cellular basis of neural crest migration 

In this section we shall briefly overview the current knowledge on the pathways 
of migration of neural crest progenitors in different species, as revealed by the 
use of high-resolution techniques, intrinsic markers visualized by specific anti
bodies, or extrinsic marking techniques (Dil labeling, quail-chick grafts). For a 
more detailed account of specific migratory pathways, the reader is referred to 
Chapters 3-6, which discuss the development of cranial neural crest deriva
tives, sensory ganglia, autonomic ganglia, and melanocytes, respectively. 

2.3.1 Pathways of migration related to fate 

The easy accessibility of avian embryos to manipulation throughout embryo
genesis, as well as the availability of the quail-chick chimera technique, and of 
the HNK- 1/NC l antibody to detect migrating crest cells in intact embryos, has 
made the avian system the best studied so far in terms of the pathways and 
mechanisms that regulate the migration of neural crest cells. 

2.3. 1 . 1  Migration in the head. The main derivatives of the cranial crest are the 
entire facial and hypobranchial skeleton as well as distinct cell types in the 
cranial ganglia. In the head, notably in the forebrain, midbrain and hindbrain 
areas, where a loose mesoderm is present at the time of migration, the path of 
neural crest cell dispersion is essentially subectodermal (Fig. 2 . 1  A). For 
instance, mesencephalic crest cells migrate rostrally over the eye primordia 
towards the nose and then laterally to give rise to the maxillary and mandibular 
arches. Migration at rhombencephalic levels follows several streams that are 
defined by the presence of physical barriers and leads essentially to the forma
tion of branchial arch components and contribution to cranial ganglia (see 
details in Chapter 3). 

In the post-otic vagal area corresponding to the first five somites, several 
spatially and temporally distinct migratory pathways are apparent: a lateral 
path into branchial arches 4-5, which is an extension of the cranial ecto
mesenchyme, a lateral path along the aortic arches to give rise to the mesen
chyme of the heart outflow tract (see Chapter 3 for a detailed account of the 
above derivatives), a ventromedial migration pathway into the pharynx and 
foregut that gives rise to the enteric innervation and a further movement in the 
ventral direction towards the aorta to form the superior cervical ganglion (see 
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Chapter 4), a short ventral path that results in the colonization of cranial 
sensory ganglia, and finally a dorsolateral pathway followed by melanocyte 
precursors. 

2.3. 1.2 Migration in the trunk. In the trunk, two main directions of movement 
were recognized: first, a ventral pathway between neural tube and somites 
that gives rise to the sensory and sympathetic ganglia, to Schwann cells, and 
to chromaffin cells at somitic levels 1 8-24 (Le Douarin and Teillet, 1 974). 
Second, a lateral path that is traversed by melanocyte progenitors. Several 
studies have clearly shown that migration in the trunk subserves the dynamic 
development of the somites. Thus, sequential stages of migration can be 
traced in the caudorostral direction of the axis of individual embryos 
(Loring and Erickson, 1987; Teillet et al. , 1987). This behavior is illustrated 
in Figs 2. 1 and 2.2. At areas corresponding to the segmental plate, prior to 
somite individualization, neural crest cells are still confined to the dorsal part 
of the neuroepithelium, which may be already fused into a neural tube or still 
open, depending on embryonic age (Fig. 2. I B,C). At levels corresponding to 
the epithelial somites, some neural crest cells are still within the confines of 
the neuroepithelium (Fig. 2 . 1 D), while others are apparent in a dorsolateral 
position between the tube and the somite (Fig. 2.2A). This ECM-rich, cell
free area gained a special designation as the "migration staging area," as it is 
considered to be the place where neural crest cells first "choose" between 
alternative pathways (reviewed by Weston, 199 1 ,  and more recently in 
Wehrle-Haller and Weston, 1997, with respect to its possible role as a 
primary site of cell specification). 

A. THE VENTRAL PATHWAYS. Further rostral in the axis, the somites begin a 
process of epithelial-mesenchymal conversion. It is from this stage onwards 
that neural crest cells subdivide into different streams to interact with the 
mesoderm and give rise to different derivatives. Figure 2.2 summarizes the 
various pathways taken by crest cells with respect to somite development. In 
a first stage of somite dissociation, the formation of a sclerotomal mesenchyme 
has started in the ventrolateral aspect of the somite, whereas its mediodorsal 
portion still keeps an epithelial arrangement. At these levels, neural crest cells 
begin moving ventrally between the neural tube and somites until reaching the 
exit points of motor axons (Fig. 2.2C). 

Neural crest cells first enter the somites upon formation of a dermomyotome 
and a sclerotome, between five and nine segments rostral to the most recently 
formed somite (Guillory and Bronner-Fraser, 1986). They follow two main 
ventral pathways, a slightly earlier ventral migration between adjacent somites 
(Fig. 2.2B) through which cells rapidly reach the dorsal aorta and give rise 
mainly to the primary sympathetic ganglia, and later to the aortic plexus. A 
second general route, which can be further subdivided into various pathways, is 
through the rostral half of the somites but not through their caudal moieties. 
Restriction of migration through the rostral domain was first recognized by 
Rickmann et al. ( 1985), and subsequently refined in several studies (Bronner-
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Fraser, 1986a; Teillet et al., 1 987). The above works have clearly shown that 
this initially segmented pathway of neural crest migration determines the meta
meric arrangement of the dorsal root ganglia (DRG), the sympathetic ganglia, 
and peripheral nerves with their accompanying Schwann cells (see Chapter 4 
and Figs 4. 1 and 4.6). 

Within the rostral halves of each somite, several migratory routes are in fact 
distinguished. First, cells that initially arrived to a ventrolateral position with 
respect to the neural tube (see above) turn now laterally into the sclerotome, 
presumably accompanying the elongating axons and give rise to Schwann cells 
(Fig. 2.2E). Second, migration along the basement membrane that separates 
the dermomyotome from the sclerotome. Third, cell migration through the 
bulk of the sclerotomal mesenchyme (Fig. 2.2D). Lallier and Bronner-Fraser 
( 1988) reported that in stage 1 5HH chick embryos approximately 65% of the 
migrating cells traverse the rostral sclerotome and intermingle with its cells. 
Tosney et al. ( 1 994) found that neural crest cells initially prefer the myotome's 
basal lamina over the sclerotome as a migratory substrate. These authors have 
observed that crest cells located in the staging area "wait" until the formation 
of the dermomyotome and progress along its developing basal lamina on their 
way laterally. When they reach lateral regions, that are still devoid of basal 
lamina, they depart from the myotome's undersurface and enter the medial 
sclerotome. According to these authors, slightly later when a higher number of 
neural crest cells become engaged in migration, these cells penetrate the scler
otome directly because they are unable to establish direct contacts with the 

Figure 2.2 The migration of neural crest cells in the trunk of avian embryos revealed by 
HNK-1 immunolabeling. Transverse sections through a 30ss quail embryo 
immunostained with the HNK-1 antibody. In all sections, the notochord and 
paranotochordal area are HNK-1- positive. In these regions, the HNK-1 epitope is 
associated to a matrix-specific proteoglycan (see text). (A) Level of epithelial somites 
showing neural crest cells (arrowheads) located in a dorsolateral position with respect to 
the neural tube (staging area). At this stage and segmental level, neural crest cells do not 
yet express HNK- 1 .  (B) Intersomitic region. HNK-1-negative neural crest cells migrate 
between two adjacent epithelial somites (arrowheads). (C) Level of an intermediate 
somite following its initial dissociation into sclerotome. The medial aspect of the somite 
is still epithelial. HNK-1-immunoreactive crest cells migrate ventrally between neural 
tube and somite. This pathway is restricted to the rostral half of each segment. (D) 
Following somite dissociation into dermomyotome (DM) and sclerotome (Sci), the first 
neural crest cells migrate in the rostral half of each segment underneath the 
dermomyotome. A few cells also penetrate the bulk of the sclerotome. (E) Section 
through the rostral somitic domain showing an advanced migratory stage. Neural crest 
cells coalesce into DRG in a dorsolateral position to the neural tube. Schwann cell (SC) 
progenitors are localized in ventral areas adjacent to the tube, lining along growing 
motor axons, other cells have migrated ventrally to the dorsal aorta (Ao) where they 
coalesce into the primary sympathetic ganglia (Sy). (F) Section through the caudal half 
of a somite showing the virtual absence of HNK-1 positive neural crest cells. Only a few 
cells can be seen adjacent to the dorsal neural tube and to the aorta. In both E and F, 
the HNK-1 epitope is also expressed by distinct cell types in the developing CNS. 
Bar = 60 µm. 
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basal lamina. Our own observations that the lateral migration underneath the 
dermomyotome precedes massive entry into the sclerotome are consistent with 
these findings. 

B. THE LATERAL PATHWAY. Neural crest cells also migrate in the trunk along a 
lateral pathway between the ectoderm and the somites and, in avian embryos, 
they differentiate into melanocytes after invading the ectoderm. Although cells 
move initially in a mediolateral direction, further spreading of melanoblasts 
originating in a given segment occurs along several somites rostral and caudal 
of their site of origin. Moreover, unilateral grafts of half neural tubes of quail 
into chick hosts revealed that the pigmented stripes extended on both sides of 
the embryo, demonstrating a contralateral migration of the melanoblasts 
(Teillet, 1 97 l a; Yip, 1 986). Using the HNK- 1 antibody (Erickson et al. , 
1 992) and the MEBL- 1 antibody (Kitamura et al., 1 992) to immunostain intact 
avian embryos, it was shown that the onset of migration through the lateral 
pathway is delayed by l day approximately with respect to the ventral path. It 
has been proposed that the extracellular space dorsal to the epithelial dermo
myotome represents a barrier for neural crest entry. Peanut agglutinin lectin
binding activity and chondroitin 6-sulfate proteoglycan transiently localized in 
this region were suggested to mediate the inhibition to lateral migration. When 
the dermomyotome dissociates into dermis, neural crest cells proceed lateral
wards. This dissociation is accompanied by a reduction in the expression of the 
above molecules (Oakley and Tosney, 199 1). 

Another feature that characterizes migration of melanocyte progenitors is 
the lack of intrasegmental polarity. Nevertheless, some segmental variations 
are observed as migration over the body of the somites proceeds faster than 
over the intersomitic clefts. A day after the onset of migration through this 
pathway, melanoblasts invade the ectoderm (Erickson et al., 1992). At this 
stage, they become immunoreactive to the Me!EM antibody, a marker for 
melanoblasts that recognizes a glutathione S-transferase subunit (Fig. 2.3;  
Nataf et al. , 1 993, 1995; see also Chapter 6). 

2.3.2 Similarities and differences in the pathways of migration 
between different species 

2.3.2 .1  Mammalian embryos. The migration of neural crest cells in rat 
embryos was studied with the HNK- 1 antibody (Erickson et al. , 1 989). This 
staining revealed a remarkable similarity in migration pathways between 
avians and rats. Cells were identified in the staging area, underneath the 
dermomyotome, and in the rostral sclerotome. Some limitations of the use 
of HNK- 1 as a marker in this species were, however, also noticed: ( 1 )  
melanocyte progenitors do not stain with the HNK- 1 antibody i n  the rat so 
they could not be directly visualized; (2) in the rat, immunostaining in rostral 
areas of the axis becomes fibrillar and stops marking the crest and its progeny 
during advanced migration and gangliogenesis. 
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Figure 2.3 Expression of the MelEM antigen in melanoblasts. Sections of E4 (A) and E5 
(B) quails at the brachial level of the axis stained by the MelEM Mab. At E4, MelEM
positive cells (arrows) are seen underneath the ectoderm. Note that, at E5, some 
fluorescent cells (arrows) are already in the ectoderm. Bar = 50 µm. (Reproduced, with 
permission, from Nataf et al., 1 993.) 

Analysis of crest cell migration in the mouse has been more difficult because 
of the lack of appropriate markers. In the absence of specific stains, Serbedzija 
et al. ( 1 990) have injected mouse embryos from E8.5 to E 10  with Dil into the 
lumen of the neural tube in order to label, among other cells, also the pre
migratory neural crest. The authors report that emigration from the tube 
starts at E8. 5  and the cells migrate simultaneously along both the ventral 
path and the subectodermal space, in contrast to avians where a 1 -day delay 
exists between the two routes (but see Weston, 199 1 ;  Wehrle-Haller and 
Weston, 1995). 
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Aside from this temporal discrepancy, the segmental pattern of migration 
that characterizes the behavior of trunk neural crest moving along the ventral 
pathways was consistently found in mice using DiI labeling (Serbedzija et al. , 
1 990). This was further confirmed by the use of p75 antibody staining 
(Melkman and Kalcheim, unpublished data), a more recently identified marker 
for murine crest cells. In the ventral path, early migrating cells (those injected 
with DiI between E8.5 and E9.5) attained the dorsal aortae and differentiated 
into sympathetic ganglia. A second wave of migratory cells (cells marked 
between E9 and E l O) reached the DRG anlage. Based on these results, it 
was suggested that crest cells contribute to their derivatives in a ventral to 
dorsal order. Similar findings were reported for avian and zebrafish embryos. 
Moreover, several authors have invoked that the distinctive fates adopted by 
successive waves of emigrating cells are due to progressive restrictions in their 
developmental potential (Artinger and Bronner-Fraser, 1 992; Raible and 
Eisen, 1 994; but see Baker et al. , 1 997 and Chapter 7 for further discussion). 

2.3.2.2 Amphibians. The early knowledge of the pathways of crest cell migra
tion in amphibians stems from grafting neural primordia between different 
species of Xenopus embryos, such as from Xenopus borealis into Xenopus laevis 
(Thiebaud, 1 983), or grafting of fluorescent dextran-labeled X. laevis neural 
tubes into unlabeled hosts of the same species (Krotoski et al., 1 988). More 
recently, Collazo et al. ( 1 993) have injected DiI into the neural tube and fol
lowed the movement of fluorescent cells in X. /aevis. This was particularly 
useful for pigment cell progenitors as, in X. laevis, migration starts at stage 
30 and melanophores first appear between stages 35 and 4 1 .  In contrast, in 
Triturus and Amblystoma, it was possible to follow the migration of a subset of 
chromatophores because they express intrinsic pigmentation already at the 
time of emigration from the neural tube (see Epperlein and Lofberg, 1 990). 
Altogether, five distinct migratory pathways were identified in the above 
studies: 

1 .  A dorsal pathway that gives rise to the dorsal pigment stripe and to 
ectomesenchyme of the fin. Later during development, both 
melanophores and xanthophores were shown to appear in the dorsal 
fin of the California newt Tarica torosa. Because each type of pigment 
cell behaves differently vis-a-vis the ECM, it was suggested that the 
xanthophores can actively invade the fin, whereas the melanophores 
most likely derive from local crest cells that invaded this region early 
during migration (Tucker and Erickson, 1986b). 

2. A ventral pathway along the neural tube and the notochord. Cells 
migrating through this route give rise to sensory and sympathetic 
ganglia. DiI labeling experiments enabled recognition of their 
additional contribution to adrenomedullary cells. In addition, unlike 
the situation in avians and mammals, this path is also followed by 
presumptive pigment progenitors that later turn superficially. Another 
major difference between Xenopus and higher species is that ventral 
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migration occurs in streams between the neural tube and the caudal 
portion of each somite rather than through the rostral halves. 

3. A minor pathway underneath the ectoderm that is followed by 
pigment cell progenitors. Whereas in avians and mammals this is the 
major pathway leading to pigment differentiation, in amphibians 
this is only a minor route. 

4. A circumferential migration of crest cells into the ventral fin. 
5. A ventral migration to the anus that subsequently populates the 

ventral fin. The last two pathways are restricted to the caudal portion 
of the trunk and were not observed in other species. 

2.3.2.3 Fish. Because of the relative transparency of zebrafish embryos and 
the small number of crest cells, it is possible to mark them with a fluorescent 
tracer and to follow their movements in the living specimen using high
resolution fluorescence microscopy. Alternatively, neural crest cells can be 
readily distinguished at the electron microscopic level (see Fig. 2.4) .  No dis
tinctive neural crest markers exist as yet for this species. 

Similar to other vertebrates, zebrafish neural crest cells accumulate in a 
staging area dorsolateral to the neural tube along which they can move both 
rostrally and caudally to a limited extent of one segment (Raible et al., 1 992), 
comparable to the situation in avian embryos (Teillet et al., 1 987). From this 
region, the trunk cells disperse along two distinct pathways: dorsoventrally 
between the neural tube and the somites (ventral or medial pathway), and 
beneath the dorsal ectoderm (lateral pathway) (see review by Eisen and 
Weston, 1 993). The main similarities and distinctive features of zebrafish 
neural crest migration in comparison to other vertebrates are discussed 
below. 

A. THE MEDIAL PATHWAY. In avians, the patterns of neural crest migration and 
that of neurite growth are essentially segmental and depend upon differences in 
penetrability of rostral and caudal sclerotomal compartments (see above and 
also Section 2.4). Therefore, variations in the development of the sclerotome 
between species could result in differences in the behavior of migrating cells as 
well as of elongating motor axons. In avians, the sclerotome constitutes a 
significant portion of the somite and is adjacent to both the neural tube and 
the notochord. In contrast, in zebrafish, as in other teleost fishes and in amphi
bians, the sclerotome constitutes a much smaller part of the somite and is 
localized initially at a ventromedial position adjacent to the notochord. The 
myotomes instead occupy most of the volume of the segment and are adjacent 
to the neural tube. 

The sclerotome in zebrafish arises from a cluster of cells located in the 
ventromedial part of each somite. Labeling individual cells within these clusters 
revealed that cells of the caudal part of the cluster develop into both sclerotome 
and muscle whereas cells of the rostral part of the cluster give rise to sclerotome 
only. The rostral sclerotomal precursors begin migrating 3-4 hours prior to 
migration of the caudal ones in a dorsal direction until they reach the level of 
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Figure 2.4 Migration of neural crest cells in the zebrafish embryo. (A) Scanning electron 
micrograph showing sequential stages of neural crest migration in the zebrafish embryo. 
(B) Camera lucida drawing of A. (C-E) Higher magnification of the inserts in B. 
Zebrafish trunk neural crest cells segregate from the dorsal neural keel in a rostrocaudal 
sequence. Caudal is to the right. Bar = A,B: 125 µm; C-E: 62 µm. (Reproduced, with 
permission, from Raible et al., 1 992.) 

the neural tube. Migration takes place along a path located in the middle of 
each somite and between the notochord and the myotome (Morin-Kensicki 
and Eisen, 1997). Migration of neural crest cells and motor axons was found to 
coincide with the localization of these rostral sclerotomal cells and all converge 
toward the middle of the somite (Fig. 2.5; see Raible et al. , 1 992; Morin
Kensicki and Eisen, 1 997). Thus, like in birds and mammals, some rostro
caudal differences can be detected during zebrafish sclerotome development 
that coincide with the behavior of crest cells and motor axons. 

To directly test whether this colocalization has a functional implication to 
segmentation of DRG and motor axons, Morin-Kensicki and Eisen ( 1 997) 
performed early ablations of the ventromedial cell cluster, and observed no 
difference in the segmental positioning of PNS derivatives. Based on these 
results, the authors proposed that, in zebrafish, short-range signals that influ
ence PNS segmentation do not derive from sclerotome but rather from the 
myotomes which are appropriately positioned to provide such cues. Future 
manipulations of the myotome either by microsurgery or through the use of 
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Figure 2.5 In zebrafish, anterior sclerotome cells share a migration pathway with motor 
axons and neural crest cells. Individual sclerotome cells were labeled green by injection 
of fluorescein dextran and individual motor neurons and neural crest cells were labeled 
magenta by injection of rhodamine dextran; yellow indicates regions of overlap within a 
single focal plane. (A) Overlap between the ventrally extending axon of an identified 
motor neuron, CaP, and a dorsally migrating anterior sclerotome cell. (B-F) Time series 
of a single, ventrally migrating neural crest cell and a single dorsally migrating 
sclerotome cell followed over 6 hours in a living embryo. The sclerotome cell divided 
once during this time. n, notochord; nt, neural tube. Bar = 2 1  µm. (Reproduced, with 
permission of Company of Biologists Ltd, from Morin-Kensicki and Eisen, 1997.) 

For a colored version of this figure, see www.cambridge.org/978052 l l 22252. 

embryos with mutations in somite derivatives will provide useful mechanistic 
and evolutionary insights into the processes of segmental migration and 
organogenes1s. 

B. THE LATERAL PATHWAY. Entry into the lateral path begins about 4 hours 
later than the onset of migration into the medial pathway (Raible et al., 1 992). 
This delay in migration through the lateral pathway appears to be consistent 
among several but not all species (Erickson et al., 1992; see also previous 
sections). These observations raised the question as to whether differences in 
the choice of a pathway result from the molecular composition of the pathway 
itself or are due to intrinsic properties of the neural crest cells. LRD (lysinated 
rhodamine dextran) labeling of premigratory crest cells and follow-up of crest 
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cell movement in living zebrafish embryos revealed that this delay is due to a 
collapsing effect of the lateral surface underneath the ectoderm that causes the 
paralysis, and further retraction of cell processes sent to that direction. In 
contrast, the medial pathway does not exert such an inhibition. These findings 
led to the notion that inhibitory signals delay entrance of crest cells into the 
subectodermal space whereas lack of inhibition enables the precocious entry of 
migrating cells into the medial path (Jesuthasan, 1 996). Consistent with this 
interpretation, partial deletion of the somites, represented by the spadetail 
mutation that affects the movement of some gastrulating mesodermal cells, 
allows precocious entry into the lateral pathway. This inhibition was shown 
to be transient as a gradual loss in retraction of cell processes correlates with 
the onset of migration along the lateral route. Moreover, the inhibition was 
shown to be specific for crest cells, as Rohon-Beard cells from the dorsal neural 
tube were able to send their axons through this path prior to crest cell entry 
(Jesuthasan, 1 996, and references therein). The molecular basis for this delay as 
well as alternative views that might account for it will be discussed in the next 
section. 

2.4 The molecular basis of neural crest migration 

As discussed in the previous sections, neural crest cells become confronted with 
a diversity of microenvironments during migration. Any attempt to understand 
the mechanisms that control the dispersion of these progenitors along the 
different pathways should take into account the fact that the molecular com
position of the various pathways is highly heterogeneous as well as temporally 
dynamic, notions which are now being given a firm molecular basis. Molecules 
affecting differential migration belong to two main categories: specific ECM 
glycoproteins and proteoglycans as well as a particular three-dimensional con
formation of the above molecules, and locally expressed ligands and their 
receptors. 

How do these factors exert their effects upon the migrating cells? Classical 
studies of axon guidance have been instrumental in defining both short-range 
(cell-cell) and long-range (diffusion gradient) influences on the behavior of 
growth cones, and showed that each type of signaling mechanism may be either 
attractive or repulsive. In the case of growth cones, these influences may deter
mine the ability of an axon to elongate and/or modulate its pattern of growth 
and branching (reviewed in Goodman and Shatz, 1 993; Keynes and Cook, 
1 995). 

Mechanisms analogous to those found to affect growth cone development 
are likely to direct as well the primary "choice" of neural crest cells between 
alternative pathways, and their subsequent movement along them. Moreover, 
neural crest cells could also actively participate in shaping the composition of 
their own migratory tracks. It is worth stressing that much less is known about 
the molecular basis of neural crest migration compared to the current knowl
edge on axon growth and guidance. The mechanisms unraveled so far point to 
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a major role for short-range inhibitory signaling (ECM and receptor-ligand
mediated processes) in the guidance and arrest of neural crest cells, yet recent 
results challenge the existence of highly localized receptor-ligand interactions 
that lead to directional migration. 

Another crucial issue that might shape the direction of migration of neural 
crest cells concerns their intrinsic heterogeneity. Cell lineage analysis of the 
neural crest shows that many of the migrating progenitors are multipotent 
whereas others are more restricted in their developmental potential (discussed 
in Chapter 7). Various scenarios could be postulated to account for differential 
migration based on this early segregation. First, progenitors with diverse 
degrees of commitment (heterogeneity among a given population or between 
cells that exit the neural tube in consecutive waves) might respond differently to 
a given migratory cue. A contrasting view would infer that, irrespective of the 
state of specification of a cell, migration is a stochastic event totally separable 
from a cell's history and from its later differentiation program. 

Due to the highly dynamic nature of the crest cells and their environment, it 
is conceivable that more than one of the above mechanisms holds for shaping 
the properties of the migratory routes, and that migration along a given route 
is dictated by a delicate equilibrium between cell intrinsic and environmental 
signals. 

2.4.1 Delayed migration along the subectodermal pathway: 

transient inhibition or the need for cell specification 

The problem of the mechanisms that control migration of neural crest precur
sors along the lateral pathway has been extensively studied in the past few 
years. As discussed already, neural crest cell dispersion begins on the dorso
lateral path about 24 hours after the onset of dispersal on the ventral track, and 
is concomitant with the dissociation of the epithelial dermomyotome into a 
mesenchymal dermis (Serbedzija et al., 1 989, 1990; Erickson et al., 1 992; 
Jesuthasan, 1 996). These observations led to the notion that the environment 
of the epithelial dermomyotome is transiently inhibitory for migration. This 
hypothesis is further substantiated by the finding that high levels of versican
like glycoconjugates correlate with absence of migration while a decrease in the 
immunoreactivity for these compounds coincides with the onset of cell disper
sion (Oakley et al., 1994). 

Additional correlations sustaining an inhibitory nature for these macro
molecules stem from their expression in various tissues to which both neural 
crest cells and motor axons exhibit a repulsive behavior. These include the 
caudal half of the sclerotome (Keynes and Stern, 1984; Rickmann et al., 
1985; Tosney, 1987, 1 988), the perinotOchordal mesenchyme (Newgreen et 
al., 1986; Tosney and Oakley, 1990; Pettway et al. , 1990, 1 996) and the pelvic 
girdle primordium (Tosney and Landmesser, 1 984). 

Furthermore, mice carrying a deletion in the gene coding for the PDGF A 
(platelet-derived growth factor A) receptor (Patch mutants) which affects, 
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among other cells, also the fate of melanoblasts, exhibit a profuse deposition of 
distinct basement membrane components as well as of interstitial proteo
glycans along neural crest migratory routes (Morrison-Graham et al., 1 992; 
also see review by Perris, 1 997). 

Another example is provided by the white Amblystoma mexicanum mutant 
embryo in which neuronal precursors migrate normally but melanoblasts fail 
to disperse. When nucleopore membranes are covered with ECM material 
derived from the subectodermal space of a normal embryo and grafted into 
the equivalent site of a mutant embryo, neural crest migration is rescued along 
the lateral pathway. In contrast, grafting of membranes precoated with ECM 
from the mutants into wild-type specimens results in a failure to support 
migration in an otherwise normal environment. Using the same experimental 
approach, it was shown that the composition of the ECM of the ventral paths 
is similar in both wild-types and mutants (Lofberg et al. , 1 989). 

Altogether, these regional alterations in the ECM, whether they are part of a 
normal program of development or secondary to the deletion of a given gene in 
a natural or induced mutation, appear to be related to the ability or inability of 
neural crest cells to migrate. 

Is the mere loss of an inhibitory ECM,  which occurs concomitantly with the 
formation of the mesenchymal dermis, enough to account for the onset of 
migration of neural crest progenitors along the subectodermal path? 
Whereas permissiveness remains a possibility, recent results challenge the exis
tence of more specific, attractive cues for crest progenitors along the path. Such 
a specificity requires two partners, one in the pathway itself and its complement 
on the concerned progenitors. This model requires as well that the responsive 
progenitors mature to a certain extent, perhaps even get fully specified to 
become melanocytes. Whether committed to a melanocyte fate or just partially 
segregated from the rest of the population (expressing distinctive receptors that 
do not necessarily reflect a restriction in developmental potential), such a 
specialization should include the ability to discriminate between alternative 
pathways, a precondition for directional migration. 

It was recently suggested by Wehrle-Haller and Weston ( 1 997) that the c-kit 
receptor and its cognate ligand Steel factor, which promotes the survival of 
melanocytes in vitro (Morrison-Graham and Weston, 1 993; Lahav et al. , 1 994; 
Reid et al., 1995) play a role in directional migration of melanocyte progeni
tors. This proposal is based on the expression of c-kit by melanocyte precursors 
in the migration staging area and during migration in the skin, and the local 
synthesis of Steel mRNA in the dermatome prior to neural crest migration 
followed by localization to the ectoderm when melanoblasts have already 
entered the lateral path. Interestingly, in the Steel mutant, characterized by 
absence of Steel factor, melanocytes first appear in the migration staging area, 
as revealed by c-kit expression, but fail to migrate and then die. In the Steel 
dickie mutant that lacks membrane-bound factor but produces a soluble form, 
melanocytes initially disperse along the lateral pathway, but then die (Wehrle
Haller and Weston, 1 995). Complementary ectopic expression of c-kit in the 
dermal mesenchyme, which is observed both in the Patch and W-sash muta-
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tions (Duttlinger et al., 1993; Werle-Haller et al., 1996), is compatible with 
initiation of dispersion of crest cells followed by their later disappearance. In 
both cases, ectopic c-kit was proposed to act in a dominant manner to compete 
with the endogenous c-kit present on crest cells for available ligand. As also 
stressed above, the Patch mutation entangles the production of an abnormal 
ECM, which may in combination with ectopic c-kit expression cause the result
ing phenotype. These results are compatible with the view that the Steel factor / 
c-kit system is mostly required for the survival of premigratory or migrating 
melanocyte progenitors (see Chapter 6). To prove that Steel factor has a role in 
attraction it should be shown that it is distributed in a gradient-like fashion 
along the path, or that it has chemotactic properties in vivo as it has been found 
to display in vitro on other cell types (Blume-Jensen et al., 199 1 ;  Sekido et al., 
1993). Interestingly, the expression of both factors in birds is delayed when 
compared to mouse embryos. In avian embryos, c-kit expression occurs 2 days 
after the crest cells have left the neural primordium, while Steel factor is 
expressed in the epidermis from E4 onward but not in the dermis (Lecoin et 
al., 1 995). This expression pattern is consistent with a role for c-kit/Steel in 
melanogenesis (Lahav et al. , 1 994), but argues against the suggestion that these 
molecules affect, at least in the avian system, the directional migration of crest 
cells when they are still present in the staging area (see Chapter 6 for further 
discussion). 

The state of specification of c-kit-expressing cells in the migration staging 
area is not known. For instance, these progenitors could coexpress transiently 
markers of ventrally migrating neural crest cells like trkC that characterizes a 
neurogenic population of crest cells (Kahane and Kalcheim, 1 994; Henion et 
al. , 1995). Alternatively, the expression of these two receptors could already be 
segregated to distinct subpopulations. So, the above studies do not directly 
address the question as to whether full specification to a melanocytic fate is 
required for directional migration. Several studies have reported that multi
potent progenitors and cells with neurogenic potential are encountered in the 
lateral migratory route, since, if isolated from the skin at E5 in the quail and 
cultured under appropriate conditions, some cells differentiate also along the 
glial and neuronal pathways (Sieber-Blum et al., 1993; and see Wehrle-Haller 
and Weston, 1997). 

A recent study by Erickson and Goins ( 1 995) has shown that, when fully 
differentiated melanocytes are back-grafted into the pathways of young hosts, 
these cells penetrate the lateral pathway a day before the host cells, even facing 
an inhibitory environment such as the epithelial dermomyotome. If depleted of 
melanoblasts, cells only migrate ventrally. In addition, when young cells are 
grafted prior to their segregation into distinct phenotypes, they fail to enter the 
lateral track. These data suggest that neural crest cells can migrate along the 
subectodermal path at these early stages only if they are specified as melano
cytes. That melanocytes can home preferentially to the skin was shown in a 
classical experiment by Weiss and Andres ( 1 952) who injected heterogeneous 
cell populations from a colored strain of chicken intravascularly into White 
Leghorn hosts. This resulted in the appearance of colored patches in the 
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plumage of the hosts, indicating that the injected cells traversed the blood 
vessels and homed in a specific manner to the skin. It is also worth mentioning 
that overexpression of N-myc by neural crest cells leads these cells to migrate 
preferentially along the ventral pathway and to differentiate into neuronal 
derivatives (Wakamatsu et al., 1 997). These studies provide support for a 
causal relationship between intrinsic cell specification to a given fate and 
directional migration but do not prove that this mechanism prevails in the 
naturally occuring crest cell dispersion process. Note that many results agree 
with the view that, when they migrate, neural crest cells are mostly pluripotent 
in nature and disperse within pathways that happen to be temporally 
compatible with their progression (see Chapter 7). 

2.4.2 Molecular signals controlling segmental migration in the 

trunk 

2.4.2.1 Local changes in the extracellular matrix ( ECM) of the migratory 
pathways. Neural crest cells migrate along pathways composed of complex 
extracellular components. Therefore, their migration is likely to be regulated 
by the spatiotemporal distribution of these molecules, their supramolecular 
arrangement into complex three-dimensional matrices, and by the ability of 
the migrating cells to respond to these cues appropriately. Based on an exten
sive body of literature, ECM components can be generally divided into per
missive and inhibitory with respect to their ability to support attachment and 
spreading of neural crest progenitors. 

A. PERMISSIVE ECM-ASSOCIATED SIGNALS. Research along these lines has 
revealed that neural crest cells migrate through matrices composed of permis
sive sets of glycoproteins. In general, the directionality of migration of neural 
crest cells has been found to follow the orientation of ECM fibrils in vivo and 
also in vitro where modification of fiber orientation caused a consecutive 
change in the pattern of crest cell movement (Newgreen, 1 989). A mechanism 
of contact guidance that requires specific recognition of the substrate's proper
ties was proposed to account for the observed coalignment of crest cells with 
ECM fibrils. This mechanism seems more likely to account for crest cell migra
tion than the alternative view whereby control of cell migration is exerted by 
available space between tissues or cells, because crest cells are able to pass 
through pores as small as 1 µm in diameter and even less, whereas the minimal 
size of intercellular spaces measured in embryos was always greater than 2 µm 
(Ebendal, 1 976, 1 977; see also Newgreen, 1 989, and additional references 
therein). 

Pioneer studies by Thiery and colleagues, led to the recognition that the 
glycoprotein fibronectin (FN) plays an important role in the migration of 
neural crest cells. The presence of FN is correlated in vivo with the migratory 
pathways of neural crest cells (reviewed in Duband et al., l 986b ), and in some 
cases the cessation of their migration is correlated with the disappearance of 
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this molecule (Thiery et al. , 1 982). Moreover, FN promotes cell attachment 
and dispersion in vitro (Rovasio et al. , 1 983; Rogers et al., 1 990; Table 2 . 1 ) .  

Furthermore, neural crest cells express integrin receptors that mediate binding 
to FN and are required for migration at least in vitro (see Section 2.2.2.2 and 
below). The interaction of FN with its receptor is mediated by a short sequence 
located in the central region of the molecule identified as the tetrapeptide 
RGDS. This peptide effectively competes with FN for attachment of neural 
crest cells and promotes itself cell attachment and spreading in vitro. Moreover, 
another sequence located in the N-terminus of the molecule, the connecting 
segment (CS l )  site, was found to stimulate neural crest cell attachment but not 
to initiate spreading. The combined activity of both peptides was shown to give 
optimal locomotion (see Dufour et al., 1 988; Perris et al., 1 989). 

In contrast to FN, the extent of neural crest migration on purified laminin 
substrates in vitro was maximal at relatively low concentrations of the molecule 
and was reduced at higher concentrations. Moreover, coupling of laminin to 
nidogen and to collagen type IV yielded maximal cell dispersion. The predo
minant motility-promoting activity of laminin was mapped to the E8 domain 
that possesses heparin-binding activity. Consistent with this result, migration 
on laminin was reduced after treatment of the substrates with heparin. As 
summarized in Table 2. 1 ,  diverse types of collagen, including collagen I, IV, 
and VI, are also able to mediate neural crest motility in vitro through fi l  
integrins o n  the surface o f  the crest cells (Perris e t  al. , l 993a,b ) .  

I n  fact, the attachment o f  both cranial and trunk neural crest cells to FN, 
laminin, and collagens can be efficiently blocked by treatment with anti-iSI 
integrin antibodies, suggesting that this is a functional isoform expressed by 
crest cells in both regions. In contrast, neutralization of a l  integrins inhibited 
the attachment of trunk but not of cranial crest cells on laminin and collagen 
type 1 exclusively. These data, together with the results of antibody neutraliza
tion described in Section 2.2.2.2, suggest that distinct integrin heterodimers are 
present on trunk and cranial crest progenitors and that this heterogeneity in 
receptor composition mediates the interaction with distinct ECM molecules 
(Lallier and Bronner-Fraser, 1 992; Lallier et al., 1992, 1 994). 

What is the relevance of these findings to the migration of neural crest cells 
in vivo on ECM? Discrepancies appear when comparing the postulated roles of 
integrins on the migration of neural crest cells based on in vitro data and the 
observations stemming from neutralization studies of iS and a integrin subunits 
in vivo and from null mutations in murine embryos. The latter approaches have 
revealed no apparent abnormalities in cell migration or ganglion morpho
genesis (reviewed by Perris, 1 997), thereby suggesting either that integrins are 
not essential for crest migration in the embryos, that a high degree of plasticity 
or redundancy exists in the activity of integrin heterodimers, or that the 
integrin subunits critical in mediating interactions between ECM and neural 
crest were not identified as yet. Species differences may also exist in their 
function. Alternatively, multiple mechanisms for cell migration, some of 
them unrelated to cell-ECM attachment through integrin molecules, may reg
ulate the migratory process. 
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B. INHIBITORY ECM-ASSOCIATED SIGNALS. Despite their permissive properties 
for neural crest migration, none of the above-mentioned glycoproteins was 
found to be differentially distributed in the somites, or to exert an active 
chemoattractant effect on neural crest cells. In contrast, several ECM compo
nents, most notably proteoglycans of different types, were found to localize 
specifically to the caudal half of the sclerotome, consistent with a possible 
inhibitory function for these molecules on neural crest entry into this domain. 
Tosney and coworkers (Oakley and Tosney, 199 1 ;  Oakley et al., 1994) have 
reported that tissues representing transient or permanent barriers for migration 
of crest cells and axonal elongation are rich in chondroitin 6-sulfate chains (see 
previous sections). In the ECM, chondroitin 6-sulfate chains are covalently 
linked to proteoglycan core proteins (Kjellen and Lindahl, 1 99 1 ). The best 
described proteoglycan with restricted expression in the caudal sclerotomal 
domain is the cytotactin-binding protein (CTB-proteoglycan), whose core 
protein carries chondroitin sulfate chains and oligosaccharides recognized by 
PNA (see above and Tan et al., 1987). CTB-proteoglycan binds to cytotactin
tenascin, a glycoprotein expressed at epithelial somitic stages in the caudal 
somitic halves. Following somite dissociation this ligand shifts its distribution 
pattern to become restricted to the rostral halves of the sclerotome (Crossin et 
al. , 1986; Tan et al. , 1987, 1 99 1 ;  Mackie et al., 1989; Stern et al., 1 989). This 
dynamic expression pattern was found to be independent from the presence of 
neural crest cells, as their ablation did not alter the programmed expression of 
cytotactin (Tan et al. , 1987, 199 1 ;  Stern et al. , 1989). Most interestingly, both 
cytotactin and its binding proteoglycan were found to inhibit the attachment 
and migration of crest cells on FN substrates. These observations led to the 
notion that cytotactin in the rostral sclerotome acts as a stop signal for some 
neural crest cells migrating in the rostral sclerotome, thereby facilitating their 
aggregation into ganglia. Another issue of relevance is the observation that 
neural crest cells themselves synthesize cytotactin. Thus, neural crest cells may 
interact with CTB-proteoglycan in a manner that restricts their migration into 
the rostral sclerotomal domains. The validity of the in vitro results remains to 
be challenged in the embryo, in particular in light of the observation that mice 
with null mutations in the cytotactin gene were shown to develop normally 
(Saga et al. , 1 992). 

Chondroitin 6-sulfate-rich proteoglycans and certain keratan sulfate proteo
glycans are initially distributed homogeneously along the entire somite yet 
localize to the caudal sclerotomal moiety concomitant with neural crest migra
tion (Perris et al. , 1 99 l a). Another family of large aggregating proteoglycans 
includes, among other members, aggrecan and versican. Both aggrecan and 
versican failed to support the attachment and spreading of neural crest cells 
when immobilized on planar substrates and, moreover, counteracted the 
migration-promoting activities of other ECM components (Landolt et al. , 
1 995; Perris et al. , 1 996; see also Table 2 . 1 ) . Collagen type IX is another 
chondroitin sulfate-rich proteoglycan which exerts avoidance behavior of 
neural crest cells, and motor neurites in vitro (Ring et al., 1 996). The activities 
of the above molecules were proposed to be mediated through their glycos-
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aminoglycan side chains. Consistent with a putative effect on inhibition of 
migration, the VO and the VI splice variants of versican and collagen IX 
proteins were found to be present in the caudal sclerotome and in additional 
tissues that inhibit the entrance of neural crest cells (Landolt et al., 1 995; Ring 
et al. , 1 996). 

2.4.2.2 Eph ligands and receptors. Receptor tyrosine kinases (RTKs) have 
been shown to mediate cellular signals important for growth and differentia
tion. They form a large family of proteins that share several structural features 
such as a glycosylated extracellular ligand-binding domain, a transmembrane 
domain, and a conserved cytoplasmic catalytic domain (Yarden and Ullrich, 
1988). Binding of ligands to the extracellular domain activates the cytoplasmic 
tyrosine kinase catalytic domain, and triggers tyrosine phosphorylation of 
several substrates in the cytoplasm (Ullrich and Schlessinger, 1990). 

A number of transmembrane tyrosine kinases have been found to play key 
roles during development. Examples include the mouse c-kit (or W) proto
oncogene (Geissler et al. , 1 988; see also previous section) and the Drosophila 
genes sevenless (Kramer et al. , 199 1 )  and torso (Sprenger et al., 1989), which are 
involved in pattern formation. Many R TKs have been shown to be develop
mentally regulated and predominantly expressed in embryonic tissues. These 
include receptors for the fibroblast growth factors (FGFRs) and for PDGF 
(PDGFRs), for neurotrophins (trk receptors), and for epidermal growth factor 
(EGFR). 

A large screening effort carried out in several laboratories has led to the 
identification of several families of RTKs based on structural considerations. 
The Eph family (named for its first-described member by Hirai et al., 1 987) is 
the largest one with 13 distinct members (Tuzi and Gullick, 1 994). The Eph 
family of RTKs is characterized by the presence of an immunoglobulin-like 
domain, 19 conserved cysteine residues and two fibronectin type III motifs 
(Skorstengaard et al. , 1986; Briimmendorf et al., 1989). Several of these recep
tors have a segmental distribution during embryogenesis. Such is the case for 
Sekl (Hek8 in human, and Cek8 in the chick) and for Sek2 expressed in definite 
rhombomeres and in early somites (Fig. 2.6; see also Chapter 3). 

The members of the Eph receptor family were initially identified as "orphan 
receptors." Recently several proteins that bind these receptors have been mol
ecularly cloned (Fig. 2.6; and Gale et al. , 1 996). The striking feature common 
to the Eph family ligands is that they are all membrane-bound, either as 
transmembrane proteins or because they are attached to the surface via a 
glycosylphosphatidylinositol (GPI) linkage. Moreover, the Eph-family ligands 
are inactive (or even may act as antagonists) in soluble forms. 

The fact that soluble forms of these ligands can be activated by dimerization 
led to the proposal that membrane attachment normally serves to facilitate 
their oligomerization (Davis et al., 1 994). Therefore, the strict requirement 
for membrane attachment ensures that receptor activation takes place by direct 
cell-cell contact. This is consistent with the fact that Eph RTKs usually exhibit 
a highly localized pattern of expression in the embryo. When experimentally 
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Figure 2.6 Sequence homology trees for Eph receptors and ephrins. The ephrin-A 
ligands are GPI-anchored proteins, whereas the ephrin-B ligands are transmembrane 
proteins. Dendrograms were produced with the Clustal program, using the extracellular 
domains of the receptors, or the conserved core sequences of the ligands. (Unified 
nomenclature approved by the Eph Nomenclature Committee, 1997, kindly provided by 
Nick Gale.) 

expressed ectopically Eph family receptors do not elicit conventional growth 
responses as do other R TKs such as the trk receptors used by the neuro
trophins. They may instead be involved in axonal bundling or guidance by 
providing positional cues for the establishment of neuronal connections (see 
Tessier-Lavigne, 1995, and references therein). 

The Eph-related RTKs and their so far identified ligands can each be 
grouped into two major specificity subclasses. Receptors in a given subclass 
bind most members of a corresponding ligand subclass but may also bind 
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Figure 2.7 Caudal half sclerotome expression of chick Ephrin-Bl/Lerk2. At stage 18 ,  
crest cells (A) and motor axons (C) decorated by HNK- 1 and TUJ I antibodies, 
respectively, are seen in rostral somite halves (r), compared with caudal half restricted 
(C) c-Ephrin-B l  expression (B) in longitudinal sections. In rat/mouse embryos, Ephrin
B2 HTKL, but not Ephrin B 1 ,  is expressed in caudal somite halves. (Kindly provided by 
D. Anderson; reproduced, with permission, in modified form, from Wang and 
Anderson, 1 997. Copyright Cell Press.) 

ligands of the other subclass. The embryo is subdivided into domains defined 
by the exclusive expression of a given receptor subclass and its corresponding 
ligands. The interface between these domains corresponds to the sites where the 
receptors and their cognate ligands are expressed. This suggests that the Eph 
family is implicated in the formation of boundaries that may be of importance 
in defining the body plan (Fig. 2.6; Gale et al. , 1996). 

2.4.2.3 The role of Eph receptors and ligands in segmentation of neural crest 

cells in the trunk. Using degenerate primers against conserved kinase domains 
and cDNA from neural crest cells, Wang and Anderson ( 1 997) have detected 
the presence of the Nuk receptor whose expression was found to be relatively 
high on neural crest cells when compared to Sek-4, Sek- I ,  and Myk- 1 mRNAs. 
Complementary expression of the transmembrane ligands HtkL and Lerk2 
(ephrin-B2 and ephrin-B I ,  respectively) was found in the somites. In rat 
embryos, HtkL mRNA is expressed in the caudal half of the sclerotome and 
in the dermomyotome throughout the somite. In contrast, Lerk2 is present 
in the dermomyotome but shows no expression in caudal sclerotome. 
Interestingly, the chick homologs of these ligands have a somewhat different 
distribution; c-Lerk (c-ephrin-B l )  displays a pattern similar to that of HtkL in 
the rat (caudal sclerotome and dermatome) (Fig. 2.7) whereas c-HtkL is pre
sent in endothelial cells of the aorta and between adjacent somites. 

Expression of HtkL and Lerk2 to regions known to be inhibitory for neural 
crest cells, and the complementary expression of Nuk on the crest progenitors, 
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led to the hypothesis that the somitic molecules might restrict neural crest 
migration via contact-mediated repulsion, due to their transmembrane pres
entation. This notion was confirmed using a stripe assay for testing cell 
migration. This assay consisted of treating nitrocellulose and anti-Fe 
antibody-coated coverslips with ligand-Fe fusion proteins in alternating 
narrow stripes. Neural tubes containing premigratory crest were placed per
pendicular to the stripes and the behavior of emigrating crest cells was 
recorded. Whereas the high-density trail of neural crest cells attained close to 
the neural tube showed no preference for ligand-positive or -negative stripes, 
cells at the leading edges of the explants that are more dispersed tended to 
avoid ligand-containing stripes (Fig. 2.8), but showed no preference vis-a-vis a 
control Fe substrate. 

Interestingly, when confronted with a uniform substrate of ligand-Fe fusion 
protein, neural crest cells showed normal migration, much like that displayed 
on fibronectin or control Fe proteins, suggesting that restriction to migration 
of neural crest cells on Eph ligand members, similar to axonal growth 
(Nakamoto et al. , 1 996) is not an absolute behavioral pattern but reflects a 
sensitivity to the presence of a boundary between relatively repulsive and per
missive substrates. It is apparent from quail-chick chimeric studies that in vivo 
individual neural crest cells emigrating from the neural tube opposite caudal 
somitic halves remigrate longitudinally into the rostral areas but seem not to be 
confronted with a choice between rostral versus caudal somitic properties 
(Teillet et al. , 1 987). Thus, the behavior of trunk neural crest cells in vivo is 
likely to require a combination of cues that elicit both a repulsive behavior 
upon contact and act as inhibitory substrates for migration. If Eph ligands are 
not absolutely inhibitory for crest cell migration, as shown by the in vitro data, 
it could be envisaged that additional molecules contribute to the observed 
inhibition of migration into caudal somitic domains. 

2.4.2.4 F-spondin. F-spondin was cloned in a screen for floor plate-specific 
genes using a subtractive hybridization technique (Klar et al. , 1 992). Analysis 
of the predicted amino acid sequence of this molecule (Klar et al. , 1 992) has 
revealed the presence of a signal sequence enabling its secretion from the cell. 
In addition, at its C-terminus, it bears six thrombospondin-like repeats that 
were implicated in mediating cell adhesion processes. Furthermore, a charged 
region is interposed between the thrombospondin repeats 5 and 6 containing a 
sequence characteristic of S-laminin that may function in neurite attachment 
and growth. The first, third, fifth and sixth repeats also contain clusters of basic 
residues that have been implicated in the binding of proteins to heparin and 
glycosaminoglycans. These features suggest that F-spondin is a molecule that 
associates to the ECM. 

In situ hybridization for F-spondin has revealed that in avian, but not 
rodent embryos, F-spondin transcripts are localized in the paraxial mesoderm, 
in addition to its expression in the ventral midline observed along the entire 
axis. In l Oss embryos, F-spondin mRNA is homogeneously distributed in the 
somites, but from this stage onward its expression becomes enriched in the 
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Figure 2.8 Ephrin B l /Lerk2 fusion proteins inhibit rat neural crest cell migration in a 
stripe assay. Rat crest ex plants were cultured on coverslips coated with Ephrin-B I-Fe or 
Fe stripes. Each stripe is about 50 µm wide. (A, C) Ephrin-B l -Fc or Fe, respectively, 
was coated in alternating stripes (marked + ), and subsequently visualized with alkaline 
phosphatase-conjugated anti-Fe antibodies after fixation of the explants. (B, D) Ephrin
B I-Fe or Fe respectively, was coated in all stripes marked + .  The darker lanes were 
coated first and visualized by anti-BSA (bovine serum albumin) antibodies. Crest cell 
migration was biased toward ligand-free zones by coating alternating stripes ( + )  with 
Ephrin-Bl -Fc (A), but not with Fe (C). This guidance was not observed when either 
ligand was coated in all stripes (B). Similar results were obtained for Ephrin-B2-Fc 
when tested in the above assays. Bar = 100 µm. (Kindly provided by D. Anderson; 
reproduced, with permission, in modified form, from Wang and Anderson, 1 997. 
Copyright Cell Press.) 

caudal halves of epithelial somites (Fig. 2.9A). Upon somite dissociation, F
spondin mRNA and protein remain enriched throughout the entire caudal 
sclerotome and dermomyotome and are also expressed within rostral somitic 
regions, at sites that are avoided by migrating neural crest cells, such as the 
paranotochordal mesenchyme and the dermomyotome. The structural features 
of F-spondin, together with its alternating expression pattern, raised the pos
sibility that somite-derived F-spondin mediates some inhibitory properties of 
the somites on neural crest cell migration. 

To test this idea, Debby-Brafman et al. ( 1 999) have developed a sensitive 
and rapid in vitro bioassay that closely mimicks the in vivo behavior of neural 
crest progenitors with respect to the somites. Epithelial somites devoid of 
migrating neural progenitors were divided microsurgically into rostral somitic 
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(RS) and caudal somitic (CS) halves. Like halves were pooled and cultured 
separately for 1 day. Addition of dissociated homogeneous neural crest cells on 
top of substrates of RS cells resulted in their rapid adhesion and acquisition of 
a fibroblastic morphology, characteristic of migrating cells. In contrast, most 
of the cells that had attached to the CS substrates failed to flatten, adopting 
instead a round morphology with few focal sites of attachment. Treatment of 
RS cultures with recombinant F-spondin caused the rounding up of neural 
crest cells which adopted a morphology similar to cells on the CS cultures 
(Fig. 2.9B). More significantly, pretreatment of CS cultures with neutralizing 
antibodies to endogenous F-spondin resulted in the flattening of the added 
crest cells like the picture observed on permissive RS cultures (Fig. 2.9C). In 
addition, overexpression of F-spondin in trunk explants resulted in lack of 
migration of neural crest cells into the sclerotome whereas neutralization of 
the protein in vivo, led to crest entry into otherwise inhibitory sites both in the 
rostral as well as caudal somitic halves. These results suggest that F-spondin 
mediates the inhibitory qualities of caudal and rostral somitic cells thereby 
contributing to the segmental patterning of crest migration and to the topo
graphical segregation of crest cells within the rostral domains of the somite 
(Debby-Brafman et al., 1 999). 

2.4.2.5. Other cell surface-bound molecules whose expression is associated with 
pathways inhibitory for neural crest migration. Truncated cadherin (T-cadherin) 
is a calcium-dependent adhesion molecule that is anchored to the membrane 
through GPI (Ranscht and Dours-Zimmerman, 1 991 ). In the mesoderm adja
cent to the neural tube, T-cadherin is expressed in the caudal halves of the 
sclerotomes, where it is first apparent three segments rostral to the last formed 
somite concomitant with the invasion of the first neural crest cells into the 
rostral somite halves (Ranscht and Bronner-Fraser, 1 99 1 ) .  This observation 

Figure 2.9 F-Spondin is expressed in the caudal domain of the somite and mediates the 
caudal somite inhibition of neural crest cell spreading. (A) Differential expression of 
F-spondin mRNA to the caudal third of each somite. In situ hybridization of a 23ss 
chick embryo showing the last four epithelial somites formed, found in continuity with 
the segmental plate. Note the expression of F-Spondin transcripts confined to the 
caudalmost third of each segment. The strong color along the axis represents the floor 
plate of the neural tube. Caudal is to the left. (B) Differential adhesion of neural crest 
cells to substrates composed of rostral versus caudal half-somites. Two-day-old neural 
crest clusters were dissociated into single cells and cultured on top of I -day-old cultures 
of rostral (RS) or caudal (CS) somite halves. Cocultures were further incubated for an 
addititonal 75 min, washed and stained with the HNK-1 antibody. Note that, on RS 
substrate, neural crest cells are flat and fibroblastic, whereas on CS most cells adopt a 
round morphology and fail to flatten. (C) The percentage of neural crest (nc) cells with 
round morphology decreases on CS upon neutralization of endogenous F-Spondin. 
Pretreatment of CS cells with F-spondin antibodies, but not with preimmune serum, 
reduces the proportion of round crest cells to levels measured on a permissive RS 
substrate. (Provided by Debby-Brafman, Cohen, Klar and Kalcheim.) 
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readily suggested a possible implication of T-cadherin in avoidance of nerve 
growth and neural crest migration. 

Though evidence for a possible role of this adhesion molecule in affecting 
neural crest behavior is still lacking, Fredette et al. ( 1996) have provided in 
vitro evidence for a negative effect of both soluble and substrate-bound T
cadherin on the extension of neurites emanating from spinal motor neurons 
and sympathetic neurons. Furthermore, this inhibition was overcome by treat
ment with neutralizing antibodies to the molecule. 

Another set of cell surface-associated glycoconjugates (either membrane
bound, transmembrane proteins or ECM proteoglycans) that bind the lectin 
peanut agglutinin (PNA) has been identified in the caudal half of the sclero
tome. Davies et al. ( 1 990) have isolated, initially from chick somites and later 
from brain, a glycoprotein fraction that binds to PNA, thus bearing the 
Gal-,8( 1-3)-GalNAc disaccharide that was resolved into two major compo
nents (48 kDa and 55 kDa) exclusively found in caudal but not rostral somitic 
halves. Most importantly, the PNA-binding fraction was shown in vitro to 
cause the collapse of DRG growth cones. Although the relevant proteins are 
not yet cloned, other researchers have further confirmed the existence of a 
correlation between the binding of PNA to specific tissues and their inhibitory 
properties to crest cell migration and/or axonal growth. These include the 
caudal sclerotome, the dermomyotome, perinotochordal mesenchyme, pelvic 
girdle, and limb core (Hotary and Tosney, 1 996, and references therein). 

The first report to test whether PNA-binding molecules act on segmental 
migration of neural crest progenitors used an explant system of trunk regions 
which developed ex ovo for 2 days, and in which the migration of crest cells 
kept a segmental arrangement. Treatment of these explants with PNA caused a 
loss in the metameric migration of the crest cells which, under experimental 
conditions, entered both somite halves and slowed the rate of migration com
pared with control cultures (Krull et al. , 1 995). Taken together, the available 
data suggest that the yet unknown PNA-binding molecules play a role both in 
segmental patterning of neurites and crest cells in the trunk. Moreover, they 
indicate that masking of these molecules may preclude the recognition by 
neural crest cells of additional signals expressed differentially in the somites. 

2.5 Conclusions 

In summary, segmental patterning of neural crest cells and their derivatives in 
the trunk of vertebrate embryos (at the exclusion of fish and amphibia) is 
likely to be regulated by inhibitory cues present at the right time in the 
caudal somitic halves which act to restrict the migration of neural crest 
progenitors to the complementary rostral domains. Also interesting is the 
exquisite channeling of neural crest cells through the rostral somitic domains, 
where migration also occurs through a permissive mesenchyme between inhi
bitory areas (the dermomyotome and the paranotochordal sclerotome). These 
signals include specific ECM components as well as cell surface-associated 
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and transmembrane informative molecules. Future research should address the 
possibility of the existence of attractive signals in the rostral somite halves, and 
that of additional signals in the caudal domains. In addition, experimental 
paradigms should be devised to test which of these biochemically different 
types of molecules act as barriers for migration in vivo and how they integrate 
to control segmentation. Not less important, though, is the attempt to under
stand the possible role(s) of these macromolecules differentially distributed 
either in the rostral or caudal somitic domains in the differentiation of the 
somites and morphogenesis of the vertebrae. 



        
       

The Neural Crest: A Source of 

Mesenchymal Cells 

3.1 Historical overview 

3.1.1 The notion of mesectoderm 

Kastschenko ( 1 888) first reported that the neural crest is the source of 
mesenchymal cells in selacians. Soon after, Goronowitsch ( 1 892, 1 893) 
extended this notion to teleosts and birds. At the same time, Platt ( 1 893, 
1897), found that the mesenchymal cells forming the cartilage of the visceral 
arches and the dentine of the teeth were derived from the dorsal ectoderm of 
the head. She created the term "mesectoderm" for the mesenchyme of ecto
dermal origin, in contrast to the mesodermal mesenchyme which she called 
"mesentoderm." Nowadays, the term "ectomesenchyme" is often used to des
ignate the mesenchymal cells derived from the neural crest. These findings were 
not immediately accepted and gave rise to a controversy reflecting how vigour
ous von Baer's germ layer theory was. Von Baer had pointed out in 1 828 that 
homologous structures in different animals are derived from material belong
ing to the same germ layers; according to this view, the mesenchyme could arise 
only from mesoderm. It was not until the 1 920s that thorough morphological 
observations and experimental work, carried out primarily in amphibians 
(Landacre, 1 92 1 ;  Stone, 1 922, 1 926, 1 929), led to the unambiguous demonstra
tion that a significant proportion of the mesenchymal cells of the body were 
actually derived from the ectodermal germ layer. 

For many years the extent to which the neural crest generates mesenchymal 
derivatives was studied mostly in lower vertebrates. The role of the cephalic 
crest in the morphogenesis of the head and the hypobranchial region was 
recognized first, and the contribution of trunk neural crest to the dermis and 
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fins was shown later by several authors, who used a variety of experimental 
techniques such as xenoplastic transplantation (Raven, 1 93 1 ,  1 936) or removal 
of the trunk crest (Du Shane, 1 935) .  

The contribution of the neural crest to mesenchyme during normal devel
opment, as established in various classes of vertebrates, will be described here 
first. The considerable recent progress about the molecular mechanisms which 
control the development of structures of mesectodermal origin will be reviewed 
in the majority of this chapter. 

3.1.2 Pioneering work on the amphibian embryo and lower 

vertebrates 

The contribution of cephalic neural crest to the cranial skeleton was deter
mined in amphibians through a number of experimental approaches such as 
cell-marking experiments (Horstadius and Sellman, 1 94 1 ,  1 946; Chibon, 1 966, 
1967), xenoplastic transplantation (Raven, 1 93 1 ,  1 933, 1 936; Harrison, 1 935, 
1 938), or early extirpation of the neural crest (Stone, 1 922, 1 926, 1 929). It is 
interesting to point out that Landacre ( 1 92 1 ), working on Amblystoma jeffer
sonianum, was able to follow the first steps of neural crest cell migration simply 
by careful histological examination, since he could distinguish neural crest cells 
from the surrounding tissues through differences in cell size, staining affinities, 
pigment granules, and yolk globules. Further insights awaited experimental 
procedures used soon after. 

The primitive site of origin of the various head ectomesenchymal derivatives 
was identified through two kinds of cell-marking experiments. One consisted of 
staining the neural ridge with vital dyes at the neurula stage, and following the 
migration of the stained cells directly beneath the ectoderm during the follow
ing days. This was performed by Horstadius and Sellman ( 1 94 1 ,  1 946) in 
Amblystoma jeffersonianum and gave rise to fundamental results, which the 
authors confirmed by extirpation experiments. 

In a thorough series of studies in Pleurodeles using [3H]TdR-labeled crest 
cells implanted into a non-labeled host (Fig. 3 . 1 ), Chibon ( 1 966, 1 967) com
pleted these data, and concluded that the neurocranium (i.e., the two para
chordal cartilages, the basal plate, the trabeculae cranii (partly), and the 
auditory capsules) has a mesodermal origin, except for the trabeculae cranii 
which are mostly derived from the anterior head neural crest (sector 30°-50° 
for the anterior trabeculae and 50°-70° for the posterior trabeculae according 
to Chibon, 1 966). In addition, some cells from the sector 50°-70° contribute to 
the parachordal cartilages and the basal plate (Fig. 3 . 1 ) .  

The visceral skeleton, in contrast, appeared to be derived essentially from 
the mesectoderm. It is formed of six visceral arches, and two basibranchials 
(copulae). The first arch is the mandibular. Its dorsal part, the palatoquadrate, 
is fused with the trabeculae by means of the processus ascendens. Its ventral 
part, Meckel's cartilage, is the cartilage of the lower jaw. The next posterior 
arches are the hyoid and the four gill arches. The five last arches fuse in the 
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Figure 3.1 (A) Subdivision of the cranial folds in Pleurodeles that serve as references to 
indicate the developmental fates of neural crest cells in normal and experimental 
conditions. (B) The contribution of the anteroposterior sectors of the neural fold to the 
different pieces of the cranial and visceral skeleton in Pleurodeles as deduced from 
transplantation experiments using [3H]TdR-labeled neural crest. (From Chibon, 1 966.) 

median line with the basibranchials 1 and 2 (Fig. 3 . 1 ). Except for the second 
basibranchial cartilage, the visceral skeleton is derived entirely from the neural 
folds. 

The areas from which the visceral skeleton is derived are distributed ante
roposteriorly in the sectors 70°-1 50° as defined by Chibon and indicated in 
Table 3 . 1 .  The forehead ridge (corresponding to sections 1 and 2 as defined by 
H6rstadius and Sellman, and to sector 0°-30° of Chibon) does not contribute 
at all to cartilage but gives rise to mesenchymal cells, the final fate of which has 
not been established. Bilateral excision of the neural folds at this level results in 
the absence of telencephalon and of the anterior part of the diencephalon, 
suggesting that most of the anterior neurectodermal ridge becomes incorpo
rated into the brain. 

Behind this region the neural folds are devoid of potentialities to form brain 
tissue and the areas from which the visceral skeleton is derived are distributed 
anteroposteriorly in the sectors 70°-1 50° as defined by Chibon (Table 3 . 1 ). 

Although the normal fate of neural crest cells was not nearly as well docu
mented in lower classes of vertebrates as in amphibians, some investigations 
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Table 3 . 1 .  Presumptive territories of the visceral skeleton on the cranial neural 
crest in Pleurodeles embryo 

Sectors of cranial 
neural crest 

0-30° 
30-50° 
50-70° 

70-100° 
100-120° 

120-1 50° 

Skeletal derivatives of cranial crest 

None 
Anterior trabeculae 
Palatoquadrate; some contribution to posterior trabeculae and 
basal plate 
Meckel's cartilage; hyoid arches 
Basibranchial 1; hypobranchial cartilages; anterior branchial 
arches 
Posterior branchial arches 

Source: Chibon (1966, 1967). 

have been performed in the lamprey (Newth, 1956) and in teleosts by Lopashov 
( 1 944) and more recently by Sadaghiani and Vielkind ( 1990) who used the 
HNK- 1 Mab to follow neural crest cell migration in teleost embryos. Newth 
carried out xenoplastic transplantations of lamprey neural crest into the bran
chial region of newt neurulae. Differences in cell morphology in these two 
species allowed the testing of the capacity of differents parts of the neural 
crest to form cartilage. According to Newth, the cartilaginous ventral basket 
of the (young) 7-mm ammocoete, which is the latest stage analyzed, originates 
from the neural crest. On the other hand, Newth noticed that extirpation 
experiments resulted in the abnormal dilatation of the ventral arteries of the 
head and suggested that the connective wall of these vessels was, at least in 
part, of crest origin. This view was fully confirmed later by the experiments of 
Le Lievre and Le Douarin ( 1975) and of Couly et al. ( 1993) on the avian 
embryo. The recent studies devoted to the zebrafish (Brachydanio rerio) neural 
crest will be described below. 

The pioneering work carried out on the amphibian embryo also disclosed 
the contribution of the neural crest to the tooth papillae. Teeth develop from 
rudiments composed of oral epithelium and mesenchymal cells belonging to the 
first branchial arch. The epithelial cells of the tooth bud differentiate into 
enamel-secreting ameloblasts whereas mesenchymal cells form the dentine
secreting odontoblasts. As early as 1 897, Platt proposed that both the odonto
blasts and the pulp of the tooth papilla were derived from ectomesenchyme. 
Later, Adams ( 1924) and De Beer ( 1 947) supported this idea. Stone ( 1 926) and 
Raven ( 1931 )  observed that removal of the neural crest resulted in a consider
able reduction in the number of teeth on the operated side. Furthermore, 
xenoplastic transplantation of Amblystoma neural crest into Triturus embryos 
(Raven, 1935) resulted in the presence of donor cells in the tooth papillae of the 
host. These findings were confirmed by others (Horstadius and Sellman, 1 946; 
Wagner, 1949). 
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Figure 3.2 Disposition of teeth in stage 38 (Gallien and Durocher, 1 957) Pleurodeles 
larva. Superior teeth (area with crosses) are located anteriorly and under the trabeculae. 
Inferior teeth (area with circles) are on the anterior part of Meckel's cartilage. The 
stippled and hatched areas correspond to the parts of buccal epithelium originating 
from superior and inferior buccal ectoderm, respectively; non-shaded regions are 
endodermal. (From Chibon, 1 970.) 

A thorough study of the contribution of the neural crest to tooth formation 
was later made by Chibon ( 1 966). After orthotopic grafts of [3H]TdR-labeled 
crest between 45° and 1 00° (Fig. 3 . 1 ), labeled crest cells were found in the tooth 
papillae. Palatini teeth were labeled when the operation involved the 30°-70° 
segment of the crest, whilst mandibular teeth papillae originated from a more 
posterior level (70°-100°) (Fig. 3 .2). Crest cells from the graft could be seen not 
only in the operated sides but also contralaterally; this explains why a total 
absence of teeth can only be obtained after bilateral extirpation of the crest. In 
addition, with rare exceptions, heterotopic grafts of truncal crest at the head 
level did not yield teeth. 

The respective roles played by the mesenchymal and epithelial components 
of the tooth rudiment were first studied in the amphibian embryo by Wagner 
(1949, 1 955). He took advantage of the fact that urodele larvae of Triturus do 
not possess true teeth while those of the anuran Bombina do. He thus trans
planted unilateral orthotopic grafts of cranial neural crest of Bombina onto 
Triturus at the neurula stage. The chimeric larva possessed teeth in which the 
dental papilla originated from Bombina. Therefore, the anuran neural crest 
cells were capable of inducing functional enamel organ in the urodele ectoderm 
which normally does not express this capacity at the larval stage. Reciprocally, 
the urodele neural crest grafted onto the anuran neurula yielded neural crest 
cells which normally migrated to the first branchial arch and differentiated into 
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urodele-type visceral skeleton but failed to induce teeth formation. It thus 
appears that the primary tooth-generating information resides in the neural 
crest-derived mesenchyme. 

A special mention should be made about the origin of mesenchymal cells 
that differentiate into scleroblasts of the postcranial dermal skeleton in fish and 
amphibians. Xenoplastic transplantations of trunk neural crest in the amphi
bian embryo (Raven, 1 93 1 ,  1936) demonstrated the crest origin of connective 
cells that participate in the formation of the dorsal fin. This view was shared by 
Holtfreter ( 1 935) and Detwiler ( 1 937b). Du Shane ( 1935) showed that bilateral 
removal of trunk crest prevented the formation of the dorsal fin. 

Morphogenesis of the fin is the result of tissue interactions between ecto
mesenchyme and dorsal ectoderm. The competence of the ectoderm to parti
cipate in fin formation is not strictly limited to its mediodorsal area, but 
extends to the flank ectoderm of the tail bud stage (Twitty and Bodenstein, 
194 1 ;  Bodenstein, 1952). 

Subsequent investigations in Barbus conchorius (Cyprinidae) by Lamers et al. 
( 198 1 )  showed that trunk crest-derived cells accumulate beneath the epithelium 
dorsally to the neural keel in association with neuromasts. However, whether 
these early aggregating cells are fated to become neural or skeletal tissue has not 
been determined. Smith et al. ( 1994) succeeded in labeling the dorsal aspect of 
the neural keel by focal Oil injection before trunk crest cell emigration in 
zebrafish embryos. Labeled cells were found in fin mesenchyme as well as in 
other well-known neural crest derivatives (i .e., peripheral neurons and melano
cytes ). These data have provided undisputable evidence according to which the 
early fin bud mesenchyme contains a contribution from the neural crest. 

3.1.3 The modern era 

Two periods have to be distinguished. The first is characterized by the advent 
of methods to label neural crest cells reliably in vivo in the avian embryo. This 
allowed the recognition of mesectodermal derivatives and their contribution to 
head morphogenesis in higher vertebrates. The second period started with the 
recognition of hindbrain segmentation into rhombomeres. This was at the 
origin of major conceptual advances in the field of craniofacial development. 
Thus, the behavior and patterning of neural crest-derived cells could be related 
to the expression of developmental genes at critical ontogenetic stages. The 
mode of action of these gene products is now being revealed so that our under
standing of the molecular mechanisms underlying head morphogenesis is 
progressing rapidly. 

3.2 The fate of the mesectodermal cells in the head 

The development of the cephalic neural crest will first be reported, as revealed 
essentially in the avian embryo through various labeling techniques. 
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Experimental studies were also carried out in mammalian embryos cultured in 
vitro and on which the migratory crest cells were followed after Oil labeling. 

It will become clear in the following report that the investigators aimed to 
discover first the nature and extent of the various mesectodermal derivatives of 
the neural crest and the relationships existing between them and the mesen
chyme of mesodermal origin. Later, a more refined analysis of the origin of 
these derivatives on the neural axis was carried out and morphogenesis of the 
head structures was studied in relation to gene expression in the brain and 
neural crest derivatives. 

3.2.1 Labeling the cephalic neural crest cells in the avian embryo 

The early steps of cephalic crest cell migration were investigated in the chick 
embryo by implanting neural folds labeled with [3H]TdR into unlabeled 
embryos (Johnston, 1966; Noden, 1 975), and also by interspecific grafts of 
the neural primordium between quail and chick embryos (Johnston et al., 
1974; Le Lievre and Le Douarin, 1 974, 1 975; Le Lievre, 1974, 1976, 1 978; 
Noden, 1978a). 

Due to the dilution of the radioisotope nuclear marker, the experiments 
using [3H]TdR did not permit a full identification of neural crest cell contribu
tion to the definitive structures of the head and neck. The quail-chick chimeras 
were useful in this respect and showed that the role of ectomesenchyme in the 
ontogeny of the facial and hypobranchial structures is quantitatively more 
significant than previously suspected. In addition, the tissues arising from the 
cephalic neural crest were found to be very diversified. 

The immunocytochemical analysis of neural crest cell migration at the 
cephalic level with the HNK- 1/NC I Mab clearly revealed that, at the prosen
cephalic, mesencephalic, and rhombencephalic levels, the neural crest migra
tion is essentially subectodermal. The crest cells cover the cephalic paraxial 
mesoderm, with only a few of them entering the mesodermal sheet of cells 
(Fig. 1 . 1 ) .  At the hindbrain level, neural crest cell migration proceeds not as 
a continuous sheet of cells but rather in distinct strains (Fig. 1 .2) corresponding 
to the branchial arches as previously described in amphibians (Horstadius and 
Sellman, 1 946). 

At the forebrain and midbrain levels, the neural crest cells start migrating a 
short time before the complete closure of the neural tube. Closure of the tube 
begins at the junction of the prospective prosencephalon and mesencephalon, 
and proceeds both rostrally and caudally. Before spreading, the cephalic crest 
cells lose their epithelial arrangement and form a clearly distinguishable tightly 
packed mass (Fig. 3 .3A). Their total dispersion at the brain level covers a 
period of about 8-9 hours (from 6ss to 1 3ss). 

They first move in a relatively cell-free space beneath the dorsolateral 
head ectoderm. Later, they meet cells of the paraxial mesoderm and of 
the first somites. When midbrain crest cells reach their destination on the 
ventral side of the head and pharyngeal regions, they are in contact with the 
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Figure 3.3 (A) Transverse section in the midbrain of a 7-somite quail embryo. Feulgen
Rossenbeck staining; arrows indicate the neural crest (x425). (B) Transverse section of a 
5ss quail embryo after whole-mount in situ hybridization with digoxygenin-labeled 
PDGFRA antisense riboprobe. Premigratory neural crest cells in the dorsal 
mesencephalic neuroepithelium express PDGFRA transcripts ( x  1 10). (From Eichmann 
et al. , unpublished.) 

pharyngeal endoderm and the branchial superficial ectoderm. However, 
instead of proceeding ventrolaterally, some of the cephalic crest cells reag
gregate quickly to form the primordia of cranial sensory ganglia (Johnston, 
1966; Noden, 1975). 

The cells destined to differentiate into ectomesenchyme lose their 
HNK- 1/NC l immunoreactivity as they reach their target sites in the embryo. 
This takes place during incubation days 3 and 4 (E3-4) in both chick and quail 
embryos (Tucker et al., 1984). 

The cephalic neural folds strongly expresses the PDGFRa gene even before 
they join in the midline, as do emigrating neural crest cells (Fig. 3 .38). Whether 
the PDGFRa-positive cells constitute a subpopulation of the migrating cepha
lic neural crest has not yet been established. 

It is interesting to note that this receptor is not expressed in the truncal 
neural crest, suggesting that it may be restricted to mesectodermal progenitors. 
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3.2.2 Derivatives of the cephalic neural crest 

The respective contributions of the neural crest-derived ectomesenchyme and 
of the mesoderm will be described here, based on results of cell-marking experi
ments carried out essentially in the avian embryo. Components of the skull are 
divided into two groups: the neurocranium, surrounding the brain, and the 
splanchnocranium (or viscerocranium) for face and branchial arches. 
Moreover, one can also find a subdivision based on the type of calcified tissue: 
the dermatocranium formed by membrane bones, and the chondrocranium in 
which bones originate from a cartilaginous rudiment (see Table 3 .2). Thus, 
bones of both the neurocranium and splanchnocranium develop from carti
laginous rudiments which are considered as forming the chondrocranium. 
The dermatocranium is formed by membrane bones which ossify in a non
cartilaginous mesenchyme. 

The neurocranium forms the base of the skull and the capsules that sur
round the sense organs: eyes, ears, and olfactory epithelium. The splanchno
cranium, also called visceral skeleton, is formed from the branchial arches 
(Barghusen and Hopson, 1 979). Dermatocranial bones enclose neuro
cranial structures, and form the roof of the skull and most of the bones of 
the splanchnocranium. 

In the work originally carried out by using quail-chick transplantations (Le 
Lievre, 1 974, 1 976, 1 978; Le Lievre and Le Douarin, 1 975), large-sized grafts 
involving entire encephalic vesicles (such as mesencephalon, metencephalon, or 
myelencephalon) were performed. The goal of such an approach was to deter
mine whether the various skeletal and connective structures of the head and 
neck were produced by populations of cells of either pure neural crest or mixed 
neural crest and mesodermal origin. The answer to this question was that the 
entire facial and hypobranchial skeleton was in fact entirely made up by neural 
crest cells. 

Although the fate map established about 20 years ago from the work of 
Johnston et al. ( 1974), Le Lievre ( 1974, 1 976, 1 978), Le Lievre and Le Douarin 
( 1 975) and Noden ( 1978a) has been significantly refined since, it is still mostly 
valid (see below the results obtained by Couly et al. , 1 993, concerning the 
origin of the frontal and parietal bones which are entirely of neural crest origin, 
a fact that had not been perceived in the previous studies) and its main features 
are reproduced here in Table 3.3, where derivatives of the mesencephalic and 
rhombencephalic neural crest are recorded. 

3.2.2. l Skeleton. According to this early work, the mesencephalic and ante
rior rhombencephalic (also called metencephalic) neural crest cells form the 
skeleton of the upper and lower jaws, the palate, the tongue (i.e., the entoglos
sum and basihyal) and, with the posterior rhombencephalic crest, participate in 
the make-up of the preotic region. The hyoid bone originates from the mesen
cephalon, metencephalon, and myelencephalon down to the level of somite 4. 
The neural crest located caudally to the level of somites 4-5 does not yield 
mesectodermal cells in higher vertebrates (Table 3 .3). 



        
       

Table 3.2.  Constitution of the head skeleton 

Neurocranium 
(skeleton of CNS) 

Splanchnocranium (viscerocranium) 
(skeleton of the face and branchial arches) 

������-C_h_o_n_d_r_o_cr_a_n_iu_m�������' '������D_e_r_m_a_t_oc_r_a_n_iu_m������' �'����-C�h_o_n_d_ro_c_r_a_n_iu_m������ 

Paraxial mesodermal origin 

Somitic 

• Occipital (basi-, exo-) 
• Otic capsule (pars 

ampullaris) 

Cephalic 

• Supraoccipital 

• Sphenoid (basipost
and pleuro-) 

• Postorbital (orbital 
capsule) 

• Otic capsule (pars 
ampullaris) 

Neural crest origin 

• Frontal 
• Parietal 
• Squamosal 
• Sphenoid (basipre-) 
• Otic capsule (pars 

cochlearis, parotic 
process) 

• Nasal, vomer 
• Maxilla, jugal, 

quadratojugal 
• Palatine 
• Pterygold 
• Dentary 
• Opercular 
• Angular 
• Surangular 

Neural crest origin 

• Nasal capsule (ect-, mesethmoid, 
interorbital septum) 

• Sciera! ossicles 
• Meckel's cartilage 
• Quadrate 
• Articular 
• Hyoid (basihyal, entoglossum, basi-, epi-, 

ceratobranchial) 
• Columella 
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Table 3 .3 .  Fate of the mesectodermal cells deriving from various levels of 
mesencephalic and rhombencephalic neural crest 

1 .oml19 
2 

--3 
--· 
--· 
--· 
-- 7  
--· 

• 

Posterior 
rhomben· 
cephalon 

Loose 
connective 

tissue 

. .. . .. . .. · . . .. . .. . .. . 
.. . .. . .. . 

Arterial walls 
ommon Systemic Pulmonary Dermis carotid artery artery 

3.2.2.2 Dermis, smooth muscles and connective components of striated 
muscles. It was also found that the neural crest cells give rise to large areas 
of dermis. Although Raven ( 193 1 ,  1 936) had already recognized, from xeno
plastic grafting experiments, that the neural crest contributes to the dermis in 
lower vertebrates, nothing was known in this respect in higher vertebrates 
before cell-marking experiments were performed to follow the long-term fate 
of neural crest cells. Not only is the connective dermis made up of ecto
mesenchymal cells but also the smooth arrector muscles associated with feath
ers, the subcutaneous adipose tissue, and the connective component of the 
striated muscles of the head (Le Lievre and Le Douarin, 1 975). Neural crest 
cells also generate smooth muscle cells which participate in the musculocon
nective wall of the head blood vessels including that of the aortic arches. 

The extent of the dermis of neural crest origin is represented in Fig. 3.4. It 
extends more dorsally than previously believed since the dermis overlying the 
frontal and parietal bones is derived from the prosencephalic and anterior 
mesencephalic neural crest (Le Lievre and Le Douarin, 1 975; Couly et al. , 
1 993). 

More recent studies have precisely documented the participation of neural 
crest cells to the connective tissue of the head. Mesectodermal cells and the 
presumptive myocytes of mesodermal origin develop in close contact with each 
other during development of the head musculature. All the connective compo-
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D Neural crest 

• Somltlc mesoderm 

Figure 3.4 Schematic representation of a chick head at E6 showing in light grey the 
extent of neural crest-derived dermis and in dark grey the region where the dermis is of 
somitic origin. This distribution is based on quail-<:hick chimera experiments. 

nents of the ocular and facial muscles are neural crest-derived (Noden, l 986a; 
Couly et al. , 1 992; Kontges and Lumsden, 1 996). 

Moreover, transplantation of trunk somites of quail in the place of cephalic 
paraxial mesoderm resulted in the formation of extrinsic ocular and visceral 
arch muscles with normal fiber aligments and attachments, thus showing that 
the information responsible for morphological patterning of striated muscles is 
provided by neural crest-derived connective cells (Noden, 1986a). 

A similar analysis using the quail-chick chimera system was carried out for 
limb muscles. It was also shown that it is the connective tissue-forming 
mesenchyme and not the myogenic precursors which carry the patterning infor
mation for limb muscle morphogenesis - i.e. the segregation of individual 
muscles from common masses of myoblasts, the alignment of myotubes, and 
the establishment of definitive attachments (Chevallier et al., 1 977; Christ et al., 
1 977; Chevallier and Kieny, 1982). 

3.2.2.3 Contribution of the cephalic neural crest to the glandular and lymphoid 
structures of the head and neck. The mesenchymal components of the glands 
arising from the pharyngeal and buccal epithelium (pituitary and salivary 
glands, thyroid and parathyroids) have been found to be of crest origin. 

Special attention was directed to the histogenesis of the thymus in the 
chimeric quail-chick embryos. For a long time the origin of the different cell 
components of this organ was uncertain and, due to the important role of the 
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thymus in immune function, this problem was investigated within the general 
framework of primary lymphoid organ ontogeny (see review by Le Douarin et 
al., 1 984b). 

When chick embryos receive an isotopic-isochronic graft of quail rhomben
cephalic primordium, the thymic rudiment is chimeric from its first develop
mental stages. The host endodermal cords, which are derived from the 
epithelial thymic rudiments arising from the third and fourth pharyngeal 
pouches, appear surrounded by a thin capsule of quail mesenchymal cells. 
Thereafter, the invasion of the thymic epithelium by connective tissue cells 
of quail origin can be followed. The latter are brought inside the epithelial 
cords together with the blood vessels whose endothelial cells are always derived 
from the host mesoderm. In none of the chimeric thymuses observed at the 
electron microscope level were endothelial cells found with the nuclear marker, 
which, in contrast, was present in the pericytes and the connective tissue lining 
the blood vessels. The reticular epithelial cells as well as lymphocytes of both 
cortex and medulla were found to be of the chick host type (Le Douarin and 
Jotereau, 1 975). 

The participation of mesenchymal cells of neural crest origin to the histo
genesis of the thymus, thyroid, and parathyroids was confirmed by Bockman 
and Kirby ( 1 984), who extirpated the neural folds over somites 1-5 bilaterally 
in stage HH9 and HH l O  embryos. This resulted in strong reduction of thymus 
size. Moreover, heart defects (e.g., persistent truncus arteriosus and transposi
tion of the great vessels), absence or hypoplasia of parathyroids and thyroid 
glands were associated with thymic defects. 

The role of the mesenchyme in the development of mixed epitheliomesen
chymal organ rudiments has been amply documented in the past. Concerning 
the thymus, Auerbach ( 1960) showed that the thymic epithelium fails to 
develop if it is separated from the thymic mesenchyme. Extirpation of the 
neural fold prevents the normal mesenchymal component of the glandular 
structures of pharyngeal origin reaching their destination. Thus, in the com
plete absence of mesenchyme, the branchial pouch endoderm which gives rise 
to the parathyroid glandular cords and to the thymic reticular epithelium does 
not differentiate. Similarly, the thyroid epithelium does not evolve if the neural 
crest-derived mesenchymal cells are missing. 

The abnormalities resulting from neural crest ablation reproduce the array 
of defects observed in human Di George syndrome, which is characterized in 
its extreme form by the absence of thymus, parathyroids, reduced thyroid 
tissue, craniofacial abnormalities, and cardiac and arterial defects (Di 
George, 1968). 

3.2.2.4 Contribution of the neural crest to the cardiovascular system. The 
capacity of the neural crest to yield mesenchymal cell types in the head (e.g., 
cartilage, bone, connective and adipose tissues, smooth muscles) which in other 
parts of the body are of mesodermal origin has raised the question as to 
whether endothelial cells of the head blood vessels are also of mesectodermal 
origin. 
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In fact, grafting of the chick cephalic neural crest into quail embryos 
generated chick facial mesenchyme which turned out to be vascularized 
exclusively by blood vessels whose endothelial cells were always of the quail 
host type. The reverse situation was found when quail neural crest was grafted 
into chick. 

These results show that blood vessel endothelial cells and hemopoietic cells 
are exclusively derived from mesodermal precursors. Neural crest-derived 
mesenchymal cells give rise to the pericytes which associate with the capillaries 
that originate from the vascular buds of mesodermal origin. Moreover, the 
musculoconnective wall of the larger vessels is mesectodermal in nature in 
most cephalic structures (except those which are mesodermally derived) 
(Couly et al., 1 995). 

As shown by Le Lievre and Le Douarin ( 1975), if the whole rhomb
encephalic primordium of a quail is grafted into a chick, the walls of the 
brachiocephalic trunks and of the common carotid arteries (arising from the 
third branchial arch), as well as of the systemic aorta (derived from the fourth 
branchial arch) and the pulmonary arteries (originating in the sixth arch), are 
derived from the implanted quail cells (Fig. 3 .5). 

Another contribution of the neural crest to the cardiovascular system is the 
association of parasympathetic ganglia and nerves with persisting coronary 
arteries the walls of which are never neural crest-derived (Waldo et al. , 
1 994). At early developmental stages, many coronary arteries form, while 
most of them later on regress. This suggests that the parasympathetic innerva
tion could be essential for the maintenance of the definitive coronary arteries. 

In 1983, Kirby et al. showed that substitution of chick by quail neural crest 
at the level of somites 1-3 (at stage HH9) resulted in migration of quail cells 
into the aorticopulmonary septum. Removal of the same neural fold segment 
not followed by quail graft yielded abnormal hearts with common arterial 
outflow channels or transposition of the great vessels. The origin of the post
ganglionic parasympathetic innervation (i .e., the cardiac ganglia) from the 
neural crest facing the two first somites was also determined by the same 
method. 

On the basis of ablation studies, the term "cardiac neural crest" was coined 
by Kirby et al. ( 1985) to designate the region of the neural fold located at the 
level of somites 1-3 and contributing massively to the cardiovascular system. 

In a subsequent study, Kirby and colleagues (Phillips et al. , 1 987) using 
quail-chick transplantations showed that, in fact, the neural crest from arch 
4 contributes the largest number of cells to the aorticopulmonary and cono
truncal septa of the heart while the contribution from arches 3 and 6 to these 
structures is less extensive. The conclusion is that the term "cardiac neural 
crest" should include the level of the otic placode down to the anterior limit 
of somite 4. It was noticed that a significant mixing of cells originating from the 
various transverse levels of the neuraxis takes place during the migration pro
cess which leads the crest cells to arches 4-6 (Miyagawa-Tomita et al. , 199 1 ). 
No reference to rhombomeres is made in this work where arches 2, 3, 4, and 6 
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Figure 3.5 (A) The walls of the large blood vessels derived from the aortic arches. The 
aortic (Ao) and pulmonary (PA) trunks, the brachiocephalic trunks (Bet), and the 
common carotid arteries (cca) are of neural crest origin, except for their endothelial 
layer which is mesodermal. Moreover, the connective components of the thymus (Th), 
thyroid (Thyr), and parathyroid (PT) glands are also neural crest-derived. The 
interventricular septum in its more cranial part and the sigmoid valves (s) contain neural 
crest-derived cells. (B) Transverse section of the aortic trunk stained with the QCPN 
Mab, showing that its musculoconnective wall is derived from the grafted neural crest 
corresponding to r8. UB, ultimobranchial body; cb, carotid body; Oes, oesophagus. 
Bar = 25 µm. 

are considered to be seeded by crest from rostral myelencephalon to somite 3 
included. 

It was recently shown by Couly et al. ( 1 998) that in fact neural crest cells 
from rhombomeres r6 to r8 inclusively (i .e., down to somite 4 included) con
tribute to the wall of the large arteries deriving from the aortic arches, and to 
the aorticopulmonary septum of the heart. The use of the QCPN Mab to 
identify quail cells revealed that the sigmoid valves of the aorta and pulmonary 
artery contain significant numbers of neural crest-derived cells (Fig. 3 .5), which 
also penetrate into the interventricular septum but are totally absent in the 
interauricular septum and the mitral and tricuspid valves. 

Although neural crest cells are essential for the persistence of the aortic arch 
arteries once blood flow is established and, when internal blood pressure 
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requires the development of the tunica media, initiation of vessel formation by 
mesodermally derived endothelial cells takes place in "cardiac neural crest" -
deficient embryos (Waldo et al. , 1 996). Further data obtained by Kirby et al. 
( 1993) supported the paramount role of the neural crest to normal cardiovas
cular development. Destruction of the "cardiac neural crest" by laser beam 
irradiation was followed by in situ injection of neural crest cells removed from 
the same region and subjected to in vitro culture in the presence of LIF (leu
kemia inhibitory factor). These cells, which in certain experiments were Oil 
labeled, are able to migrate to the heart and blood vessels, thus increasing the 
survival rate of the recipient embryos which otherwise frequently die due to the 
ablation of neural crest cells and subsequent cardiovascular defects. Culture of 
crest cells in the presence of LIF maintained the cells in an undifferentiated 
state and apparently increased their rescuing capacity in this experimental 
design. 

3.2.2.5 Contribution of the neural crest to the ocular and periocular 
tissues. Although the embryonic origins of the neural retina, pigmented epi
thelium, and lens of the vertebrate eye have been known for a long time (see 
review by Coulombre, 1965), the origins of the other ocular components and of 
periocular tissues remained controversial until the work of Johnston, Le 
Douarin, and their colleagues. 

Neural crest cells form all the skeletal and connective tissues adjacent to the 
medial, nasal, and lateral parts of the eye, including the endothelial and stro
mal cells of the cornea and of the orbit (Le Lievre, 1 976, 1978; Johnston et al. , 
1979; Couly et al. , 1 993). The first demonstration of the unique origin of the 
sclera from the mesencephalic crest is due to Le Lievre ( 1 976, 1978), who 
grafted the whole mesencephalic primordium of quail into chick and vice 
versa, and obtained sclera that was entirely of donor origin. While the myo
fibers of extrinsic ocular muscles are mesodermal (Couly et al. , 1992), the 
connective cells associated with these muscles are neural crest-derived. The 
ciliary muscles in contrast are formed by neural crest cells. As for the perio
cular blood vessels, their endothelium is made up of mesodermal cells, and the 
perivascular muscles and connective cells are ectomesenchymal in origin (Le 
Lievre, 1976, 1978; Johnston et al., 1979). 

Ontogeny of the avian cornea, which has been extensively studied by Hay 
and her coworkers, provides an interesting model for following the migration 
of the neural crest cells, since ectomesenchyme plays a significant part in cornea 
formation (see Fig. 3.6) .  

The early chick cornea is composed of an acellular collagenous stroma lined 
with an anterior epithelium and a posterior "endothelium." Following lens 
formation, the superficial ectoderm starts to produce the primary stroma 
(Fig. 3.6) (Hay and Revel, 1969; Dodson and Hay, 1 971) .  The only cells 
which enter the cornea during this period are macrophages. 

From stage HH22, cells originating from the perioptic vesicle mesenchyme 
follow the macrophages and migrate along the posterior surface of the stroma 
using both the lens basement lamina and the stroma itself as substrata for their 
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Figure 3.6 Camera Iucida drawings showing the early stages in development of the 
avian cornea. At the time that the lens placode begins to invaginate (stage HH14), the 
presumptive corneal epithelium lies over the lip of the optic cup. At 3 days of 
incubation, the lens vesicle pinches off and the overlying ectoderm becomes the corneal 
epithelium (HH 1 8). Macrophages clean up debris associated with lens vesicle formation. 
By stage HH22 (4 days) the corneal epithelium has secreted the primary corneal stroma 
and the mesenchymal cells destined to become the corneal endothelium have started to 
invade the area (straight arrow). Endothelial cell migration is almost complete at stage 
HH25 (4!-5 days). During stage HH27 (5!-6 days) junctions between the endothelial 
cells are established and the primary stroma swells (not shown). It is then immediately 
invaded by the corneal fibroblasts. By stage HH30 (6!-7 days) the fibroblasts occupy all 
layers of the stroma except for a narrow juxtaepithelial zone (curved arrow). Bar = 50 
µm (From Hay, 1 980; courtesy of Dr E. Hay.) 

migration (Bard et al., 1 975). They give rise to the posterior "endothelium" and 
stop entering the cornea when a continuous endothelium is formed. The 
endothelium so formed delimits the space that will become the anterior eye 
chamber while the more superficial part of the primary stroma remains acel-
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lular and is later converted to Bowman's capsule. Between stages HH27 and 28 
the migration of perioptic mesenchymal cells into the cornea starts again and 
gives rise to the stromal fibroblasts. 

Transplantation of quail mesencephalic primordia or midbrain neural 
folds has shown that the corneal endothelium (Johnston, 1 974; Le Lievre, 
1 976; Noden, 1976) as well as the stromal fibroblasts are derived from the 
neurectoderm. 

3.2.2.6 Formation of the meninges. It was thought by the early investigators 
that all the structures of the nervous system including its developing mem
branes arose from the neural primordium. However, K6lliker ( 1 880) and His 
( 1903) noticed that the anlage of the meninges was made up primarily of 
a mesenchymal tissue and therefore concluded that, similar to the 
other mesenchymes of the body, the primary meninges are derived from the 
mesoderm. 

In 1922, Oberling advanced the hypothesis, based on histopathological 
studies, that the pia-arachnoid membrane is a structure developmentally 
analogous to the Schwann cells of the peripheral nerves and therefore is 
derived from the neural crest. This hypothesis received experimental confirma
tion by the work of Harvey and Burr ( 1 926) who carried out transplantations 
of pieces of neural primordium in Amblystoma with or without the neural crest. 
They demonstrated that certain ectodermal elements, derived mostly from the 
neural crest, take part in the formation of the leptomeninx. Later, Harvey et al. 
( 1933) confirmed this view on both Rana sphenocephala and the chick embryo. 

In fact, the work of Le Lievre ( 1976) and of Couly and Le Douarin ( 1987) 
using the quail-chick transplantation technique showed that at the level of the 
prosencephalon the pachymeninx and the leptomeninx originate from the 
mesencephalic neural crest. Curiously, the mesencephalic crest cells, which 
migrate anteriorly and cover the forebrain, do not yield the midbrain meninges. 
The blood vessels irrigating the meninges were always lined by endothelial cells 
of host origin which invade the central nervous system (CNS) and the 
menmges. 

The meninges of the midbrain itself and of the rest of the CNS were always 
found to be of host origin at whatever level the quail neural crest was 
implanted. They can therefore be considered as derived from the mesodermal 
germ layer. 

3.2.3 Analysis of the cephalic crest cell migration and fate in 
mammalian embryos 

3.2.3.1 Cephalic cell migration studied in mouse and rat embryos. Significant 
progress has been made in the last I 0 years in this field due to the improvement 
of culture methods, enabling the survival of mouse or rat embryos in culture, 
and to the use of vital dyes such as Dil. Although the long-term fate of the 
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labeled crest could not be studied in this type of experiment, it could be inferred 
from the results obtained in birds by using the quail-chick chimera system. 

In the rat and mouse embryo, the cranial neural crest cells emigrate from the 
ridge of the neural plate from the head-fold stage, hence long before closure of 
the neural tube (Tan and Morriss-Kay, 1 986; Nichols, 1 98 1 ,  1 986). These crest 
cells contribute to the formation of the frontonasal mass, branchial arches, and 
cranial ganglia in a way that does not significantly differ from what was 
described in the avian embryo (Tan and Morriss-Kay, 1 986; Fukiishi and 
Morriss-Kay, 1 992; Serbedzija et al. , 1 992). As far as participation of neural 
crest cells to the frontonasal mass is concerned, Matsuo et al. ( 1 993), using 
cultured rat embryos, found that both forebrain and midbrain crest cells popu
late the anterior part of the developing head. Serbedzija et al. ( 1 992) reported a 
similar behavior by labeling the neural fold by Dil in cultured mouse embryos. 
Osumi-Yamashita et al. ( 1994), also using the latter technical approach, con
firmed Couly and Le Douarin's ( 1985, 1987) statement that the anterior neural 
ridge corresponding to the most rostral region of the prosencephalon does not 
contribute to the neural crest population but yields the "neural head epi
thelium," including the nasal placodes, Rathke's pouch, and the oral and 
nasal epithelium. The full complement of ectomesenchymal cells has reached 
the mandibular arch by E9 (Lumsden, 1 984; Lumsden and Buchanan, 1 986). 
Figure 3.7 shows the fate map and migratory pathways of mouse and rat 
neural crest cells (see Osumi-Yamashita et al., l 997a, and references therein). 

Migration of midbrain neural crest cells was found to be particularly 
impaired in homozygous rSey embryos in which the Pax6 gene, involved in 
eye development (Halder et al. , 1995), is mutated. Dil labeling showed that 
crest cells of rSey -!- embryos, emigrating from the midbrain, aggregate at the 
vicinity of the ophthalmic placode but do not subsequently enter the fronto
nasal region. Normal midbrain neural crest cells injected orthotopically into 
the mutant embryo exhibited the same abnormal migration, thus showing that 
the migration pathway, rather than the crest cells themselves, is responsible for 
the observed phenotype. 

3.2.3.2 Cranial neural crest and tooth development. Development of an indi
vidual tooth is characterized by a series of reciprocal interactions between the 
epithelial and the mesenchymal components of the tooth rudiment. Several 
reviews (e.g., Ruch, 1984; Lumsden, 1 987; Thesleff et al., 1995, 1 996; 
Thesleff and Nieminen, 1996) have emphasized the notion that tooth develop
ment provides an interesting model system to study tissue interactions during 
organogenesis. 

Participation of mesectoderm to tooth development, already demonstrated 
in lower vertebrates, was fully confirmed for mammals. Migration studies in rat 
embryos, cultured for 30-60 hours, allowed the cells of the mandibular tooth
forming region to be traced back to the posterior midbrain neural fold (Imai et 
al., 1996). By explanting the mandible of these embryos, in organ culture, 
labeled neural crest-derived cells were seen participating in the anlage of molars 
that developed in vitro, up to the bud stage. 
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The question as to whether the determination to form tooth is initially 
established in the mesenchyme or the ectoderm has not been satisfactorily 
resolved. In the case of other ectomesodermal appendages, the mesenchyme 
determines the position of structures whereas the epithelium responds accord
ing to its intrinsic specificities (Sengel, 1 976). 

The fact that tooth patterning is first initiated by the ectoderm has been 
proposed by Lumsden (see Lumsden, 1 988, for a review; see also Mina and 
Kollar, 1987). Lumsden has explanted the caudal mesencephalic and rostral 
metencephalic neural folds from 6ss to 1 2ss mouse embryos and combined 
them with various regions of embryonic surface ectoderm. The associated 
tissues were then cultured in the anterior eye chamber of isogenic mice 
(Lumsden, 1984). Cartilage and bone developed in all types of explants while 
teeth formed in combinations of cranial neural crest with mandibular arch 
epithelium but not with limb bud epithelium. Interestingly, teeth formed also 
in explants where mandibular arch epithelium was associated with trunk neural 
crest. Therefore, mammalian neural crest has an odontogenic potential that is 
not restricted to the crest of presumptive tooth-forming region and not even to 
the cephalic neural crest. It seems therefore that, during normal development, 
the neural crest cells receive a signal from the oral epithelium which would be 
the initial promoter of tooth patterning. However, the experiments of Wagner 
( 1949, 1955) described earlier in this chapter (see Section 3 . 1 .2) provided con
vincing evidence for a primary role of the mesenchyme in the initiation of tooth 
development. Therefore, in the mouse experiments just described, the neural 
crest cells, which had already reached the branchial arches at the time of the 
experiments (E9), might have induced the epithelium to acquire specific tooth
forming capacities before the dissection of the tissues. 

Recent advances have been made on the molecular control of tooth pattern
ing. Two different hypotheses have been proposed to account for the arrange
ment and morphology of teeth in mammals. The field theory assumes that 
different concentrations of morphogens regulate the differential morphogenesis 
of initially identical primordia (Butler, 1939). The other hypothesis proposes 
that the stem cells giving rise to different classes of teeth differ from each other 
initially (Osborn, 1978). In such a model, designated the clonal model, the 
neural crest cells have already acquired positional identity at the time they 
reach their final destination in the jaws. A modern molecular version of the 
clonal model was proposed by Sharpe ( 1995) according to which shape and 
position are specified by the combined action of different homeobox genes 
expressed in neural crest-derived facial mesenchyme. 

As will be discussed below, several transcription factors of the homeobox
containing gene family are expressed in the neural crest cells populating the 
maxillary and mandibular arches. These genes are respectively expressed in 
spatially restricted domains prior to overt tooth development. Thus an "odon
togenic homeobox code" would be generated that would be critical in pattern
ing tooth development (see discussion below for Dix genes). 

Another important notion that emerged from the screening of the molecular 
basis of tissue interactions in teeth development is that the signaling networks 
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used in this system are similar to those involved in other organs such as the 
limb and even in some aspects of fly development. Secreted molecules endowed 
of morphogenetic properties of the Shh, FGF, BMP, and Wnt families and 
transcription factors of the Msx family have been shown to be involved in the 
regulation of tooth development. A large amount of work has been produced 
concerning the epitheliomesenchymal relationships involved in tooth develop
ment but is beyond the scope of this book. The reader is referred to recent 
reviews devoted to odontogenesis edited by Ruch ( 1 995) and to a review by 
Thesleff and Sharpe ( 1 997). 

Figure 3.7 Panel l :  Diagrams showing migration patterns of cranial crest cells in mouse 
and rat embryos. (A, B) Lateral and dorsal views at 5-6ss. (C) Dorsal view at 8ss. (D, E) 
Lateral view of wild-type and homozygous rSey embryos, respectively, at the 
pharyngula stage. (A) At the time of mammalian cranial crest cell emigration, four 
morphological units are present in the rostral neural plate, from anterior to posterior: 
forebrain (FB); midbrain (MB, anterior MB, posterior MB) + presumptive 
prorhombomere A (proRhA, rostral hindbrain); proRhB (preotic hindbrain); and 
proRhC + presumptive proRhD (caudal hindbrain); preotic sulcus (POS) is an obvious 
landmark in the hindbrain. Regions in which Dil labeling of crest cells was performed 
are shown by different colors. (B) Unlike crest cells in other animals and trunk crest 
cells, cranial crest cells in mammals emigrate from the neuroepithelium before its 
closure. At 5-6ss, crest cells begin emigrating from the forebrain and midbrain/proRhA 
region. (C) At 8ss, zones free of crest cells exist at the boundaries between proRhA/B 
(preotic sulcus) and proRhB/C, thereby making three streams in the hindbrain region. 
The forebrain cannot be seen in this view. (D) Normal embryo at the developmental 
stage in which migration of cranial crest cells is nearly complete. The most anteriorly 
situated facial primordium is the frontonasal prominence underlying the olfactory 
placode (OP), to which crest cells from both the forebrain and midbrain migrate. 
Caudally, the first pharyngeal (branchial) arch appears, later developing into the 
maxillary (Mx) and mandibular (Md) prominences which are, respectively, the 
primordia of upper and lower jaws. Situated further caudally are the second, third, and 
fourth pharyngeal arches (a2, a3, and a4). Crest cells derived from the posterior 
midbrain and proRhA migrate to the first arch, those from the proRhB to the second 
arch, and those from proRhC and proRhD to the third and fourth arches, respectively. 
(E) In homozygous rSey embryos, migration of midbrain crest cells into the frontonasal 
region is specifically impaired, though crest cells from other regions migrate normally. 
OV, otic vesicle; TG, trigeminal ganglion. (Reproduced, with permission, from Osumi
Yamashita et al., 1 997.) Panel 2: Segmental distribution of neural crest cells labeled at 
proRhA (A), proRhB (C), anterior region of proRhC (E), and posterior region of 
proRhC (F), as well as at the boundaries between proRhA and proRhB (B), and 
between proRhB and proRhC (D). Synthesized images of bright-field and 
corresponding dark-field images of lateral views of whole-mount embryos. Mx, 
maxillary prominence; TG, trigeminal ganglion; Ot, otic vesicle; II, second pharyngeal 
arch; III, third pharyngeal arch; IV, fourth pharyngeal arch; H, heart primordium. 
Bar = 200 µm. (Reproduced, with permission, from Osumi-Yamashita et al., 1 996.) 

For a colored version of this figure, see www.cambridge.org/9780521122252. 
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3.2.4 The fate of the anterior cephalic neural fold and neural plate 
corresponding to the prosencephalon studied in the avian embryo 

The early work on the amphibian embryo established that the forehead neural 
ridge does not contribute to head cartilage and that bilateral excision of the 
neural folds at this level results in the absence of telencephalon and of the 
anterior part of the diencephalon (Horstadius, 1 950). This was interpreted as 
if most of the anterior neurectodermal ridge becomes incorporated into the 
brain. In amniotes, neither the fate of the anterior neural fold nor the rostral 
limit of the neural crest were known, when Le Douarin and coworkers (Couly 
and Le Douarin, 1 985, 1 987, 1 988; Couly et al., 1 993) decided to apply the 
quail-chick marker system to this problem. 

3.2.4.1 The anterior cephalic neural fold. For the chick neural folds to be 
accessible for excision and substitution by their quail counterpart, the opera
tion had to be carried out prior to neural tube closure, i .e., at the neurula stage 
(from 0 somite, about 1 hour prior to the appearance of the l -5ss). Fragments 
of the neural fold, about 1 50 µm in length and 40 µm in depth, were dissected 
from quail and chick and the quail fragments were grafted orthotopically into 
stage-matched chick embryos. A similar paradigm was also applied to the 
neural plate itself. The surgery did not preclude normal brain development 
provided that the graft was properly incorporated into the host neural epi
thelium (Fig. 1 .  7). 

The resulting fate map of the forebrain represented in Fig. 3.8 shows that 
the anterior neural ridge corresponds, in its medial area, to the presumptive 
territory of the adenohypophysis which is contiguous to the area of the neural 
plate yielding the hypothalamus. Thus, the adenohypophyseal-hypothalamic 
region is located mediorostrally in the neural primordium and just anteriorly to 
the presumptive neurohypophysis which is itself flanked by the area of the 
future optic vesicles (Couly and Le Douarin, 1 987). The territories from 
which the telencephalon arises are bilaterally and rostrally located with respect 
to the above-mentioned structures. They are lined externally by that part of the 
fold from which develop ( 1 )  the epithelium of the olfactory cavities including 
the sensory olfactory placodes (zone A of Fig. 3 .8), and (2) the vestibular 
epithelium of the nasal cavity, the epidermis of the nasofrontal area, and the 
beak (including egg tooth) (zone B of Fig. 3.8). Caudally, are located the 
anlagen of the thalamus (in the neural plate) and epiphysis (laterally), while 
the corresponding neural fold yields the epidermis covering the forebrain (zone 
C of Fig. 3 .8). 

3.2.4.2 Relationships between the p/acodal ectoderm and the neural 
fold. Interestingly, these quail to chick substitution experiments (Couly and 
Le Douarin, 1 985, 1 987, 1 988) revealed that the placodal territories of the 
hypophysis and olfactory epithelium are in continuity with those of the floor 
of the third ventricle yielding the hypothalamus and with the olfactory bulb, 
respectively. This early spatial juxtaposition of precursor cells which become 
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parts of integrated functional units (i .e., hypothalamohypophyseal complex, 
and the peripheral and central olfactory structures) results therefore from the 
development of a few common neuroepithelial progenitors. One can thus 
assume that these cells are restricted early in their potentialities to yield related 
cell types, further cell specifications take place when central (hypothalamus and 
olfactory bulb) and peripheral (adenohypophysis and olfactory epithelium) 
subunits disjoin due to morphogenetic movements affecting the corresponding 
head regions. 

In amphibians, several workers have reported that the placodal ectoderm, 
yielding the anterior cephalic sensory ganglia, originates from a region desig
nated the primitive placodal thickening (Platt, 1 896; Brachet, 1907; Knouff, 
1927, 1935), located outside the neural fold itself. The future olfactory neurons, 
in particular, are localized in a region situated on the outer aspect of the 
primitive neural fold, in apposition to it and close to the anlage of the pituitary 
(Rohlich, 1 929; Carpenter, 1937; Jacobson, 1959; Van Oostrom and Verwoerd, 
1972; Klein and Graziadei, 1983). From the study of Couly and Le Douarin 
( 1987, 1988) it is clear that, in the avian embryo, these territories are part of the 
neural fold itself and are, as previously mentioned, in close spatial association 
with the prospective region of the CNS to which their derivatives will become 
functionally connected. 

Similar observations were done for the anlage of the trigeminal placode 
which, in the avian embryo, is located in the neural fold itself at the neurula 
stage. This was shown in experiments where either the neural fold alone, or a 
strip of ectoderm excluding the neural fold, were grafted from quail to chick at 
3ss at the level of the presumptive mesencephalon (Couly and Le Douarin, 
1990). Only in the type of experiments involving the neural fold was the tri
geminal ganglion entirely of quail origin. The quail cell types included not only 
the glial cells and the proximal substance P-containing neurons which are of 
neural crest origin (Ayer-Le Lievre and Le Douarin, 1982; D'Amico-Martel 
and Noden, 1 983) but also the large distal neurons which are derived from the 
placodal ectoderm. In fact, the neural fold of the mesencephalic region con
tains at the early neurula stage both the neural crest and placodal components 
of the trigeminal ganglion. Like the olfactory placode, the trigeminal placodal 
territory migrates distally from the neural primordium during head morpho
genesis. It becomes located laterally to the neural tube as shown by D'Amico
Martel and Noden ( 1983) and later on releases cells which secondarily meet 
those of neural crest origin arising from the mesencephalon. 

These experiments thus revealed that the anterior neural fold has a larger 
range of developmental potentialities than previously considered. Those 
include glandular tissues (the adenohypophysis), sensory epithelium (olfac
tory), placodal ectoderm destined to yield sensory ganglion neurons (trigeminal 
placode), as well as the superficial ectoderm of the mouth roof and of the face. 

3.2.4.3 The rostral limit of the neural crest and the developmental fate of 
the diencephalic and mesencephalic neural crest. The experiments described 
above showed the rostral limit from which the neural fold cells undergo 
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Figure 3.8 Fate map of the neural plate in an avian embryo at 3ss. ( 1 )  The neural plate 
is represented flat with its limiting anterior and lateral neural folds. This map was 
deduced from substitution experiments of fragments of the neural fold as drawn in the 
embryo represented on the right. Other experiments involved grafting of the anterior 
neural fold which yields Rathke's pouch and of definite regions of the neural plate (see 
Couty and Le Douarin, 1987, for details). (2) Diagram showing the evolution of the 
territories represented on the fate map in ( 1 ). It appears that the two territories 
corresponding to the telencephalon join on the dorsal midline and extend more rostrally 
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the epitheliomesenchymal transition which generates the flux of emigrating 
crest cells. This limit corresponds to the mid-diencephalon, roughly at the 
level of the epiphysis primordium: the isotopic graft into a chick embryo 
of a quail neural fold segment located between 300 and 450 µm from the 
rostral end of the embryo at 3ss yielded the epiphysis and corresponds to 
the rostral limit of the neural crest (Couly and Le Douarin, 1 987). A 
similar fragment covering the territory of the diencephalon and anterior 
half of the mesencephalon (Fig. 3 .9) gave rise to the bones of the max
illary, nasal and orbital regions - i.e., premaxillary, maxillary, nasal, and 
vomer (all membrane bones), interorbital septum (still cartilaginous at E l 4, 
the time of chimera analysis), sclerotic, and supraorbital bone. In addition, 
the frontal bone in its totality, together with the anterior region of the 
squamosal, the basipresphenoid, the rostrum of the parasphenoid, and the 
pterygoid, were of graft origin. The sutural spaces between the membra
nous bones (the two frontal bones particularly) were also made up of quail 
connective tissue. Moreover, these experiments revealed that the caudal 
boundary of the participation of the neural crest to the floor of the 
skull lies within the sella turcica and corresponds to the anterior tip of 
the notochord (Fig. 3 .9). 

In addition to bones, this segment of neural crest yields the dermis of the 
scalp and, as mentioned before, the meninges of the forebrain. 

Similar experiments involving more posterior mesencephalic fragments of 
the neural fold showed that the parietal bones and dermis at the same level, the 
squamosal, the jugal, the quadrate, the pterygoid, the palatine, and most of the 
skeleton of the lower jaw (Meckel's cartilage, dentary, angular, opercular) (see 
also Johnston et al. , 1974; Le Lievre and Le Douarin, 1 975) were of graft 
origin. Further, more recent experiments to be described below (see Section 
3.5.2) will show the exact contribution of the posterior half of the mesen
cephalic neural crest to the lower jaw. 

3.3 Relationships between the cephalic paraxial mesoderm 
and the neural crest-derived mesectoderm 

3.3.1 The contribution of the paraxial cephalic mesoderm to the 
skull 

In order to delineate the respective contribution of the neural crest and of the 
paraxial mesoderm to the skull, the quail-chick chimera system was used to 

Figure 3.8 (cont.) 

than the level of the hypothalamus and of Rathke's pouch (which yields the 
adenohypophysis). That part of the brain which develops rostrally to the tip of the 
notochord (No) is later covered by neural crest-derived bones. Ao, dorsal aorta; R, 
rhombencephalon; Di, diencephalon; Tel, telencephalon. 

For a colored version of this figure, see www.cambridge.org/9780521l22252. 
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Figure 3.9 Contribution of the neural crest (red), the cephalic mesenchyme (blue), and 
the somitic mesoderm (green) to the vertebrate cranium. (A) Lateral view of the cephalic 
skeleton of a 14-day-old avian embryo. (B) Basal view of the chondrocranium of a ! O
day-old embryo. I ,  angular; 2, basibranchial; 3, basihyal; 4, ceratobranchial; Sa, 
columella; Sb, otic capsule; Sc, otic capsule (pars ampullaris); Sd, otic capsule (pars 
cochlearis); 6, dentary; 7, epibranchial; 8, entoglossum; 9, ethmoid; 10, exoccipital; 1 1 , 
frontal; 12,  interorbital septum; 13 ,  jugal; 14, maxilla; I S, Meckel's cartilage; 16, nasal 
capsule; 1 7, nasal; 18,  basioccipital; 19, postoccipital; 20, quadrate; 2 1 ,  palatine; 22, 
parietal; 23, premaxilla; 24, pterygoid; 2S, quadratojugal; 26, scleral ossicles; 27a, 
basipostsphenoid; 27b, basipresphenoid; 28, supraoccipital; 29, squamosal; 30, orbital 
capsule; 3 1 ,  vomer. (Reproduced, with permission of Company of Biologists Ltd, from 
Couty et al., 1993.) 

For a colored version of this figure, see www.cambridge.org/978052 J J 22252. 
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map the cephalic mesoderm in 3ss embryos. At a slightly later stage the fate of 
the first six somites was also revealed by the same substitution method. 

The principle of the experiments used for the cephalic mesoderm consisted 
of dividing the sheet of mesodermal cells lying on each side of the folding 
neural plate into medial and lateral parts corresponding respectively to the 
regions lying on the cephalic vesicles and covering the foregut. At 3ss, the 
cell density is higher in the lateral than medial moiety and their fate is signifi
cantly different (see Fig. 3 . 1 0) .  

The osteogenic potencies were found to be restricted to the medial meso
derm (Fig. 3 . 1 1) ,  while most of the cephalic mesoderm yields muscles, the 
connective component of which is of neural crest origin (Couly et al., 1 992; 
see also Ayer-Le Lievre and Le Douarin, 1982; Noden, 1 982, 1 983b, 1986a). 
The cephalic mesoderm also contributes to the meninges of the midbrain and 
hindbrain regions. The bones labeled by quail cells in the experiments involving 
the graft of the medial paraxial mesoderm were the corpus sphenoidalis, the 
orbitosphenoid, and the otic capsules. No cells of mesodermal origin were ever 
found in the frontal and parietal bones. 

Neither dorsally nor ventrally was the dermis labeled in any of the experi
ments carried out in this study. The dermis in fact was found to originate 
entirely from the neural crest. These results differ from those reported by 
Noden who claimed that somitomeres yield dermis (Noden, 1 983a). This dis
crepancy may have arisen from the fact that this author operated on embryos 
at later stages (up to 1 1  somites; i .e . ,  stages HH9 and HH lO;  see Noden, 
1983a), when a few neural crest cells are already adherent to the superficial 
ectoderm that was involved in these operations. In fact, neural crest cells start 
to leave the neural fold at the mesencephalic level as early as the 6-7ss 
(Cochard and Coltey, 1983). Already at 8-9ss, neural crest-derived cells 
entirely cover the mesoderm dorsally. 

3.3.2 Analogies and differences between cephalic and truncal 
paraxial mesoderm 

One can conclude that the cephalic mesoderm (considered by Meier ( 1979, 
198 1 )  to form pseudosegments called somitomeres - see discussion in Couly 
et al., 1992, on this point) has the same developmental potentialities as its 
truncal equivalent, the somites: they yield skeleton, muscle, and also vascular 
endothelial cells (see Couly et al. , 1995; Christ et al., 1 990, 1 991) .  One major 
difference, however, is that the paraxial mesoderm lining the cephalic vesicles 
does not yield dermis. The equivalent of the somitic dermatome is therefore 
absent in the cephalic paraxial mesoderm and the function of extending under
neath the ectoderm to form the dermis is fulfilled instead by the neural crest. 

Interestingly, the ectodermally derived cephalic dermis has the capability of 
developing calcified structures (i.e., membrane bones that constitute most of 
the skull), a property extremely reduced in the mesodermally derived dermis of 
higher vertebrates. 
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@ 
Figure 3.10 (A) SEM view of a 3-somite quail embryo in which the superficial ectoderm 
has been removed on the right side. The paraxial mesoderm is visible. Bar = 100 µm. (B) 
Schematic drawing of the graft of the rostral part of the paraxial cephalic mesoderm 
from a quail (Q) to a chick (Ch) embryo. The seven types of transplants exchanged 
between quail and chick embryos are indicated from I to 7. (C) SEM view of the graft 5 
hours after implantation, with the corresponding drawing in (D). G, graft; OV, optic 
vesicle. (Reproduced, with permission of Company of Biologists Ltd, in modified form, 
from Couly et al., 1992.) 

The origin of the occipital bone was further documented by grafting indi
vidually the first six somites from quail to chick at stages ranging from three 
somites (for the first three somites) up to six somites (for the next ones). A 
detailed analysis of the fate of grafted somites can be found in Couly et al. 
( 1993). In summary, the first five somites contribute to the occipital bone: the 
first somite yields the exooccipital, and the second, third, fourth and rostral 
part of the fifth yield the basioccipital, and condyles. As mentioned before, the 
paraxial mesoderm forms the supraoccipital. Thus the basioccipital develops 
from the concentration around the notochord of sclerotomal cells belonging to 
somites 2-5, and a very small part of somite I .  The complex morphogenesis 
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Figure 3.1 1  The cephalic paraxial mesoderm of 3-5ss chick embryos is exposed by 
peeling off the superficial ectoderm, and is divided into seven areas which are 
individually substituted by their quail counterpart (see Fig. 3 . 10) .  The osteogenic 
potencies of the mesoderm are restricted to the medial mesodermal region which yields 
the basipostsphenoid, most of the otic capsule and the squamosal bone. Except for the 
occipital, which is of somitic origin, the rest of the skull and the visceral skeleton are 
derived from the neural crest. 

yielding the occipital bone, which is a highly composite skeletal structure, is 
largely controlled by Hox genes, as evidenced by the fact that targeted muta
tions of certain Hox genes result in abnormalities in the basioccipital bone 
(Lufkin et al. , 1 992). 

In the occipital region, the dermis is derived from the dermomyotome of the 
first five somites (Fig. 3.4). 

Tongue and cervical muscles are found to be labeled by quail cells following 
grafts of these anterior somites. Tongue muscles are innervated by the hypo
glossal nerves originating from the posterior rhombencephalon corresponding 
to the level of the first five somites (see Noden, 1983a,b; Lumsden and Keynes, 
1989; Keynes and Lumsden, 1 990; Couly et al., 1 993). 

It is important to underline that the analysis carried out in the 1 980s and 
early 1 990s by Couly and colleagues have mostly confirmed and refined the 
results obtained earlier and amply described in the first edition of this book 
concerning the developmental potentialities and fate of neural crest cells. 
However, one important discrepancy has emerged with respect to the origin 
of the skull vault. It had been previously claimed that the frontal bone was of 
mixed neural crest-mesodermal origin and that the parietal bones were meso
dermally derived. This discrepancy is essentially attributable to differences in 
the stage at which the experiments were performed. The experiments reported 
by Couly et al. ( 1 993) have all been performed at 3ss - i.e., earlier than those of 
the previous authors (e.g., Le Lievre, 1 978). At 3ss, the head neural fold can be 
removed and replaced selectively, prior to emigration of neural crest cells. 
Similarly, the paraxial cephalic mesoderm, which is accessible to surgical 
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Table 3 .4. Origin of the cephalic skeleton from the neural crest and from the 
cephalic paraxial mesoderm 

"Chordal'' 

skeleton 

"Prechordal" 

skeleton 

Bones 
of somitic 
origin 

Bones of 
cephalic 
mesoderm origin 

Bones of 
neural crest 
origin 

Cartilaginous bones 
• Basi- and exo-occipital 

• Pars canalicularis of otic capsule (partly) 

• Supraocciptal 
• Sphenoid (basipost, orbito-) 
• Pars canalicularis and cochlearis of otic 

capsule (partly) 

Cartilaginous bones 
• Interorbital septum 
• Basipresphenoid 
• Sclerotic ossicles 
• Ethmoid, pterygoid 
• Meckel's cartilage 
• Quadratoarticular, hyoid 
• Pars cochlearis of otic capsule (partly) 

Membranous bones 
- of skull 

• Frontal 
• Parietal 
• Squamosal 
• Columella 

- of face 

• Nasal 
• Maxillar 
• Vomer 
• Palatine 
• Quadratojugal 
• Mandibular 

manipulation at that stage, is not possibly contaminated by mesenchyme of 
neural crest origin. Moreover, analysis of the chimeras was systematically 
performed at a developmental stage (ES-14) when the different components 
of the skull and associated dermis can be clearly identified. 

3.3.3 The notion of prechordal and chordal skull 

As mentioned before, the rostral limit of the mesodermal contribution to the 
basis of the skull corresponds to the extreme tip of the notochord and lies in the 
sella turcica, composed of a basipresphenoid of neural crest origin and a basi
postsphenoid which is mesodermal in nature. This leads to the distinction of a 
"chordal" skull derived from the mesoderm and of a "prechordal" (or "achor
dal") skull derived from the neural crest, the respective bones of which are 
listed in Table 3 .4. 

According to Gans and Northcutt ( 1 983), one can consider that vertebrates 
have evolved from the basic body plan of the cordates by addition, rostrally to 
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the notochord, of a "new head." The new head developed from the ectoderm, 
as vertebrates became predators, and involves both sense organs and nervous 
structures in which the information provided by sense organs is processed. 

The results obtained in quail-chick chimeras support this view by showing 
that the entire achordal skull, including the vault formed by the frontal and 
parietal bones and the anterior half of the corpus sphenoidalis, is derived from 
the neural crest. Equally, the jaws, like all the facial skeleton (and odontoblasts 
of teeth in mammals) which develop ventrally and far from the notochord, are 
neural crest-derived. 

This can be related to the fact that the differentiation of somitic mesen
chyme into cartilage is strictly dependent upon its interaction with the noto
chord and floor plate (Pourquie et al., 1 993). Extirpation of both notochord 
and floor plate in the chick embryo results in the absence of axial skeleton. The 
effect of floor plate and notochord on the development of the paraxial meso
derm was recently shown to be mediated by the product of the gene Sonic 
hedgehog (Shh), expressed by both these structures at the critical stages of 
somitic differentiation (Johnson et al. , 1 994; Teillet et al. , 1998). One can 
therefore understand that the rostral limit of the notochord and floor plate, 
lying just at the level of the hypothalamus-adenohypophysis territories from 
the neurula stage onward, coincides with the limit of that part of the skull 
which is mesodermally derived. 

During the course of evolution, the telencephalon which forms essentially 
from the lateral regions of the neural plate has been the site of considerable 
growth compared to the rest of the brain. The cerebral hemispheres have 
developed in front of the level of the Rathke's pouch to be finally located 
rostrally and above the diencephalon (Fig. 3.8). Protection to this new part 
of the brain has been insured by the neural crest cells of the di- and mesen
cephalic neural fold which have spread over the forebrain and midbrain to 
construct the skull vault, the optic and nasal capsules, and the facial skeleton 
which has provided vertebrates with an organ of predation, the jaws. 

3.4 Segmental nature of the brain primordium: molecular 
implications for neural crest development 

Whether the high level of complexity and diversity which characterizes the 
vertebrate nervous system is originally established within repeating cell groups, 
or segments, distributed along the anteroposterior axis, has long been a subject 
of debate. While segmentation is a developmental strategy encountered in 
many invertebrates (see e.g., Lawrence, 198 1 ;  Weisblat and Shankland, 1985; 
Akam, 1987; Ingham, 1988, for discussions on this question), its contribution 
to vertebrate development is less clear and for many years was recognized only 
for the somitic and nephrogenic mesoderm. 

However, the fact that a pattern of repetitive bulges, the neuromeres, can be 
seen, albeit transiently, in certain regions of the neural tube has long been 
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reported (Von Baer, 1 828; Orr, 1 887; Neal, 1 9 1 8). Neuromeres are particularly 
conspicuous in the hindbrain where they have been designated as rhombomeres 
(r) and are found in constant number in all vertebrates (rl to r8) (see reviews of 
Graper, 1 9 1 3, and Vaage, 1 969). The developmental significance attributed to 
rhombomeres gave rise to two opposing views: the first considered them as 
artifacts resulting from the action of fixing agents or as transient embryonic 
structures due either to longitudinal compression of the neural tube, to the 
local strain exerted by nerves, or to more rapid growth than the surrounding 
tissues. The second view was "the phylogenetic interpretation that neuromeres 
are visible remnants of a primitive segmentation of the nervous system and 
consequently reliable cues to the original number of metameres in the verte
brate head" (Neal, 1 9 1 8). While some authors suggested that a relationship 
might exist between the development of the cranial nerve nuclei and the initial 
segmental pattern of rhombomeres (Streeter, 1 908; Meek, 1 9 1 0; Graper, 1 9 1 3), 
others thought that they were unrelated processes (Neal, 1 9 1 8). Although seg
mentation of the brain anlage has been evidenced in the hindbrain through 
modern approaches, molecular and anatomical cues point to the presence of 
neuromeres in the forebrain and midbrain as well (see Rubenstein et al. , 1 994, 
and Shimamura et al. , 1 997). 

As will appear later in this chapter, this question of brain segmentation is 
highly relevant for our understanding of neural crest development, since seg
mentation is assorted by differential gene activities, which turned out to be 
critical for the patterning of neural crest derivatives. 

3.4.1 The cellular basis of hindbrain segmentation 

Thanks to the work of Lumsden and Keynes ( 1989), this question has been 
revisited by studying the cellular basis of rhombomere segmentation. These 
authors reached the conclusion that the neuronal pattern of hindbrain devel
opment coincides with its segmentation. 

In the chick embryo the constrictions leading to the individualization of the 
eight rhombomeres are established according to a pattern represented in Fig. 
3 . 1 2  and extending from stage HH9 (i.e., 6ss) to HH 1 2  ( 1 6ss). 

The first rhombomere is adjacent to the mesencephalon at the isthmus and 
the last (r8) is continuous with the spinal cord and extends to somites 1-4 
inclusively. It is remarkable that, during their brief existence, most of the 
basic structures of the hindbrain, mainly those including the delimitation of 
branchiomotor nerve nuclei, are formed. Identification of specific neuronal 
populations and their projections during this period reveal that neurogenesis 
follows a two-segment repeat and that pairs of metameric units also cooperate 
to generate repeating sequences of cranial branchiomotor nerves (Fig. 3 . 1 3). 
Accumulation of axons are detectable from HH 1 3  in the boundaries separating 
adjacent rhombomeres. Moreover, each segment is characterized by cell lineage 
restriction, since the progeny of single cells, labeled after rhombomere forma
tion by intracellular marking with fluorescent dextrans in ovo, only seldom 
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Figure 3.12. Diagram showing the emergence of rhombomere pattern in the chick 
embryo hindbrain between HH9 (6ss) and HH12 ( 16ss). Each stage has been drawn to 
the same length and proportions. The rhombencephalic boundary (M/R), like the 
rhombomere boundaries (5/6, 3/4, etc.), is marked by an external groove. The 
rhombospinal boundary (R/S, dashed line), lying at the level of the last occipital and 
first cervical somites, is not marked by any obvious morphological discontinuity. The 
isthmic rhombomere (0) has uncertain status. The times of first neuronal differentiation 
at different rhombomere levels are marked by asterisks. (Reproduced, with permission 
from Lumsden, 1 990.) 

crossed the limit between two consecutive rhombomeres. Therefore, when they 
become defined, rhombomeres can be considered as polyclonal lineage-restric
tion units (Fraser et al., 1 990; Lumsden, 1 990; see also Birgbauer and Fraser, 
1994), a characteristic they share with insect compartments (Garcia-Bellido et 
al. , 1973; Lawrence, 1 989). 

3.4.2 Molecular basis of hindbrain segmentation 

An array of genes encoding regulators of transcription have been shown to 
possess large domains of expression whose anterior limits are situated in the 
rhombencephalon and coincide with rhombomere boundaries. They constitute 
a class of vertebrate genes homologous to the homeotic genes discovered in 
Drosophila. A number of other genes have a more restricted expression terri
tory during development, which is limited to one or adjacent rhombomeres. 
These genes encode various types of proteins: transcription factors, membrane 
receptors or secreted proteins. Several of them (with the corresponding refer
ences) are listed in Fig. 3 . 14, which provides an idea of the complexity of the 
regulatory pathways involved in the patterning of the hypobranchial region of 
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Figure 3.13 Diagram of a stage-21 chick embryo hindbrain from ventral (pial) aspect, 
based on neurofilament-stained and axon tracer-injected animals. The relationship of 
cranial sensory ganglia (gV-gX), branchial motor nuclei (IV, VI, XII), and the 
combined roots of the sensory and branchial motor nerves (m V-mXI) are shown in 
relation to the rhombomeres (rl-r8) and arches (b l -b3). ov, otic vesicle; fp, floor plate; 
i, isthmus or midbrain/hindbrain boundary. (Reproduced, with permission, from 
Lumsden and Keynes, 1989.) 

the embryo. The first genes whose expression was shown to be segmentally 
regulated in the hindbrain were the Hox genes. Their discovery was at the 
origin of a considerable impetus in the research of the mechanisms controling 
head and facial development. 
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3.4.2.1 Homeotic genes of Drosophila led to the discovery of the homeobox 
selector genes of vertebrates. Ninety years after the description of the first 
homeotic mutations by Bateson ( 1 894), a common motif called the homeobox 
was discovered to be shared by the genes of the Drosophila homeotic complexes 
(HOM-C) (McGinnis et al. , 1984; Scott and Weiner, 1984). 

Modern knowledge about homeotic developmental control genes first came 
from the genetic analysis carried out by Lewis on the Bithorax complex 
(BX-C), which regulates development of the middle and posterior body parts 
(Lewis, 1 978). Another cluster of selector genes which act more anteriorly in 
the embryo, the Antennapedia (Antp) complex (ANT-C) was later defined by 
Kaufman and coworkers (see Scott et al. , 1983). Thus, the BX-C and the 
ANT-C designated together as the HOM-C specify much of the body plan 
corresponding to the "trunk" of the fly. 

In the mid- 1980s a nucleotide sequence, highly conserved in all HOM-C 
genes and designated the homeobox, was discovered. The homeobox is a 
DNA segment that encodes a precisely defined protein domain, the homeo
domain of 60 amino acids, the three-dimensional structure of which revealed 
the presence of a helix-tum-helix motif similar to that found in prokaryotic 
gene regulatory proteins. Thus, the homeoproteins (proteins containing a 
homeodomain) act as transcription factors regulating the activity of other 
genes. The homeobox sequences of the HOM-C genes present a high level of 
homology with that of its first discovered "prototype" Antennapedia. This led 
them to be grouped under the term Antp-type (or class I) homeobox genes. 
Divergent homeoboxes have been found in many other transcriptional regula
tors, namely in genes expressed in the cephalic extremity of the fly such as 
empty spiracle and orthodentic/e, or in fly developing muscles such as Msh. 

The role of homeotic genes was already perceived in the 1970s as essential in 
the process of determination of a given embryonic territory to a definite fate. 
An important step in our understanding of the genetic control of pattern 
formation in insects was made when Garcia-Bellido discovered and defined 
the developmental units he designated compartments. Developmental com
partments were defined as precise anatomical regions limited by invariant 
boundaries and formed by all the descendants of a small set of founder cells 
(Garcia-Bellido et al., 1973; Lawrence, 1973). Garcia-Bellido ( 1975) showed 
that some of the homeotic mutations resulted in transformations of domains 
corresponding exactly to the compartments they revealed by cell lineage experi
ments. This led to the assumption that such genes act as controling or selector 
genes in the founder cells of compartments to determine which part of the body 
they will construct. Selector genes "act as binary switches with loss of function 
producing a transformation in which the gene is active and gain of function 
tending to produce the opposite transformation in the place where the gene is 
normally inactive" (Lawrence and Morata, 1 994). Thus, Garcia-Bellido's 
hypothesis ( 1975) linked genetics and cell determination with cell lineage and 
anatomy. 

The first compartments to be defined in the embryo during fly development 
are the parasegments, comprising the posterior half of one segment and the 
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Figure 3.14 Schematic view of the embryonic head showing segmentation into 
rhombomeres (Rl-R8). A variety of genes are expressed in the developing hindbrain 
in a segmentally restricted manner, and for a definite period of time during early 
development of the hindbrain and hypobranchial region. Note that the expression 
patterns of many of these genes are dynamic. The expression sites indicated here may 
vary in time. Light tints correspond to a lower level of expression than dark tints. z, 
m, c before the name of a gene indicates that it has been described in zebrafish, 
mouse, and chick, respectively. The numbers correspond to the following references: 
( l )  McGinnis and Krumlauf, 1 992; (2) Prince and Lumsden, 1 994; (3) Wilkinson et 
al., 1989b; (4) Nieto et al., 199 1 ;  (5) Oxtoby and Jowett, 1 993; (6) Cordes and Barsh, 
1 994; (7) Eichmann et al., 1997; (8) Hauptmann and Gerster, 1995; (9) Graham et al., 
1 993; ( 10) Shimeld et al., 1 996; ( 1 1 )  Fjose et al., 1 994; ( 12) Schubert et al., 1 995; ( 1 3) 
Eph Nomenclature Committee, 1 997; ( 14) Ruiz and Robertson, 1 994; ( 1 5) Ganju et 
al., 1 994; ( 16) Becker et al., 1 994; ( 17) Weinstein et al., 1 996; ( 18) Nieto et al., 1 992; 
( 19) Winning and Sargent, 1994; (2) Bovenkamp and Greer, 1 997; (2 1 )  Ellis et al., 
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anterior half of the adjacent segment. Each parasegment is founded by all the 
cells that lie between the anterior boundaries of adjacent stripes formed by the 
pair-rule genes fushi-tarazu (jtz) and even-skipped (eve). 

3.4.2.2 Cloning of the vertebrate Hox genes and their genomic 
organization. Thanks to the possibilities offered by recombinant DNA technol
ogy, homeobox-containing genes were subsequently isolated not only in insects 
and phylogenetically related organisms but also in vertebrates. The first verte
brate homeobox gene identified was cloned in Xenopus (Carrasco et al. , 1 984), 
and was followed by a number of others in mouse, man, and birds (see 
Duboule, 1 992, and references therein). All the vertebrate genes containing a 
homeobox of the class I type were designated Hox genes and considered as 
homologs to the genes of Drosophila HOM-C. 

The remarkably constant property of homeotic genes is that, in all animals 
examined to date, they are clustered, and the order of homologous genes on a 
given chromosome is conserved. This conservation strongly suggests that the 
genomic organization has important functional implications. 

Hox genes are best known in mouse and man where they are distributed on 
four chromosomes in complexes approximately 1 20 kb in length in which the 
genes are all oriented in the same 5 '-3 ' direction of transcription (Kessel and 
Gruss, 1 990; Duboule, 1 992; McGinnis and Krumlauf, 1 992). The present 
nomenclature adopted in 1 992 (see Duboule, 1 994) of the 39 mammalian 
Hox genes identified so far is indicated on Fig. 3 . 1 5, together with the previous 
terminology that is used in a series of ante- 1 994 important reports. 

The genomic structural and organizational similarities between vertebrate 
Hox and Drosophila HOM-C led to the assumption that the Hox gene clusters 
of vertebrates arose by a two-step process of duplication from a common 
ancestral cluster (Lewis, 1 978). This notion was supported by the discovery 
that, in several species such as the crustacean Artemia (A verof and Akam, 
1 993), the worm Caenorhabditis elegans (Kenyon and Wang, 1 99 1 ), and 
some primitive chordates (Pendleton et al. , 1 993; Holland et al. , 1 994), a single 
Hox/HOM-C-type cluster also exists. 

Alignments of genes in Fig. 3 . 1 5, which summarizes the organization and 
homology between the four Hox clusters and the Drosophila HOM-C are made 
on the basis of multiple domains of sequence identity, including the homeo
domain itself, as well as on the relative positions of the genes within the 

Figure 3.14 (cont.) 
1 995; (22) Taneja et al., 1996; (23) Cheng and Flanagan, 1 994; (24) Flenniken et al., 
1 996; (25) Bergemann et al., 1995; (26) Smith et al., 1997a; (27) Wijnholds et al., 1995; 
(28) Inoue et al., 1 997; (29) Tongiorgi et al., 1 995; (30) Hume and Dodd, 1 993; (3 1 )  
Bouillet et al., 1 996; (32) Hollyday et al., 1 995; (33) Wilkinson et al., 1 988; (34) 
Mahmood et al., 1 996; (35) Albano et al., 1 994; (36) Graham and Lumsden, 1 996; (37) 
Graham et al., 1 994; (38) Fjose et al., 1 995; (39) Ruberte et al. , 1 992; (40) Maden et 
al., 1 99 1 ;  (4 1 )  Smith and Eichele, 1 99 1 ;  (42) Mendelsohn et al., 1 99 1 .  
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Figure 3.15 Organization and homology between the four vertebrate Hox gene clusters 
and the Drosophila HOM-C. Vertebrate HoxA-D and Drosophila HOM-C clusters are 
believed to derive from an archetypal ancestor complex by duplications. The Drosophila 
HOM-C is shown at the top and the vertical bar indicates the junction between ANT-C 
and BX-C complexes which are split. Paralogous genes aligned vertically share high 
levels of homology and are thought to be derived from duplication of the same ancestor 
gene. From these homologies it is thought that labial (lab), proboscipedia ( pb) , 
Deformed (Dfd) , and Adbominal-B ( Abd-B) are related with groups 1 ,  2, 4, and 9, 
respectively. Recent nomenclature is shown in the boxes, old nomenclature is listed 
underneath. In places where no gene is found, an empty box is left. Hox genes expressed 
in the branchial arches are in grey. At the bottom, a thin arrow indicates the direction of 
transcription. The large arrow indicates the decrease of Hox gene sensitivity to retinoic 
acid (RA). (Modified from McGinnis and Krumlauf, 1 992.) 

respective complexes. Thus 13 different sets of genes constitute paralogous 
groups because they share properties while belonging to different clusters. 

The strongest homologies are with the HOM-C genes labial forming group 
1 ,  proboscipedia (group 2), Deformed (group 4), sex comb reduced (SCr) (group 
5), and Abdominal B (Abd-B) (groups 9-1 3). Group 3 has no Drosophila 
counterpart. 
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In all the organisms studied so far in this respect it was found that the genes 
are sequentially expressed in time and space according to their position in the 
cluster. The genes localized at the 3 ' end of the DNA molecule are the first to 
be expressed in the more anterior region of the embryo. This rule of co linearity 
holds for vertebrates, and insects, as well as nematodes (see Gaunt et al. , 1988; 
Duboule and Dolle, 1989; Graham et al. , 1989). 

Another important aspect of colinearity is the posterior prevalence. This 
was discovered first by Struhl (I 983) who showed that, when certain homeotic 
genes are derepressed, the phenotype is principally determined by the most 
posteriorly acting protein present. The fact that this was not due only to 
transcriptional regulation in which the product of posterior genes further 
repress transcription of anterior ones was demonstrated (Hafen et al. , 1 984; 
Struhl and White, I 985). In fact, phenotypic suppression follows a hierarchical 
rule in which the more posteriorly acting gene products override the more 
anterior ones (Gibson and Gehring, 1988; Gonzales-Reyes and Morata, 
1990; Duboule, I 99 I) .  The mechanism, although not yet elucidated, might be 
based upon competition of the various homeoproteins for binding sites on 
target genes. 

The expression pattern of Hox genes was first established in the mouse 
embryo by in situ hybridization. Many Hox genes have now been cloned in 
chick, Xenopus, fish, and human. 

In mammalian and avian species the expression patterns are generally simi
lar. Only genes of the first four paralogous groups are expressed in the rhomb
encephalon, and their anteriormost limits of expression are situated at different 
transverse levels where they coincide with rhombomere boundaries. 

The HoxB cluster was the first to be studied. The most 3 ' gene of this 
complex, Hoxb-1,  has an expression domain which first extends up to the 
limit between rhombomere 3 (r3) and r4. This domain, however, is dynamic, 
since by day 8.5 postcoitum (dpc) in the mouse (Murphy et al. , 1989; Wilkinson 
et al. , 1989a) or stage HH l l  in the chick (Sundin and Eichele, 1990), it has 
receded caudally from r5 and r6 to remain active and even upregulated in r4. 
The rostral limit of Hoxb-2 expression is located at the r2/3 boundary, while 
that of Hoxb-3 is at the boundary of r4/5 (Wilkinson et al. , 1 989b). 

Hoxa-2 was first found to have the same anterior limit of expression as 
Hoxb-2 in the mouse and to be active more anteriorly in the chick where its 
expression domain reaches the r l /2 boundary (Prince and Lumsden, 1994). 
Finally, more careful analysis has shown that, in the mouse also, Hoxa-2 is 
expressed in r2 albeit in only a subset of cells (Krumlauf, 1993). Hoxa-1 (pre
viously Hoxl .6) has initially the same pattern as Hoxb-1 but its anteriormost 
expression (in r4-6) is transient and later on regresses to the r6/7 limit (Lufkin 
et al. , 1 99 1 ). Other genes fall in general into the expected pattern of colinearity 
- i.e., the more 3 ' a gene lies within a cluster the more anterior its expression 
domain. Another exception, however, is that the Hoxc-4 gene has an anterior 
expression limit one rhombomere more caudal than its paralogs Hoxa-4, 
Hoxb-4, and Hoxd-4 (Fig. 3 . 1 6). 
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Among the genes of the paralogous group I, Hoxd-1 shows no expression in 
the neural tube at the stages analysed (Sundin and Eichele, 1 990; Hunt et al., 
199 l a) .  Finally, the level of transcripts at a given level and stage of develop
ment varies in a rhombomere-specific manner even for paralogous genes, as 
indicated in Fig. 3 . 1 6. 

In summary, detailed descriptive studies of Hox gene expression along the 
anteroposterior axis from the rhombencephalic down to the posterior levels 
have shown that the developing neural tube and axial organs (notochord and 
paraxial mesoderm) can be divided into successive anteroposterior domains 
individually characterized by a definite spatiotemporal pattern of Hox gene 
activity. It was then proposed that such patterns define a code designated "Hox 
code" (Kessel and Gruss, 1 99 1 ) .  As a general rule, the neural crest cells express 
the same Hox code as the transverse level of the neural tube from which they 
originate (Hunt et al. , 199 l a,b). One exception is that the neural crest cells 
exiting from r2 do not express the Hoxa-2 gene (Prince and Lumsden, 1994). 

Several genes other than Hox genes turned out to be expressed in domains 
corresponding to single or adjacent rhombomeres (Fig. 3. 14). 

3.4.2.3 Krox-20, Hox genes and Eph receptors are involved in a regulatory 

cascade controlling hindbrain segmentation. Krox-20 was originally identified 
as a serum-responsive gene in mouse NIH-3T3 fibroblasts. It encodes a protein 
with three zinc finger domains similar to those of the transcription factor Sp 1 .  
It is therefore considered that the Krox-20 gene product acts as a transcription 
factor involved in the resumption of growth in fibroblasts. In the embryo, the 
Krox-20 gene is also expressed in the neuroepithelium (except the floor plate) of 
the hindbrain. The first observations in the mouse showed that by 9.5 dpc two 
domains of expression corresponding to r3 and r5 were clearly delineated 
(Wilkinson et al., l 989b) (Fig. 3 . 1 7). The same segments also expressed recep
tor tyrosine kinases (RTK) of the Eph family (see Chapter 2). In fact, several 
members of the Eph family of RTKs have a segment-restricted pattern of 

Figure 3.16 Summary of Hox gene expression in the hindbrain and corresponding 
neural crest cells. Panel 1 :  Filled area denotes region of upregulated Hoxb-1 expression. 
Dense hatching denotes areas of high-level expression, sparse hatching denotes areas of 
lower-level expression. Dotted lines show transient gene expression; b l-b4, branchial 
arches. (Reproduced, with permission of Company of Biologists Ltd, from Prince and 
Lumsden, 1994.) Panel 2: Schematic representation of the expression of certain Hox 
genes of the first paralogous groups in chick or quail embryos at E3 when the branchial 
arches (BA) are being colonized by neural crest cells originating from the posterior half 
of the mesencephalon and the rhombomeres (Rl-R8). The arrows indicate the 
anteroposterior origin of the neural crest cells migrating to each BA. Expression of H ox 
genes is also indicated in the superficial ectoderm. Panel 3: Frontal sections of a chick 
embryo at E3 showing Hoxa-3 (A, B) and Hoxa-2 (C). In situ hybridization with the 
Hoxa-3 probe seen in bright-field illumination (A). (B, C) Dark-field pictures of Hoxa-3 
(B) and Hoxa-2 (C). Bar = 100 µm. (Reproduced, with permission of Company of 
Biologists Ltd, from Couly et al., 1 996.) 

For a colored version of this figure, see www.cambridge.org/978052 l l 22252. 
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expression in the hindbrain and in the paraxial mesoderm, suggesting that they 
might be involved in the segmental patterning of the hindbrain. 

Early in development of the chick, one of these R TKs, the Sek-I gene (now 
designated EphA4; see Becker et al. , 1994), is expressed in a broad domain and 
later is upregulated in r3 and r5 together with Krox-20 gene (Nieto et al. , 1 992). 
In the mouse, in contrast, Krox-20 expression domains appear first anteriorly 
(r3) and then posteriorly (r5) as narrow stripes of four cells in length that 
subsequently broaden to 1 0-12 cells in length. The stripes initially form 
fuzzy domains which, as they broaden, become defined by sharp limits co
inciding with rhombomere boundaries. The dynamics of Sek-I and Krox-20 
expression domains were studied at the single-cell resolution level in the mouse 
and chick by Irving et al. ( 1996). The problem was raised as to how the sharp 
boundaries between expressing and non-expressing domains are established. 
Several hypotheses can be proposed. They may result from restriction in cell 
movements together with upregulation of cell-adhesive differences between 
cells of two consecutive rhombomeres. Anoti}er possibility may be a switch 
in cell identity (i .e., from an expressing to a non-expressing state and vice 
versa). If such a mechanism were at least partly to account for the establish
ment of the limits between positive and negative domains it would indicate that 
the cells are not irreversibly committed. In such a case, their status with respect 
to a given segmental identity would be regulated by environmental cues. The 
role of environmental cues in defining· segment identity was actually demon
strated by transposition of the presumptive territories of rhombomeres in the 
avian embryo (Grapin-Botton et al., 1995, 1997; Itasaki et al. , 1 996). 

Krox-20 expression also occurs in lower vertebrates: in zebrafish it has been 
described by Oxtoby and Jowett ( 1993). In Xenopus, Krox-20-expressing cells 
are precisely aligned with r5. Since the otic vesicle is adjacent to r4 in this 
species, r5-derived cells are all Krox-20-positive and migrate in a direct ventral 
route to fill the third branchial arch. 

Null mutants for the Krox-20 gene were produced (Schneider-Maunoury et 

al. , 1993). In heterozygous mutant embryos, lacZ expression from the dis
rupted Krox-20 locus occurs in a pattern identical to Krox-20 transcripts and 
only in postotic crest cells. However, in homozygous Krox-20-I- mutants, lacZ 
expression is detected in neural crest cells both rostral and caudal to the otic 

Figure 3.17 ( 1 )  Expression of Krox-20 in r3 and r5 and in the corresponding 
premigratory neural crest in an 1 l ss chick embryo. (2) Magnification of the region of 
r5-r6, showing that Krox-20 is also expressed in the r6 premigratory neural crest. (3) At 
1 7ss the postotic migrating neural crest cells exiting from r5 to r6 clearly express 
Krox-20 mRNA. Bars = 100 µm. Arrowheads indicate Krox-20-expressing cells in r6. (4) 
Summary of the migration patterns of Krox-20-expressing neural crest cells. 
Premigrating neural crest in dorsal r5 and r6 is depicted in the upper part, and 
migrating neural crest cells are shown below. r5 neural crest cells not expressing 
Krox-20 are indicated with empty circles, r5 neural crest cells expressing Krox-20 are 
indicated with filled circles and r6 neural crest cells are indicated with crosses. OT, otic 
vesicle. (Reproduced, by permission of Oxford University Press, from Nieto et al., 
1 995.) 
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vesicle. In these mice definitive r3 and r5 fail to form and morphological 
segmentation is disrupted (Schneider-Maunoury et al. , 1 993; Swiatek and 
Gridley, 1 993). Moreover, disruption of the Krox-20 gene results in a loss of 
Hoxb-2 expression in r3/r5, suggesting that Hoxb-2 expression is controlled by 
Krox-20 (Schneider-Maunoury et al. , 1 993; Swiatek and Gridley, 1 993), a find
ing that has been confirmed by Sham et al. ( 1 993). Thus, a direct coupling 
seems to occur between Krox-20 and Hox gene expression, and between Krox-
20 expression and segmentation. 

Bouillet et al. ( 1 995) have cloned a cDNA sequence corresponding to a gene 
induced in P 1 9  embryonal carcinoma cells by retinoic acid (RA) treatment. 
This cDNA is identical to a newly reported member of the Eph-family of RTK 
genes, the MDKl gene (now called EphA7) (Ciossek et al., 1 995; Ellis et al., 
1995) whose homolog has also been cloned in zebrafish (ZDKl ) .  In the mouse, 
chicken (Cek l 1 ), and human (Hekl 1 )  MDKl starts to be expressed in the 
hindbrain in a region corresponding to r3 before any sign of segmentation is 
apparent. In E9.5 embryos, strong expression is seen in r2-3 and r5, and 
weaker expression in r4 and r6. 

Disruption of certain Hox genes of the first paralogous groups in the mouse 
have severe repercussions on the development of hindbrain and its neural crest 
derivatives (to be described below). In Hoxa-z-1- mice no expression of MD K l  
is found in r3 and an abnormal upregulation of MDKl is seen in r4 as com
pared to wild-type. The fact that MDKl is d0wnregulated in r3 in the absence 
of the Hoxa-2 gene product (Taneja et al., 1 996) indicates that it lies down
stream to Hox genes in the regulatory cascade controlling rhombomere devel
opment. A hierarchy is thus disclosed concerning the genetic control of 
rhombomere development with Krox-20 acting upstream of Hox genes which 
themselves regulate the expression of some Eph RTKs. Moreover Krox-20 was 
also shown to be involved in the regulation of other secreted proteins like 
follistatin. 

3.4.2.4 The MafB (Kreisler) transcription factor is necessary for the construc
tion of the fifth and sixth hindbrain segments. The recessive mouse mutation 
Kreisler (kr) was identified in an X-ray mutagenesis screen and the correspond
ing gene was shown to encode a basic domain leucine zipper (bZIP)-type 
transcription factor of the Maf family (Cordes and Barsh, 1 994) designated 
as MafB/kr (Eichmann et al. , 1 997). The homozygous kr/kr mutant mice are 
characterized by behavioral abnormalities (head tossing and running in circles, 
inability to swim), and deafness (Hertwig, 1 944). 

During embryogenesis MafB/kr is expressed in r5 and r6 as well as in the 
neural crest cells derived from these rhombomeres (Fig. 3. 1 8), and in many 
other sites such as the kidney. It remains expressed later in development in 
vestibular and acoustic nuclei and in differentiating neurons of the spinal cord 
and brainstem as shown in the avian embryo by Eichmann et al. ( 1 997). 

In kr/kr mouse embryos, hindbrain segmentation is strongly impaired. At 
9.5 dpc the three first rhombomeres appear normal, but r4--7 are replaced by a 
morphologically unsegmented neural tube. In addition, the position of the 
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Figure 3.18 MafB/kr expression in a 14ss chick embryo. MafB/kr is expressed in 
rhombomeres r5 and r6 and the associated neural crest cells, migrating caudal to the otic 
vesicle (OV). 

developing otic vesicle is shifted from its normal location near the junction of 
r5 and r6 to a more lateral position. Frohman et al. (1 993) and McKay et al. 

( 1994) have analyzed the hindbrain of kr/kr mutants in terms of expression of 
Hox genes (Hoxb-1 ,  Hoxb-2, Hoxb-3, Hoxb-4, Hoxa-3, Hoxd-4), Krox-20, 
FGF3, and cellular retinoic-acid binding protein I (CRABP-1). Krox-20 expres
sion is extinguished in r5 but maintained in r3 (Frohman et al. , 1 993; McKay et 
al., 1994). This and other findings are consistent with a loss of r5 and at least 
part of r6 in kr/kr mice. Accordingly, the derivatives of the neural crest origi
nating from these rhombomeres (i .e., the glossopharyngeal ganglion and nerve 
and the abducens nerve) are missing in the mutant (McKay et al., 1994). It was 
later shown that MafB/kr can directly regulate some of these genes. This 
transcription factor is able to bind Hoxb-3 promoter and activate the expres
sion of this gene in r5, and r6 under certain conditions (Manzanares et al. , 
1997). 

An unusual amount of cell death is seen in the unsegmented abnormal 
neural tube. These observations have been interpreted as if the cells that 
would normally become specified at an early stage as r5-6, adopt an r4 char
acter instead, producing an excess of r4 cells that are subsequently disposed of 
by cell death (McKay et al. , 1994). The kreisler gene seems therefore to be 
required early for the construction of the fifth and sixth hindbrain segments 
(see below). 
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Grapin-Botton et al. ( 1998) have recently shown that expression of MafB/kr 
is subjected to environmental regulatory cues that also affect Hox genes. Thus, 
transplantation of r5-6 at the level of r8 (in the 5ss chick embryo) results in the 
upregulation of Hoxb-4 and the downregulation of MafB/kr, followed by a 
complete homeotic transformation of the differentiated neural phenotype of 
r5-6 derivatives. 

This posteriorizing effect can be obtained by grafting either posterior 
somites or RA-impregnated beads in contact to r5-6 left in situ. The effect 
of the same RA beads and somites on r3-4 is the opposite: instead of down
regulating MafB/kr, the expression of this gene is induced in r3--4. It appears, 
therefore, that expression of MafB/kr depends on a definite concentration of a 
posteriorizing factor that seems to be distributed in a decreasing gradient of 
concentration along the caudorostral axis. 

3.4.3 Forehrain and midhrain segmentation 

The morphological and histological complexity of the adult forebrain makes it 
extremely difficult to determine the topological relationships existing between 
their initial components. Methodological and conceptual advances have 
recently provided new ways to envisage how the complex structures of the 
adult brain can be built up. 

Cell-marking techniques have provided precise fate maps of the neural pri
mordium (Couly and Le Douarin, 1 988; Eagleson et al., 1 995), and molecular 
markers have been discovered which have regionally restricted domains of 
expression often separated by sharp boundaries, thus providing markers for 
forebrain subdivisions. These techniques have revitalized the old idea that the 
forebrain is a neuromeric structure (Bulfone et al. , 1 993; Figdor and Stern, 
1 993). 

Among the genes expressed in the brain are at least 30 homeobox genes, 
some of them being related to the genes Distalless (Dll), Empty spiracle (Ems) 
and Orthodenticle (Otd), that direct the pattern of head development in 
Drosophila. The boundaries of expression of several genes appear either per
pendicular or parallel to the initial longitudinal axis of the forebrain. Thus, on 
the basis of gene expression patterns and of embryological, histological, and 
morphological criteria, a model has been proposed to account for forebrain 
organization: the prosomeric model (Rubenstein and Puelles, 1 994; Shimamura 
et al. , 1997, and references therein). 

The midbrain is characterized by the expression of Engrailed genes (Enl and 
En2) and by a transverse region corresponding to the midbrain-hindbrain 
junction, endowed with organizing activity (see Le Douarin, 1 993; Joyner, 
1 996, for references). 

Mutations of Enl and En2 impair the development of the midbrain and 
rostral rhombencephalon (Joyner et al. , 199 1 ;  Wurst et al. , 1994) but do not 
seem to affect the development of neural crest derivatives. 
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3.5 Relationships between brain segmentation and the 
development of the cranial, facial, and visceral skeleton 

As mentioned earlier in this chapter, the fate of the cephalic neural crest was 
established before segmentation of the brain primordium was recognized. 
When it was established that, at the critical stage of its specification, the 
brain anlage is divided into metameric units characterized by specific sets of 
gene activities, it appeared essential to establish with precision what is the 
contribution of each of these units to the derivatives of the neural crest. The 
neural derivatives of the neural crest will be discussed in this respect in Chapter 
5. In this section the diencephalic, mesencephalic, and rhombomeric origin of 
the various parts of the head skeleton and of the cephalic muscle-associated 
connective tissues will be described from experiments whereby segments of the 
neural fold were labeled at the onset of crest cell emigration. Two methods 
were used: Dil labeling and the quail-chick chimera system. 

3.5.1 Evidence for the contribution of each rhombomere to the 

branchial arches as revealed by Di/ labeling 

After showing that the formation and disposition of motor neurons in the 
chick rhombomeres conforms to the rhombomere patterns (Lumsden and 
Keynes, 1 989), Lumsden et al. ( 199 1 )  used a vital dye (Dil) to follow the 
migration of the cranial neural crest at stages ranging from 3 to 1 6  somites. 
Observations of the embryos during the 2 days following the labeling by 
intensified video fluorescence microscopy actually revealed the migration 
streams of cells originating from each rhombomere. 

It appeared clearly that the pattern of crest cell emigration from the rhom
bomeres to the branchial arches largely correlates (with some exceptions, see 
below) with the segmented disposition of the rhombencephalon, the branchial 
arches thus appearing as the ventral components of hindbrain segments (see 
Figs. 3. 16  and 3 .20). 

This being established, the patterns of Hox gene expression in the mouse 
rhombomeres and branchial arches revealed that the neural crest cells express 
the same set of Hox genes as the rhombomere from which they originate (Hunt 
et al. , 199 l a,b). A few exceptions to this rule exist, however. For example, the 
neural crest cells which correspond to r2 do not express Hoxa-2 (Prince and 
Lumsden, 1 994; Couly et al., 1 996) (Fig. 3 . 1 8) .  

Dil labeling of the neural fold prior to neural crest cell emigration (Lumsden 
et al. , 1 99 1 ;  Sechrist et al. , 1 993; Birgbauer et al., 1 995) or labeling of migrating 
crest cells by HNK l Mab or by an antibody against a neurofilament epitope 
(Sechrist et al. , 1995) revealed that at the time of migration the crest cells 
segregate into three main migratory streams composed of cells originating 
from r l-2, r4, and r6 which filled branchial arches BA I (called maxillomandi
bulary arch for r l-2), BA2 (also called hyoid arch), and BA3 for r4 and r6, 
respectively. These fluxes of crest cells are in register with the cranial nerve 
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entry/exit points which are located in the same segments. As already reported 
by previous authors (Anderson and Meier, 1 98 1 ;  Tosney, 1 982; Noden, 1 988) 
no neural crest cells are seen migrating laterally to r3 and in the region of the 
otic vesicle lateral to r5. However, previous quail-chick chimera experiments 
(Couly and Le Douarin, 1 990), and observations of neural crest cell migration 
using acetylcholinesterase as a marker for premigratory and early migratory 
neural crest cells, had established that neural crest cells emerged uniformly 
from the hindbrain neural fold as they do at the other levels of the neuraxis 
(Cochard and Coltey, 1 983). 

Graham et al. ( 1 994) attributed the absence of neural crest cells at the r3 and 
r5 levels to cell death. They reported that the neural folds of r3 and r5 exhibited 
elevated levels of apoptosis at a stage when neural crest cells should be emi
grating from these neuraxial levels. Strong expression of the homeobox con
taining gene Msx2 preceded the onset of apoptosis. Prior to Msx2 expression, 
the TGF/3 family member BMP4, which by stage HH6 is expressed uniformly 
in the hindbrain neural fold, shows higher levels of expression first in r3 and 
then also in r5 by HH9. If r3 and r5 are isolated in culture and therefore 
removed from the influence of their neighboring even-numbered rhombomeres, 
they do not show the upregulated expression of BMP4 and Msx2 and produce 
neural crest cells. In contrast, if reassociated with r4 and r6 both r3 and r5 
behave as they do in situ. Moreover, addition of recombinant BMP4 protein to 
explant cultures of r3 or r5 which produce neural crest cells when isolated, 
upregulates Msx2 expression. Increase in Msx2 expression is followed by apop
tosis of the neural crest cell population. 

This segmental apoptotic pattern of neural crest cells along the neuraxis was 
interpreted as an ontogenetic mechanism through which the streams of neural 
crest cells which colonize the successive branchial arches become strictly 
individualized. 

Although relevant, the observation and assumptions of Graham et al. ( 1 994) 
are not as strict as they appeared. First, other series of labeling experiments 
performed by Fraser's and Bronner-Fraser's groups (Sechrist et al., 1993; 
Birgbauer et al. , 1995) and by Nieto et al. ( 1 995) confirmed that r3 and r5 
are not devoid of the capability to yield neural crest cells in vivo. The latter, 
however, do not follow a dorsoventral migration route from the time they leave 
the neural primordium but migrate longitudinally first, as can be seen in Fig. 
3. 19 .  Moreover, at the level considered (r3 and r5) the majority of crest cell 
emigration takes place before the period of maximal cell death ( l l- 12ss) 
(Birgbauer et al., 1 995). Finally, labeling of crest cells by the quail-chick 
chimera system also demonstrated the contribution of r3 and r5 neural crest 
cells to branchial arches (Couly et al., 1 996; Kontges and Lumsden, 1 996). 

Similar studies have been performed in Danio rerio (Schilling and Kimmel, 
1994) at early stages of somitogenesis ( 1 2- 1 5  hours of development), when the 
cephalic neural crest forms two cords of cells laterally to the neural keel down 
to the otic placode. The cephalic paraxial mesoderm appears as a thin string of 
cells (one or two cells wide) along the yolk sac, which is continuous caudally 
with the first somite (Fig. 3 . 1 9) .  Labeling of single cells by vital dye injection 
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Summary fate map 

Figure 3.19 Relative contribution of neural crest and mesoderm to the mesenchyme of 
the branchial arches in zebrafish embryo. (A) Transverse section through the head of a 
1 2-h zebrafish embryo in a region just caudal to the eye, stained with toluidine blue to 
reveal general cellular architecture. nc, neural crest; m, cephalic paraxial mesoderm; y, 
yolk; CNS, central nervous system. Bar = 25 µm. (B) Summary fate map drawn by 
outlining the areas of neural crest and mesoderm that generate each arch. Black regions 
denote the overlap between fate map areas. e, eye; ot, otic vesicle. (Reproduced, with 
permission of Company of Biologists Ltd, from Schilling and Kimmel, 1 994.) 

Jed to the establishment of a fate map for both neural crest (Fig. 3 . 1 9) and 
paraxial mesoderm. It was found that single neural crest cells and mesodermal 
cells produce clones whose extension is restricted to single segments and to 
single cell types, indicating that, well before rhombomere boundaries are 
present, the cell movements taking place during branchial arch formation are 
constrained to a large extent and take place essentially within a given trans
verse plane. When migration is completed, mixing of cells of neighboring 
arches is further prevented by the endoderm outpocketings of the branchial 
pouches. The fate of the cells can be predicted according to their position 
within the neural crest: the more laterally located cells form neurons, medially 
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located cells generate Schwann and pigment cells, and the more dorsal cells 
form cartilage and connective tissue. This suggests that they are determined 
prior to migration. This assumption, however, should be confirmed by trans
position experiments before being accepted as fact. 

3.5.2 Determination of the long-term fate of neural crest cells of 
mesencephalic and rhombomeric origin 

As mentioned before, vital dyes have the advantage of being easy to apply and 
to constitute a non-invasive way to follow cell migrations. However, they 
provide information only over a short period of time. This is why the quail
chick marker system was applied to this analysis simultaneously in Lumsden's 
and Le Douarin's laboratories. 

The stages elected for the operation were stages HHS + to 9 + for Kontges 
and Lumsden ( 1996) and 5-6ss (HHS) for Couly et al. ( 1 996). Since rhombo
mere boundaries are not all visible at that stage, the fate map of the rhomben
cephalon was constructed as a prerequisite (see Grapin-Botton et al. , 1 995, for 
the fate map of rhombomeres in the 5ss embryo). Substitutions of chick rhom
bomeres by their quail counterpart were carried out using an ocular micro
meter so that in the large majority of cases they turned out to be very precise, 
as attested by the labeling with the QCPN Mab applied 24 hours after surgery 
when rhombomeres are individualized and when the neural crest cell migration 
stream is visible (Fig. 1 .5). 

Since the mesencephalic neural crest participates significantly to the hypo
branchial structures, the mesencephalon was also involved in these series of 
operations. 

First, the segmental distribution of crest cells into the maxillary process and 
the branchial arches already observed with larger grafts of neural tube or 
neural fold and with Oil (Johnston et al., 1 974; Le Lievre and Le Douarin, 
1975; Noden, 1 97Sa,b; Lumsden et al., 199 1 )  was fully confirmed by these 
experiments. Although r3 and r5 were considered to produce no neural crest 
cells, their contribution to branchial arches ( I  and 2 for r3, and 2 and 3 for r5) 
was found to be significant (Fig. 3 .20). This confirmed the observations made 
by Sechrist et al. ( 1993), Birgbauer et al. ( 1995), and Nieto et al. ( 1995). 

The stability of the quail marker in quail-chick chimeras permitted the 
determination of the precise contribution of each brain segment to the skele
ton, the connective components of the head muscles, the peripheral head gang
lia and nerves (see Chapter 4), and finally to the heart (see above) and 
glandular structures associated with the aortic arches and pharynx (carotid 
body, ultimobranchial bodies, thyroid, parathyroids, thymus) with a resolution 
that was not provided by the previously applied experimental designs. 

In birds, the craniomandibular articulation includes the quadrate and 
the pterygoid (also called pterygoquadrate), which articulates to the palatine 
bone (roof of the palate) anteriorly, to the squamosal posteriorly, to the 
quadratojugal/jugal bone laterally and to the lower jaw through the articular 
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ventrally (Fig. 3 .20). The neural crest from the posterior half o f  the mesence
phalon yields cells participating to the squamosal bone, the pterygoquadrate, 
the quadratojugal, the articular, Meckel's cartilage (nearly complete), and all 
the membrane bones of the mandible. The proximal part of the lower jaw, 
however, is derived from neural crest cells arising from r l-3 (Couly et al. , 1996; 
Kontges and Lumsden, 1996) (Fig. 3 .20). 

The columella (avian homolog of the mammalian stapes) is mostly of neural 
crest origin and made up of cells from r4 (i.e., from BA2, the hyoid arch), with 
a possible contribution from the paraxial mesoderm (Kontges and Lumsden, 
1996). 

Neural crest cells derived from rl are found throughout the quadrate and 
pterygoid bones, also called pterygoquadrate, whereas midbrain crest cells 
occupy only its dorsal margin and articulation. Crest cells from r2 are essen
tially located in ventral articulations with the lower jaw. The boundaries 
between these crest cell populations are not sharp, but r l - and r2-derived 
cells are always found in the posterior quarter of the jaw in agreement with 
their localization in the first branchial arch (see Figs. 3 .20 and 3 .21) .  

The lower jaw skeleton in the embryo is composed of Meckel's cartilage 
covered by several membrane bones: the angular, supra-angular, opercular, 
and dentary. The retroarticular process is formed by calcification of connective 
tissues taking place during the second half of the incubation period. It can thus 
be identified only in embryos older than E9-l 0. These tissues originate from 
cells belonging to the hyoid arch (i.e., mainly r4 with also a contribution from 
r3; see Kontges and Lumsden, 1 996). 

The hyoid cartilage is formed of a series of skeletal elements: entoglossum 
(or paraglossals), basihyal (basihyoid), basibranchial (or urohyal), ceratobran
chial, and epibranchial (Fig. 3 .2 1 ), the most anterior of which (entoglossum 
and basihyal) constitute the tongue skeleton. 

The hyoid bone was found to have a highly composite origin with the 
entoglossum derived from the posterior mesencephalon (Couly et al., 1996) 
and its other components formed by cells from the successive anteriormost 
rhombomeres. As a general rule, cells originating from different segmental 
origins remain coherent and do not mix. This results in sharply defined borders 
separating the crest cell populations originating either from the mesencephalic 
or the various rhombomeric levels. These borders do not coincide with ana
tomical entities. 

Some slight discrepancies exist between the reports of Couty et al. ( 1 996) 
and Kontges and Lumsden ( 1 996) as to the exact extent of the contribution of 
each rhombomere to the hyoid bone, but as a whole their interpretations of the 
segmental contribution of the hindbrain to the hypobranchial structure are 
similar. These discrepancies may have arisen from variations in the grafting 
experiments. Thus, for Kontges and Lumsden, r3-, r4-, and r5-derived cells 
participate in the posterior end of the paraglossals, whereas for Couly et al. 
they do not and are found more posteriorly in the basihyal (r3, r4) and the 
ceratobranchial (r4-5). Crest cells from r6-7, which colonize the third and 
fourth branchial arches, form the posterior part of the basihyal for Kontges 
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Diencephalic and anterior mesencephalic NC 
• Posterior mesencephalic NC D r4 NC 
D r1 NC • rS NC 
• r2 NC • r6 NC 

r3 NC • r7 NC 

Figure 3.20 (A) Migration map of cephalic neural crest cells in the avian embryo. The 
origin of neural crest cells found in the nasofrontal and periocular mass and in the 
branchial arches is color-coded. Anterior mesencephalon contributes to the nasofrontal 
and periocular mass. Posterior mesencephalon also participates in these structures, but 
in addition populates the anterodistal part of BA 1 .  The complementary portion of BA 1 
derives from R l/R2 together with a small contribution of R3. The major contribution to 
BA2 comes from R4. Neural crest cells arising from R3 and R5 split into strains 
participating, respectively, to two adjacent arches: R3 cells migrate to BAI and BA2; R5 
cells migrate to BA2 and BA3. R6 and R7 derived cells migrate to BA3 and BA4. 
(B) Color-coded (see A) fate map of the neural crest issued from the prosencephalon, 
mesencephalon, and rhombomeres 1--4. The bones, cartilages, and muscles of the jaw 
are numbered in the upper panel. 1 ,  articular; 2, quadrate; 3, quadratojugal; 4, 
pterygoid; 5, palatine; 6, squamosal; 7, jugal; 8, Meckel's cartilage; 9, supra-angular; 10, 
angular; 1 1 , dentary; 12,  opercular; 13 ,  splenial; 14, columella; 1 5, depressor 
mandibulae; 1 6, pterygoideus; 17,  pterygoquadrate; 1 8, retroarticular process. a-f 
represent respectively the contribution of anterior mesencephalic (a), posterior 
mesencephalic (b), r l  (c), r2 (d), r3 (e), and r4 (f) neural crest to the facial skeleton and 
the connective tissue of the mandibular retractor muscle in f. 

For a colored version of this figure, see www.cambridge.org/9780521122252. 
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Figure 3.20 (cont.) 

and Lumsden ( 1 996), whereas for Couly et al. ( 1996) they are found more 
posteriorly in the basibranchial. 

Both groups of authors agree that r6 forms most of the epibranchial and 
ceratobranchials (see Fig. 3 .2 1) and that in this case the r6-7 populations of 
neural crest cells mix. Couly et al. ( 1996) show also that cells from r8 partici
pate in the distal part of the basibranchial. 

The articular bone has two processes which serve as sites of attachment for 
muscles (pterygoideus and depressor mandibulae). Kontges and Lumsden 
( 1996) noticed that in this case as for the other bones and associated muscles 
the connective tissues of these muscles have the same transverse origin as the 
bones to which they are attached (see Fig. 3.22B, F). For these authors, this is 
the case also in the viscerocranium, for all branchial and hypoglossal (tongue) 
muscles. This means that each rhombomeric or mesencephalic crest population 
remains coherent and that their segmental origin is maintained throughout 
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Figure 3.21 Respective origins of the lower jaw and hyoid bone from midbrain and 
hindbrain neural crest. (A, B) Results of experiment whereby the chick neural folds 
corresponding to each individual rhombomere and to the posterior mesencephalic half, 
were substituted by their quail counterpart at 5ss. (C) Lower jaw and hyoid bones with 
the corresponding legends. (Reproduced, with permission of Company of Biologists Ltd, 
from Couly et al., 1 996.) 

For a colored version of this figure, see www.cambridge.org/978052 l l 22252. 

ontogeny, a fact which is proposed to account for the permanence of the 
cranial skeletomuscular pattern throughout vertebrate evolution (Kontges 
and Lumsden, 1 996). The fact that the connective tissue component of the 
muscles and their insertion points on the bone are strictly ontogenetically 
related demonstrates a key role for connective tissue in patterning the muscles 
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in  the head as  already proposed by Noden ( l  983a, l 986b) and evidenced for 
the limb muscles by Chevallier and Kieny ( 1 982). 

Moreover, this suggests that the neural crest has a special function in 
patterning the skeletomuscular connectivity. This underlying pattern, which 
could only be revealed by the ability of the quail-chick system to disclose 
the long-term fate of single rhombomere-derived cells, also provides an 
answer to the old question of craniofacial pattern formation (see Noden, 
1986b; McClearn and Noden, 1 988) as to how branchial and hypoglossal 
muscles become anchored to specific regions of the neurocranium and 
splanchnocranium. 

The investigations described above have also pointed out the fact that the 
muscles whose connective tissue belongs to a given segmental unit are inner
vated by nerves arising from the same rhombomeres. For example, the man
dibular attachment sites of the lower jaw for the jaw-closing adductor muscles 
are derived from r2 and r3, and these muscles are innervated by the trigeminal 
neurons of r2-3 (Kontges and Lumsden, 1996). Similarly, the depressor man
dibulae whose connective tissue is of hyoid arch (BA2) origin is innervated by 
facial motor neurons lying in r4 and r5. 

This review of the origin and fate of the neural crest cells shows that the 
classical nomenclature of branchial arches as maxillary and mandibular for 
BA I and hyoid for BA2 has become obsolete. In fact, the hyoid bone does 
not originate from the so called hyoid arch but from cells of BAI ,  BA2, BA3, 
and BA4-5 as well. Moreover, the mandible is not derived exclusively from 
BAI since the retroarticular process originates from cells which have initially 
migrated to BA2 (r4 cells). 

3.5.3 Regeneration capabilities of the cephalic neural crest 

Ablation of embryonic territories in "regulative embryos" such as those of 
vertebrates is generally followed by more or less complete regeneration of 
the excised region together with its reorientiation toward a novel fate in accor
dance with that of the missing cells. The regulative capacities of the embryonic 
cells limiting the excision depend upon the nature and extension of the lesion as 
well as on the developmental stage at which the operation is performed. This 
has been well illustrated in the past for the neural crest, the ablation of which 
has yielded variable results ranging from no effect to more or less extended 
deficiencies (references in Couly et al. , 1993) (e.g., Stone, 1 929; Hammond and 
Yntema, 1947, 1964; Le Lievre, 1974; Langille and Hall, 1 988a,b). 

In more recent experiments (Scherson et al. , 1993; Hunt et al. , 1 995; 
Sechrist et al., 1995), the neural fold either alone or together with larger 
or lesser portions of the lateral wall of the neural tube at the rhomben
cephalon level was excised uni- or bilaterally in 4-12ss chick embryos. No 
malformations consecutive to the ablation were reported to occur in neural 
tube (brainstem) and neural crest derivatives. The sectioned neural tube was 
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labeled by Oil on its dorsal surface and labeled cells were described as 
migrating and following "normal migratory routes" (Scherson et al. , 
1 993). This would mean that the neural tube, even from its most ventral 
levels, is able to regenerate not only the missing tube but also a neural crest. 
It was later proposed (Sechrist et al. , 1 995) that regeneration of the neural 
crest takes place only if apposition of the remaining neuroepithelium with 
the surface ectoderm occurs. This contact is followed by upregulation of the 
Slug gene which normally precedes neural crest cell emigration. In this 
second report from Bronner-Fraser's group, it is mentioned that regulation 
of neural crest cells occurs essentially at 3-5ss and slowly declines after this 
stage. Moreover, in this series of experiments, the extent of neural tube 
ablation seems to bring about a limitation in the capacity of the neuro
epithelium to reform a neural crest since the regulative response decreases 
with the depth of the ablation. In a more recent article, Buxton et al. ( 1 997) 
found that the contact between the surface section of the neural tube with 
the superficial ectoderm was not able to induce the expression of Slug. In 
contrast, annealing of the neural tube by fusion of the two sectioned sur
faces on the midline was shown to be critical in the upregulation of Slug 
gene expression in the dorsal part of the truncated neural tube. Notable is 
the fact that Pax3 is first expressed dorsally and then downregulated when 
Slug transcripts start to accumulate. According to Buxton et al. ( 1997), 
BMP4 is not reexpressed at the site of the excision and would therefore 
belong to regulatory pathways distinct from Pax3 and Slug. 

The regeneration capacity of the cephalic neural crest after its partial 
removal at 5-6ss was confirmed in general terms by Couly et al. ( 1 996). 
Thus, the excision of the tip of the neural fold over several consecutive rhom
bomeres was followed by the perfect regulation of deficiencies. However, when 
the excision included also the whole mesencephalic territory, large deficiencies 
in skeletal and connective facial structures were observed. Moreover, excision 
of either the alar plate or of the basal plate was not followed by regulation of 
the corresponding brainstem and mesencephalic structures and large regions of 
the brain were missing in such embryos (Etchevers and Le Douarin, unpub
lished results). 

The source of the cells able to compensate for the removed neural folds was 
systematically investigated using the quail-chick marker system (Couly et al., 
1996). When the neural fold was removed unilaterally, the contralateral neural 
fold rapidly flowed over the area of excision and yielded crest cells bilaterally in 
sufficient number to constitute normal structures on both sides. This was con
firmed by the experiment represented in Fig. 3 .22, where the neural folds are 
excised in a chick embryo on both sides and replaced by the equivalent neural 
fold from a quail embryo on one side only. A few hours later, the quail neural 
crest is seen migrating bilaterally (Fig. 1 .4). 

The capacity of the ventral neural tube to regenerate a neural crest was 
tested by replacing the ventral half of the chick neural tube by its quail counter
part, as indicated in Fig. 3.23. Although great care was taken so that the 
superficial ectoderm would contact the graft, no quail neural crest cells ever 
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A Bilateral removal of the chick neural folds 

0 
B Unilateral graft of quail neural fold 

0 
C Bilateral migration of quail neural crest cells 

0 
Figure 3.22 Diagram showing an experiment designed to explore the capacity of the 
contralateral neural fold to regulate the deficiencies due to the unilateral excision of the 
neural fold. After bilateral removal of the chick neural folds (A) followed by unilateral 
graft of the same structure excised from a quail (B), quail neural crest cells migrate on 
both sides of the chimera (C). 

exited from the surface of excision. Couly et al. ( 1 996) further demonstrated 
that the source of the regenerating cells was the neural crest itself limiting the 
excised territory. This was shown by grafting quail neural fold at these levels 
and demonstrating that quail neural crest cells filled the gap corresponding to 
the excision by undergoing a caudorostral and rostrocaudal longitudinal 
migration (Fig. 3 .24). 

Different experimental designs were used to compare the extent of regula
tion of the neural fold of the chick left in situ to that of the grafted quail neural 
fold. It was found that the regeneration capacity was identical for the grafted 
quail or the endogenous chick neural fold and depended only on the level of the 
excision. This definitively rules out the improbable possibility that introduction 
of quail grafts might have biased the results observed. Finally, the regeneration 
of neural crest cells by the neural fold bordering the excised area was also 



        
       

l l8 THE NEURAL CREST 

A 

Figure 3.23 (A) Schematic drawing showing the graft of the ventral half of a quail (Q) 
neural tube into a chick (C) embryo at Sss at the level of Rl-R3. The dorsal ectoderm is 
put back to its normal position after graft completion. (B, C) Transverse sections at the 
rhombencephalic level of a 30ss chimera. The neural epithelium was treated with 
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observed by Saldivar et al. ( 1997). In conclusion, the divergent interpretations 
given to the striking phenomenon of neural crest regeneration show once more 
that the use of precise and stable cell markers is necessary for following highly 
dynamic phenomena. 

In the fate map established by grafting fragments of the quail neural fold 
into chick embryos from the midmesencephalic level to r8, the contribution 
of the posterior half of the mesencephalon and of each rhombomere to the 
facial skull could be determined (Figs. 3 .20, 3 .2 1 )  (Couly et al. , 1 996). The 
regulation experiments just described revealed that the neural crest cells 
migrating along the anteroposterior axis to compensate the deficiencies result
ing from the ablation of the neural folds in r l  to r7 included, expressed the 
Hox code corresponding to their level origin. Neural crest cells were therefore 
not influenced by the environment of the branchial arches in their capacity to 
express Hox genes. 

This stability in the Hox code of neural crest cells was confirmed when the 
neural fold was transposed either anteriorly or posteriorly. Moreover, these 
experiments showed that expression of Hox genes in the branchial arch ecto
derm is independent from that of the neural crest cells which colonize this arch. 
Thus, when the neural fold of r l-2 was transposed to the r4-6 level, the neural 
crest cells emigrated into branchial arch 2 instead of branchial arch 1 .  
Although they failed to express Hoxa-2, the surface ectoderm of branchial 
arch 2 expressed Hoxa-2 normally. This shows that the neural crest cells do 
not induce the superficial branchial arch ectoderm to express a given Hox code 
as hypothesized by Hunt et al. ( 1 99 l a). 

3.5.4 Patterning capacities of the neural crest 

Already in 1 946, Horstadius and Sellman raised the question as to whether a 
prepattern of its mesectodermal derivative neural crest is established in the 
cephalic neural crest. In an interesting experiment, they lifted off the neural 
plate and ridge of the head region in Amblystoma mexicanum at the neurula 
stage and replaced it after a 1 80° rotation. Many anomalies of the cranial 
skeleton resulted from the operation and the transplanted neural crest popula
tions formed skeletal structures more appropriate in shape to their original 
location along the neuraxis than to their new position in the host. 

In the chick embryo, heterotopic transposition of fragments of the neural 
primordium along the neuraxis (Le Douarin and Teillet, 1974) led to the notion 

Figure 3.23 (cont.) 
pancreatin before grafting to remove contaminating mesodermal cells. The grafted half 
neural tube of the quail is perfectly integrated in the chick embryo. The graft clearly did 
not yield neural crest cells since no quail cells are seen in the chimera apart from the 
grafted neuroepithelium itself. Note the close contact between the graft and the host's 
superficial ectoderm (in B and C). Quail cells are evidenced by the QCPN Mab. Bar = 
90 µm in B and 20 µm in C. (Reproduced, with permission of Company of Biologists 
Ltd, from Couly et al. , 1 996.) 
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that the population of neural crest cells exiting from a given level of the 
neuraxis is not committed to a definite fate. The latter is acquired in response 
to signals from the environment of the target tissues that the neural crest cells 
colonize. This was particularly well documented for the derivatives of the 
neural crest belonging to the PNS and to endocrine tissues. For example, 
neural crest cells arising from the posterior level of the rhombencephalon, 
which normally constitute most of the enteric nervous system and do not 
reach the suprarenal gland, can do so and can even differentiate into normal 
medullary cords of chromaffin cells if they are transplanted to the brachia! level 
(somites 1 8-24). Inversely, neural crest cells from the brachia! level, trans
planted to the posterior rhombencephalon, will colonize the gut and differen
tiate into enteric plexuses (see Chapter 5). Similar experiments involving the 
mesencephalic neural crest have shown, however, that one particular neural 
crest-derived lineage is endowed with a certain level of commitment. Thus, the 
mesencephalic neural crest transplanted at the truncal level yields ectopic pieces 
of cartilage (e.g., rods of cartilage were seen in the dermis or in the kidney at 
the graft site). Moreover, Noden ( 1 983b) transplanted the mesencephalic 
neural fold (which normally yields cells which colonize BA I and participate 
in the formation of the lower jaw) to the hindbrain (about the otic level of the 
rhombencephalon) and found that, in this ectopic position, the transplanted 
crest cells change the fate of the second (so-called hyoid) arch into that of a first 
arch. In fact, a second set of jaw skeletal tissues including Meckel's cartilage 
developed while the endogenous hyoid bone was reduced. This indicated that, 
in contrast to the plasticity of its neural derivatives, the mesectodermal 
derivatives of the neural crest are endowed with intrinsic patterning activity. 
Even transplanted ectopically, at the hindbrain level, the mesencephalic neural 
crest cells develop into a lower jaw as they would have done if left in situ. 

Recent experiments carried out by Couly et al. ( 1 998), in which definite 
fragments of the 5-6ss quail mesencephalic neural fold and associated dorsal 
neural tube were transplanted at the level of r4-6 of stage-matched chick, 

Figure 3.24 (A) Demonstration that the neural crest regenerates from the neural folds 
limiting the excised territory. The neural fold was bilaterally excised in a 5ss chick 
embryo from the midmesencephalic level to somite 3. Excision was followed by the 
bilaterally orthotopic graft of fragments of the quail neural fold at level r7-r8a 
(anterior) and corresponding to the posterior mesencephalon. The territory devoid of 
neural fold (rl -r6 included). (B) Schematic representation of quail cell distribution in 
the cranial ganglia of nerves V, VII-VIII, IX-X, and in the hypobranchial skeleton. The 
screen indicates the origin of the regenerating cells. (C) QCPN Mab staining of an 
operated E3 chick embryo revealed that branchial arches 1--4 (BAl--4) are colonized by 
quail cells. Note that invading cells have not yet completely filled up BA2 (arrows). (D) 
Schematic drawing of an experiment in which the neural folds were removed bilaterally 
from the diencephalic/mesencephalic constriction down to r5. Excision was followed by 
the orthotopic bilateral graft of quail neural fold fragments corresponding to r3/4. The 
result is seen after QCPN Mab staining at E3, on (E) and after (F) in situ hybridization 
with a Hoxa-2 probe. Bar = 100 µm. (Reproduced, with permission of Company of 
Biologists Ltd, from Couly et al., 1 996.) 
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confirmed Noden's findings and resulted also in the duplication of some skel
etal features of the lower jaw. In this experimental situation, the mesencephalic 
crest cells failed to express any Hox genes. As far as their "Hox code" is 
concerned, the crest cells colonizing BA2 in these circumstances were therefore 
in the same situation as those of mice embryos in which the Hoxa-2 gene was 
disrupted (Gendron-Maguire et al., 1993; Rijli et al., 1993). As will be discussed 
below, Hoxa-rl- mice also exhibit duplication of the lower jaw. These trans
position experiments thus produce a loss of function of Hoxa-2 which is 
restricted to crest cells of the second branchial arch. 

Couly et al. ( 1 998) also selectively transplanted the neural fold from the 
mesencephalon to the r4-6 level and subsequently found ectopic rods of 
quail cartilage, but these were not properly organized into recognizable 
lower jaw structures. It appears, therefore, that the presence of the neural 
tube neuroepithelium from the mesencephalic level is critical for the patterning 
capacities of the neural crest to be fully expressed. 

It was then tempting to manipulate the midhindbrain neural crest so that the 
reverse situation would be generated: i .e., colonization of BA I by crest cells 
expressing Hoxa-2. The experiments described above, showing that regenera
tion of neural crest cells takes place by longitudinal migration of crest cells 
along the anteroposterior axis from the neural folds limiting the excised terri
tory, provided a cue for devising the following experimental paradigm: the idea 
was to lead neural crest cells from a posterior origin, thus expressing Hox 
genes, to colonize BA I while avoiding Hox gene-negative cells to reach it. 

First, it was shown that, at 5-6ss, the resection of the neural fold including 
the presumptive mesencephalon, plus the first three rhombomeres (r l-r3), is 
followed by a regeneration from caudal to rostral from the territory corre
sponding to r4-6. These r4-6 neural crest cells express the Hoxa-2 gene and 
colonize BA I .  In contrast, the diencephalic neural crest cells, that are left in 
situ, migrate essentially to the frontal and nasal area and do not contribute to 
BAI (Fig. 3 .24). If, in contrast, the resection does not include the anterior half 
of the mesencephalic neural fold, BAI is essentially colonized by crest cells of 
mesencephalic origin that do not express Hoxa-2 and develop into a normal 
jaw. The experimental designs represented in Figs 3 .24 and 3.25 result in the 
colonization of BAI by Hoxa-2-expressing quail cells. In the chimeric embryos 
resulting from this operation the lower jaw was absent and the BA I quail cells 
were eventually found exclusively in neural derivatives. It thus appears that this 
Hoxa-2 gain-of-function experiment has a morphogenetic outcome opposite to 

Figure 3.25 ( 1 )  Schematic drawing showing that the neural fold has been removed from 
the level of the diencephalic-mesencephalic constriction down to r6 inclusive (the 
operation is carried out at 5ss). Quail neural fold fragments are implanted bilaterally at 
r4-r6 level. The regenerating neural crest cells fill up BA2, and BAl ,  and to some extent 
the maxillary bud. Thus, Hoxa-2 cells colonize BAL (2) At E4 the operated embryos 
lack a lower jaw. (3) The same operation is performed except that the grafted quail 
neural folds are of posterior mesencephalic origin. (4) Normal head of an E4 chick. (5) 
The operated embryo develops a normal lower jaw. 
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the loss of function obtained in mice by targeting the Hoxa-2 gene (Gendron
Maguire et al., 1 993; Rijli et al., 1993) and in chicken by transposition of neural 
folds from rostral to caudal so that not expressing neural crest cells Hoxa-2 
colonize BA2 (Fig. 3 .25). 

Strikingly, if in the experimental design represented in Fig. 3.25 the endo
genous r4-6 neural fold is replaced by a segment of mesencephalic crest, then 
mesencephalic crest cells (expressing no Hox genes) colonize BA I and a normal 
jaw entirely of graft origin develops. 

In conlusion, the interpretation according to which Hoxa-2 acts as a selector 
gene which inhibits the development of a lower jaw type skeleton (Rijli et al., 
1 993) (see discussion in Section 3.6. 1 .2) is corroborated by these experiments. 

Moreover, while confirming the seminal observation made by Noden 
( 1983b), from which it was perceived, for the first time, that the neural crest 
cells themselves possess a certain amount of patterning information, these 
experiments raise the following points: 

1 .  The midbrain neural crest cells keep their capacity to differentiate into 
cartilaginous structures in ectopic positions whether the latter are 
truncal or rhombencephalic. 

2. Patterning of skeletal structures typical of a lower jaw occurs only if 
mesencephalic neural crest cells migrate into BA I or BA2 and not 
posteriorly. 

3. Patterning of lower jaw skeletal structures in the BA2 context occurs 
only if the transplanted neural fold is associated with its mesencephalic 
neuroepithelium. Transplantation of the neural fold alone merely 
results in the development of cartilage rods. 

4. Transposed fragments of mesencephalic and rhombencephalic neural 
fold along the anteroposterior axis (whether or not the graft includes 
the adjacent fragment of the neural tube) yield neural crest cells that 
keep their endogenous Hox code. 

3.6 Genetic analysis of the development of the 
mesectodermal derivatives of the neural crest: roles of Hox 
genes and retinoic acid (RA) 

3.6.1 Disruption of certain Hox genes of the first paralogous 
groups interferes with the development of neural crest-derived 
branchial arches structures 

3.6. 1 . 1  Disruption and overexpression of Hoxa- 1 gene (Hoxl -6). In the 
mouse, Hoxa-1 expression in the prospective r4-6 region of the hindbrain 
is only transient (at 7 .5 to 8 .5  dpc) (see Fig. 3 . 1 6) and precedes the restriction 
of Hoxb-1 to r4, and of Krox-20 to r3 and r5 and the overt hindbrain 
segmentation. 
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Hoxa-r1- mouse embryos have only five rhombomere-like structures (r l-r5) 
(Lufkin et al., 1 99 1 ;  Chisaka et al., 1 992; Mark et al., 1 993; Carpenter et al., 
1993). The first three rhombomeres (r l -r3) seem normal in size and also in the 
expression pattern of several markers such as CRABP-I, Hoxa-2, Hoxb-2, and 
Krox-20 (Dolle et al., 1993). In contrast, r4 and r5 are strongly reduced and 
fused in a single "segment-like structure" which seems to incorporate r6. This 
is suggested by the absence of Krox-20 expression normally present in r5 and 
by the juxtaposition of a short expression domain of Hoxb-1  (corresponding to 
an r4 reduced in size) with the expression domain of Hoxa-3 and Hoxb-3 

characteristic of normal r6. Juxtaposition of r4 and r6 does not lead to the 
formation of a rhombomere boundary as shown by Guthrie and Lumsden 
( 1 99 1 )  in another experimental paradigm. 

In Hoxa-1 mutants the motor neurons of the facial nerve (derived from r4 
and r5) are scarce and those of the abducens nerve are absent. Interestingly, in 
Krox-20-1- mice and in the kreisler mutation characterized by a severe reduc
tion or absence of r5, agenesis of the abducens nerve motor nucleus is also 
observed (Frohman et al., 1 993; Schneider-Maunoury et al., 1 993). 

In Hoxa-rl- mice, the motor nuclei of nerves V and IX (glossopharyngeal), 
respectively derived from r 1-3 and from r6-7, are not affected. 

The absence of defects in regions caudal to r6 in Hoxa-rl- mice indicate 
that the functional domain of this gene corresponds to its more rostral domain 
of expression and does not involve the mesectodermal derivatives. 

Overexpression of Hoxa-1 has been obtained in the zebrafish by injecting 
synthetic RNA into the fertilized egg (Alexandre et al., 1996). This resulted in 
the abnormal development of the anterior hindbrain, and the duplication of 
Mauthner neurons in r2. Krox-20 expression was increased in r3 and not in r5, 
in contrast to the situation in the mouse where overexpressing Hoxa-1 had no 
effect on Krox-20 (Zhang et al., 1994b). In these experimental fish embryos r3 
was enlarged and the first pharyngeal arch skeleton (i.e., Meckel's cartilage and 
palatoquadrate) failed to form. The second arch-derived ceratohyals (also 
called ceratobranchials) were thickened and partially bifurcated. It seems, 
therefore, that the neural crest cells that normally form the first pharyngeal 
arch have to some extent been respecified since in the fish the crest cells which 
populate the first branchial arch originate predominantly from r l-3, whereas 
those populating the second arch originate from r3-5 (Schilling and Kimmel, 
1994). Fusion of the first two branchial arches in the Hoxa-1-overexpressing 
embryos seems a likely mechanism to account for this phenotype. This was not 
observed in the Hoxa-1 transgenic mice in which Krox-20 expression was 
normal. However, transformation of r2 to r4 was found in both the mamma
lian and fish models. It is interesting to note that the phenotype generated by 
treating early zebrafish gastrulas with a pulse of RA (Hill et al., 1 995) is strik
ingly similar to that generated by overexpression of Hoxa-1 .  This must be 
related to the fact that treatment with RA causes an ectopic anterior expression 
of Hoxa-1 ,  thus showing a functional link between RA and this Hox gene 
(Holder and Hill, 199 1 ;  Hill et al., 1 995). 
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3.6. 1.2 Disruption ofHoxa-2(Hox l - l l )  gene in the mouse results in spectacular 
ma/formations of the mesectodermal derivatives of the anteriormost branchial 
arches. In Hoxa-r1- fetuses, analysed at 1 7.5 or 18 .5  dpc (Gendron-Maguire 
et al. , 1993; Rijli et al., 1 993) the skeletal elements derived from the second 
branchial arch are lacking (Fig. 3 .26). Such is the case of the stapes (S), the 
styloid bone (SY) and the lesser horn of the hyoid bone (LH). They had, 
instead, abnormal skeletal pieces membranous and endochondral in origin 
which consitute a duplication of proximal bones normally present in the first 
mandibular arch: a supernumerary malleus (M2) fused to an ectopic truncated 
Meckel's cartilage (M2) and extra incus (I2), tympanic (T2), and squamosal 
(SQ2) bones. This caudal set of first arch structures are positioned in such a 
way that, together, they form a mirror image of their orthotopic counterpart. 
In addition, the Hoxa-r1- mutants possess a rod-like cartilage fused rostrally 
to the alisphenoid (homologous to the reptilian epipterigoid) and to the super
numerary incus (homologous to the reptilian quadrate). This supernumerary 
element, absent in normal mice, was homologized to the reptilian upper jaw 
cartilage pterygoquadrate (PQ) on the basis of its anatomical relationships 
with the alisphenoid and the incus. In addition, the epithelial auditory meatus 
normally derived from the first branchial arch was duplicated. 

The molecular identity of the rhombomeres and of the neural crest they 
produce was tested in Hoxa-rl- embryos by looking at the expression of 
genes such as Hoxb-1 ,  Hoxb-2 (the paralogs of Hoxa-2) Hoxa-3, Krox-20, 
goosecoid (Gsc), and CRABPI. Rhombomeres 2-6 were present in the mutant 
embryo and showed a normal expression pattern for these markers (Gendron
Maguire et al. , 1 993; Rijli et al. , 1 993). Thus Krox-20 was exclusively expressed 
in r3 and r5 whereas Hoxb-1 was restricted to r4 in 9.5 dpc Hoxa-r1- mice. In 
the neural crest, Hoxb-2 was expressed in the cells destined to form the acous
ticofacial ganglia and in the mesenchyme of the second and third branchial 
arches, as in normal embryos. 

Goosecoid homeobox gene transcripts, which are restricted to the caudal 
mesenchyme of the first branchial arch and the most rostral portion of the 
second arch at E l0.5 (Gaunt et al. , 1 993), were not altered in Hoxa-2 mutants 
(Rijli et al., 1 993). 

All these observations justify the interpretation according to which removal 
of Hoxa-2 activity during the specification of the branchial arches reveals the 
existence of a skeletogenic ancestral pattern program common to the neural 
crest cells which colonize the two first branchial arches, namely the posterior 
mesencephalic crest cells and those which arise from rl --4 inclusively. This 
pattern is manifested by the development of atavistic bones present in reptiles. 

Evolution from reptiles to mammals has involved changes of the jaw joint 
that have been well identified in the Therapsids which are considered as the 
reptilian progenitors of mammals (reviewed in Mark et al. , 1 995). In therapsids 
the lower jaw is formed by the dentary bone and several postdentary elements, 
including the articular (see Fig. 3 .27) which is derived from the caudal portion 
of Meckel's cartilage. Articulation of the lower with the upper jaw is mediated 
by the articular bone which contacts the quadrate. During evolution of 
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WILDTYPE LH 

HOXA·2 MUTANT 

Figure 3.26 Skeletal elements derived from BA I Ill and Ba2 • in the wild-type and 
Hoxa-2 null mutant mouse fetuses. In the wild-type, the stapes (S), styloid bone (SY), 
stylohyoid ligament (SL), and lesser horn of the hyoid bone (LH) all derive from the 
cartilage of the second arch (Reichert's cartilage). In the Hoxa-2 mutant, several bones 
of the lower jaw are duplicated. The duplicated bones are thought to originate from the 
hyoid (BA2) arch which, in the absence of Hoxa-2 activity, develops according to a BAI 
pattern. The duplicated bones are: P and P2, pterygoid and extrapterygoid bones; I and 
I2, incus and extraincus; MC and MC2, Meckel's cartilage and extra-Meckel's cartilage; 
M and M2, malleus and extramalleus; T and T2, tympanic and extratympanic; SQ and 
SQ2, squamosal and extrasquamosal; G and G*, gonial and extragonial. Other bones 
are: Q, quadrate; AS, alisphenoid; D, dentary; PL, palatine; X, maxillary; PQ, 
pterygoquadrate: the latter present in Hoxa-i-1-·· mice, represents the reemergence of an 
atavistic reptilian character. (Reproduced, with permission, from Rijli et al., 1993. 
Copyright Cell Press.) 

therapsids to mammals, the dentary-bone has enlarged caudally to meet the 
squamosal, thus establishing the dentary-squamosal or temporomandibular 
joint (see reviews in Olson, 1959; Allin, 1975; De Beer, 1 985; Walker, 1987; 
Mark et al., 1995). Moreover, elements of the primary jaw joint were reorga
nized to become the three-ossicular chain of the middle ear. Thus, the articular 
and quadrate bones and the articuloquadrate joint were annexed to the middle 
ear to form the malleus, the incus and the malleoincudal joint that became 
located between the tympanic membrane and the stapes. The gonial and angu
lar bones became part of the adult malleus and tympanic bone, respectively, 
while other reptilian bones have disappeared. Thus, the spenial and coronoid 
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REPTILES RC 

MAMMALS RC 

Figure 3.27 Schematic representation of the jaws and middle ears of reptilian and 
mammalian fetuses. A, angular bone; AR, articular bone; AS, alisphenoid bone; C, 
coronoid bone; COL, columella; D, dentary bone; EP, epipterygoid bone; G, gonial 
(prearticular) bone; I, incus; M, malleus; MC, Meckel's cartilage; P, pterygoid bone (i.e., 
the pterygoid process of the alisphenoid bone); PQ, pterygoquadrate cartilage; Q, 
quadrate bone; RC, Reichert's (second arch) cartilage; S, stapes; SQ, squamosal bone 
(note that although not represented here, the squamosal bone also exists in reptiles); T, 
tympanic bone; TM, tympanic membrane; X, maxillary bone. (Reproduced, with 
permission, from Mark et al., 1 995.) 

have no mammalian equivalent, and the quadrate bone was significantly 
reduced in size during the therapsid phase of mammalian evolution (Allin, 
1 975) (Fig. 3 .27). 

In the mouse first arch this ground pattern is modified by a Box-indepen
dent but RA-dependent process (see below), whereas Hoxa-2 acts as a selector 
gene in the second arch. In the absence of Hoxa-2 activity, second arch neural 
crest cells produce a virtually complete first arch-type set of bones. However, 
the specification of hyoid arch neural crest cells in this case corresponds to an 
atavistic ground pattern intermediate between the reptilian and mammalian 
type of differentiation as shown by the presence of a pterygoguadrate (a repti
lian primitive character) and of an incus (resulting from the transformation of 
the reptilian quadrate seen in mammals). 

The fact that the first two mammalian branchial arches have an identical 
ground pattern has to be related to their derivation from the branchial basket 
of their jawless agnathan ancestors formed by identical cartilages associated 
with the gills (Langille and Hall, 1 988a,b, and references therein). This inter-
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pretation, proposed by Rijli et al. ( 1993) and Gendron-Maguire et al. ( 1993), is 
supported by the fact that, as shown in quail-chick chimeras, when Hoxa-2 
expressing neural crest cells colonize BA l the jaw skeleton fails to develop. 
(Couly et al., 1 998) (see Section 3 .5.4 above.). 

3.6. 1.3 Null mutants of Hoxa-3 (Hoxl -5) and the Di George syndrome. As 
mentioned above, members of the third paralogous group of Hox genes have 
their anterior limit of expression in the neural tube at the boundary between r4 
and r5. Thus Hoxa-3 and Hoxb-3 are expressed not only in the neural tube but 
also in neural crest cells emanating from r5-r8 and also in the third and fourth 
branchial arches endoderm and ectoderm (see Fig. 3. 1 6). 

Hoxa-3 null mutants produced by Lufkin et al. ( 199 1 )  and by Chisaka and 
Capecchi ( 1991 )  have an array of abnormalities in several pharyngeal neural 
crest derivatives. These defects include malformations of cartilages and bones 
of the jaw, disorganization of the throat musculature, of the heart and great 
vessels, deletion of the thymus and parathyroids, and various degrees of thy
roid hypoplasia. In addition, abnormalities of the trachea are also seen in 
Hoxa-r1- mice. 

These malformations are strikingly similar to those recorded in the con
genital human Di George syndrome (Di George, 1 968; Burke et al. , 1 987; 
Pueblitz et al. , 1 993) characterized in the haploid state (diploid mutants are 
lethal) by hypoparathyroidism, thymic, and thyroid hypoplasia, cardiac and 
large aortic trunk deficiencies, plus craniofacial malformations. 

Genesis of the thymic and thyroid malformations in the Hoxa-3-1- mice 
embryos was carefully investigated by Manley and Capecchi ( 1 995). Neural 
crest cells were labeled by various methods: ( 1 )  using either Dil as proposed by 
Serbedzija et al. ( 1 992), or an antibody to CRABP-1, known to be expressed at 
E9.5  in neural crest cells migrating from r2 to r6 into the pharyngeal arches 
(Maden et al. , 1992); (2) applying an antibody to Hoxb-1 to label r4 neural 
crest cells; (3) applying in situ hybridization with the Hoxa-3 mutant allele 
inserted in place of the endogenous Hoxa-3 gene; this construct produces a 
fusion transcript initiated from the Hoxa-3 promoter. Probes against Hoxa-2, 
Hoxb-3, and Hoxd-3 were also used on these mice. 

All these methods provided convergent results showing that migration of 
neural crest cells to BA3 and BA4 was not affected in the mutant either 
quantitatively or temporally. This means that Hoxa-3 is not required for 
the expression of Hoxa-2 or of other genes of the third paralogous group. 
Neither is it required for the proper neural crest cells migration to the 
branchial arches. 

One clear effect of Hoxa-3 deficiency on further development of these neural 
crest cells was the observed differences in Pax-I gene expression in mutants and 
wild-type embryos. Pax-I expression begins at E9.5 in the third pharyngeal 
pouch and continues throughout thymus development (Deutsch et al. , 1 988). 
At E9.5 Pax-I expression is about the same in normal and mutant mice. From 
E l0.5, there is a marked decrease in Pax-I expression in the third branchial 
arch of Hox-r1- embryos whereas it remains at normal levels in the other sites 
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of expression of Pax-I (e.g. first and second branchial arches and somites). 
FGF3 normally present in the endoderm of the third pharyngeal pouch is not 
affected in the mutants and neither is Hoxa-2 expression. It appears therefore 
that Hoxa-3 is required for Pax-I expression in the third branchial pouch. 
Since Pax-J-1- mice show thymus hypoplasia (Dietrich and Gruss, 1995), it 
seems that Hoxa-3 is upstream of Pax-I in the regulatory pathway involved in 
thymus development. 

The abnormalities of the thyroid gland and calcitonin cells are variable 
in the homozygous Hoxa-3 null mutant. They affect endodermally derived 
follicular cells and neural crest-derived calcitonin-producing cells of neural 
crest origin. As shown by Fontaine et al. ( 1973), the precursors or 
calcitonin-producing cells initially home to the ultimobranchial (UB) bodies 
derived from the fourth pharyngeal pouch endoderm. The UB bodies there
after fuse with the thyroid gland thus allowing calcitonin-producing cells to 
colonize the thyroid and to become the so-called parafollicular "clear" cells 
(see Chapter 5, Section 5.8 .3). Thyroid hypoplasia is a general rule in 
Hoxa-3-1- mice with a number of thyroid follicles severely reduced. 
Fusion of the UB bodies ar:id thyroid anlagen failed to occur in several 
cases, leading to the formation of small vesicular structures containing 
calcitonin-producing cells as observed in the Di George syndrome in 
humans (Di George, 1 968). 

The similarity between the Hoxa-3 null mutant phenotype and that of 
humans affected by the Di George syndrome is certainly remarkable. 
However, the latter is autosomal dominant and associated in certain cases 
with deletions and translocations involving chromosome 22, whereas the 
anormalies resulting from Hoxa-3 loss of function are autosomal recessive 
and Hoxa-3 maps to chromosome 7. It should be noted that most patients 
with the Di George syndrome have a normal karyotype and may present 
point mutations in the Hoxa-3 gene. The similarity of the two phenotypes 
suggests that the two genes belong to a common developmental molecular 
pathway. 

3.6.2 Role of RA in the development of hindhrain and of its neural 
crest derivatives 

It has long been known that retinoids (vitamin A derivatives) are essential for 
normal development, growth, vision, maintenance of several tissues, reproduc
tion, and survival (Wolbach and Howe, 1 925; Wilson et al., 1 953; for reviews 
see Sporn et al., 1 984; Livrea and Packer, 1 993). Vitamin A, all-trans-retinol of 
dietary origin, is converted into its carboxylic acid derivative retinoic acid (RA) 
which exists in two forms: all-trans-retinoic acid and 9-cis-retinoic acid. It was 
rapidly shown that RA was the biologically active form of the vitamin since 
most of the effects (except for vision; Wald, 1 968) due to vitamin A deficiency 
in fetuses and in young and adult animals can be prevented and reversed by RA 
administration. On the other hand, excess of vitamin A or RA administered 
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during development has dramatic teratogenic effects (see Morriss-Kay, 1992, 
and references therein), and local administration of retinoids in certain 
embryonic areas such as the developing limb bud has spectacular morpho
genetic consequences (see Tabin, 199 1 ,  for a review). This has led to the notion 
that RA could be an important signaling molecule acting as a morphogen and 
playing a critical role during organogenesis. 

This assumption is supported by the fact that RA has been detected endo
genously in the embryos of all the major vertebrate groups where it is distrib
uted in different embryonic fields. It is present during gastrulation in zebrafish 
(Costaridis et al., 1996) and Xenopus (Chen et al. , 1 992; Kraft et al. , 1994). 
Moreover, RA is synthesized from retinol in Hensen's node of the mouse 
(Hogan et al. , 1992). Later in development, RA has been found to be distrib
uted in the developing CNS of 10.5  dpc mouse embryos in concentrations 
decreasing from posterior to anterior so that in the forebrain and midbrain 
only very low levels of RA are observed whereas the hindbrain contains slightly 
higher levels, the highest concentrations being found in the spinal cord (Horton 
and Maden, 1995). 

Figure 3.28 (Lohnes et al. , 1995) illustrates the major components of the 
retinoid-signaling pathway. 

Apart from retinol and its derivatives, various cellular proteins endowed 
with binding properties for these products have been discovered and their 
role elucidated. First, the role of the cellular retinol-binding proteins (CRBPI 
and II) is probably to store retinoids and regulate free levels of biologically 
active retinoids in a given cell (reviewed in Livrea and Packer, 1993). The 
second class of proteins binding retinoids are encoded by two multigene 
families, the retinoic acid receptors (RARa, {3, y), and the retinoid X receptors 
(RXRa, {3, y). Both families encode ligand-inducible trans-regulators belonging 
to the nuclear receptor multigene family (reviewed in Kastner et al., 1994; 
Petkovitch, 1992; Kliewer et al. , 1994). RARs appear in different isoforms 
(RARa l and 2, RAR{Jl -4, RARyl and 2; see Lohnes et al., 1 995, for refer
ences) which are derived by differential promoter usage and alternative spli
cing. Furthermore, the expression of the second of each RAR isoform (i.e. 
RARa2, {32, y2) is modulated by RA through a specific DNA sequence desig
nated RARE (retinoic acid responsive enhancer) present in the promoter 
region of each of these genes. 

The notion has progressively emerged that the morphogenetic effects of RA 
are linked to those of Hox genes. RA receptor genes as well as Hox genes 
encode transcriptional factors that belong to an integrated functional network 
implicated in patterning the skeleton of the limb, of the vertebral column, and 
of the head and teeth. 

3.6.2. I Relationships between retinoids and Hox gene expression. 
Embryological, cell culture, and transgenic experiments led to the notion 
that the most anteriorly expressed Hox genes are in vivo mediators of RA 
morphogenetic activity. 
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Figure 3.28 Schematic representation of the major components of the retinoid-signaling 
pathway. CRBP, cellular retinol-binding protein; CRABP, cellular retinoic acid-binding 
protein; RBP, retinol-binding protein; RAR, retinoic acid receptor; RXR, retinoic X 
receptor. (Reprinted from Lohnes et al., 1995. Copyright ( 1 995), with permission from 
Elsevier Science.) 

A. RA AS A REGULATOR OF Hox GENE EXPRESSION IN CULTURED CELLS. Soon 
after homeobox-containing genes were discovered in vertebrates, the pioneer
ing work of Gruss and his colleagues showed that expression of Hox genes can 
be influenced by all-trans-RA (e.g., Colberg-Poley et al., 1985; Breier et al., 
1 986). Murine F9 teratocarcinoma cells can be cultured virtually indefinitely 
without differentiating. If treated with RA, they differentiate into non
tumorigenic parietal endodermal cells and during this process almost all of 
their Hox genes are activated. One of the early response genes to RA was 
later identified as being Hoxa-1 (formerly Hoxl .6; LaRosa and Gudas, 
1 988), and a RARE element identical to that found in the RAR-{3 gene (De 
The et al., 1990; Hoffmann et al., 1 990; Sucov et al., 1 990) was further 
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identified in its 3 ' region (Langstone and Gudas, 1 992). Similar RAREs were 
also found in Hoxb-1 (Marshall et al., 1994; Studer et al. , 1 994) and Hoxd-4 
(Popper! and Featherstone, 1 993). 

Boncinelli and coworkers conducted a thorough study of Hox gene induc
tion by RA in teratocarcinoma cells (see Boncinelli et al. , 199 1 ). 

The human embryonal carcinoma (EC) cell lines NT2/Dl and tera2/clonel 3  
which can be induced by retinoids to differentiate into a variety of cell types 
including neurons (see Andrews, 1988, and references therein) were used to test 
the effect of RA on the induction of Hox genes (Andrews, 1984, 1988; Andrews 
et al., 1986). Hox genes were shown to be differentially activated sequentially 
by RA in a concentration-dependent manner starting from the most 3 ' (e.g. 
Hoxb-1) up to the most 5 ' (e.g., Hoxb-9) gene. 

Thus concentrations of RA required to induce Hoxb-1 at peak levels is as 
low as IO nM whereas I µM is necessary for Hoxb-5-9 gene induction. 
Activation is sequential and strictly colinear with the 3 '-5 ' linear arrangement 
of Hox genes on the chromosome. Moreover the 3 ' located Hox genes respond 
faster to RA induction than more 5 ' located ones. RA induction of the most 5 ' 

paralog groups of Hox genes does not occur and the boundary between 
responding and non-responding genes corresponds to the ninth paralogous 
group (Mavilio, 1 993, and references therein). 

Thus Hox genes expressed in the hindbrain which belong to the more 3 ' 

located paralogous groups are more susceptible to RA influence. This led to the 
reasonable assumption that endogenous levels of RA are critical in the expres
sion of these genes and therefore on hindbrain morphogenesis. 

B. VITAMIN A DEFICIENCY AND EXCESS OF VITAMIN A BOTH PERTURB HIND
BRAIN SEGMENTATION AT MORPHOLOGICAL AND MOLECULAR LEVELS. Vita
min A (retinol) is an essential component of the vertebrate diet and deprivation 
as well as excess of vitamin A during pregnancy is followed by congenital 
malformations that affect the development of many structures, including the 
eye, genitourinary tract, branchial arch derivatives, heart, lung, and kidneys. 

Experimental data on the relationships between vitamin A deficiency or 
excess of vitamin A and hindbrain segmentation have been produced recently 
on both avian and mammalian embryos. 

A vitamin A-deficient diet applied to quails results in embryonic malforma
tions characterized by abnormalities in nervous system development concern
ing pattern specification, neurite outgrowth, and neural crest derivatives. The 
neural tube of RA-deficient embryos had thinner walls than that of normal 
embryos, while anti-neurofilament (anti-NF) antibody staining revealed fewer 
neurons expressing this protein. No neurons extented neurites outside the 
neural tube. While patterning of the neural tube along the dorsoventral axis 
seemed to be unaffected (on the criteria provided by several dorsoventral mar
kers), its anteroposterior patterning was highly abnormal in the hindbrain 
region. The most affected region corresponds to the myelencephalon since 
the features to be described below indicate that r4-8 might be absent as if 
they had failed to be specified during CNS development. The other alternative 
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is that cells corresponding to the r4-8 region of the neural tube may still be 
present without any visible signs of segmentation at either the morphological 
or molecular levels. 

The trigeminal neural crest pattern and the expression of Hoxa-2 were 
normal in the anterior rhombencephalon suggesting that r l-3 develop nor
mally in vitamin A-deficient embryos, except, however, that Krox-20 gene 
expression was not detected in r3. 

More posteriorly, the transverse stripe of Hoxb-1 expression, a prominent 
marker for r4, was not present. Transcripts of Krox-20 were missing in r5, 
FGF3 expression did not occur in r4-6, and the region of Hoxb-4 expression 
corresponding to r7-8 was absent. 

In RA-deficient embryos the migration pattern of neural crest cells into the 
branchial arches was severely affected. The streams of neural crest cells exiting 
from the more anterior rhombomeres were normal but branchial arches 2 and 3 
were not discernible because the branchial grooves did not form and HNK l 
positive neural crest cells were absent in this region. Moreover, at the postotic 
level, the cells from r5 to r7, which normally colonize branchial arch 3, were 
totally absent (Maden et al. , 1 996). Internally, the aortic arches were fused to 
form one large blood vessel. There was extensive cell death in neural crest cells 
along the whole neural axis so that the head was only sparsely populated with 
mesectodermal cells and the dorsal root ganglia (DRG) failed to differentiate 
and to express neurofilament proteins. 

These observations, in agreement with in vitro studies, strongly suggest that 
RA supports the survival and proliferation of crest-derived cells (and particu
larly neuronal precursors; Henion and Weston, 1994), and interacts with the 
genes of the apoptotic pathway (Maden et al. , 1 996). 

It is noteworthy that vitamin A deficiency does not significantly affect the 
development of branchial arch l which is colonized by cells that do not express 
Hox genes (see above). 

Excess of RA applied to the mouse embryo results in changes of the expres
sion pattern of 3 ' Rox genes and dysmorphogenesis in the hindbrain and its 
neural crest derivatives (Morriss, 1972; Morriss and Thorogood, 1978; Webster 
et al. , 1 986). Hoxb-1, Hoxb-2, Krox-20, Enl-2, and RAR-/3 were among the 
genes whose expression pattern is altered by RA (Morriss-Kay et al., 1 99 1 ;  
Holder and Hill, 199 1 ;  Conlon and Rossant, 1992; Marshall e t  al. , 1 992). 

Thus, by treating pregnant mice on days 7-9 of gestation with a single 
teratogenic dose of RA (20 mg/kg), Conlon and Rossant ( 1 992) observed, 4 
hours after the onset of the treatment, that the anterior limits of expression of 
Hoxb-1 ,  Hoxb-2, and RAR-/3 were shifted rostrally, whereas, in agreement with 
the results obtained in vitro with the NT2/D l cell line (see Mavilio, 1993, and 
references therein), Hoxb-9 did not respond to RA treatment. The anterior site 
of expression of Krox-20 corresponding to r3 was abolished. In contrast to the 
effect of RA on Hoxb-1 ,  Hoxb-2, and Krox-20, the anteriorization of RAR-/3 
expression was only transient. In the embryos examined 20 hours after RA 
administration, the RAR-/3 limit of expression resumed its normal level. As a 
whole, RA administered early in development (at gastrulation stage) induces 
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transformation of r2/3 into an r4/5 identity. Expression of Hoxb-1 and of 
Krox-20 in the neural crest was also affected by early RA treatment since it 
was shifted anteriorly in the crest exiting from r2 and r3 as it is in the neural 
tube at this level. 

By constructing transgenic mice in which the regulatory region of Hoxb-1 

was linked to the Lacz reporter gene, Marshall et al. ( 1992) saw that, in normal 
E l 0.5  mice, the transgene was expressed at high levels in r4 and in the facial 
motor nerve VII whose axons exit from r4 and originate from motor neurons 
located in r4 and r5 while innervating the second branchial arch. After a single 
injection of RA at 7.5 dpc (20 mg/kg), the transgene expression limit was 
shifted rostrally and later on formed a transverse band of strong expression 
at the level of r2 in addition to the normal r4 expression site. Moreover, cranial 
nerve V, which exits from r2, abnormally expressed the transgene, and the 
distribution of motorneurones in r2 and r3 was abnormal and reminiscent of 
that seen in r4-5. 

In summary, RA changes the identity of r2/3 which are "posteriorized" but 
does not affect r4/5 (Morriss-Kay et al. , 1 99 1 ;  Conlon and Rossant, 1992; 
Marshall et al. , 1 992). 

The effect of exogenously applied RA on chick embryos has been examined 
by Sundin and Eichele ( 1992). When applied at the primitive-streak stage 
(gastrulation), RA strongly perturbs the development of the neural anlage: 
the primordia of the forebrain and eye are smaller; midbrain and anterior 
hindbrain are fused in a single vesicle reduced in size; a massive cluster of 
neural crest cells accumulates anteriorly to the otic vesicle representing the 
primordium of the acousticofacial ganglion which may result from the aggre
gation of the normally r4-derived ganglion to an extra structure originating 
from r2/3. This would result from an r2/3 to r4/5 conversion, also observed in 
the mouse (Sundin and Eichele, 1992). Such dysmorphogenesis is consecutive 
only to an early applied treatment and does not follow RA administration at 
the neurula stage. As far as Hoxb-1 is concerned, modifications of its expres
sion pattern following early RA administration in the chick are similar to those 
observed in the mouse. 

This general posteriorization of hindbrain specific pattern and hypotrophy 
of forebrain and midbrain structures was also found to occur in Xenopus 
embryos treated with excess of RA at late blastula and gastrula stages 
(Durston et al. , 1989; Sive et al. , 1 990; Papalopulu et al., 1 99 1 ;  Ruiz i Altaba 
and Jessell, 1991) .  As in the mouse, sensory and motor axons of cranial nerves 
V and VII form a single root. The typical rhombomeric segments are abnormal 
and Krox-20 is expressed in a single large stripe. 

In zebrafish treated with RA at the midgastrula stage, lesions in midbrain 
and rostral hindbrain were regularly obtained with the disappearance of 
expression of the engrailed gene, which is a specific marker of mesencephalic 
and r l  territories. The posterior limit of the effect was located at the r4/5 
boundary and the partial transformation of r2 to r4 occurred (Holder and 
Hill, 199 1 ;  Hill et al. , 1 995). 
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It is thus striking that excess of RA affects anterior rhombomeres by a 
process of posteriorization (Morriss-Kay et al. , 1 99 1 ;  Leonard et al. , 1 995). 
In contrast, RA deficiency causes abnormalities in posterior rhombomeres, the 
development of which thus appears to require appropriate doses of this mor
phogen. Moreover, experiments carried out in zebrafish, in which overexpres
sion of Hoxa-1 reproduces a phenotype strikingly similar to that obtained with 
excess RA, suggest that Hoxa-1 could be a target for exogenously applied RA 
(Alexandre et al., 1996). 

3.6.2.2 Sites where vitamin A derivatives are present in the embryo. The strik
ing effects of either excess or deprivation of RA on morphogenesis raised the 
problem of the presence and production of endogenous retinoids. 

Direct measurements of endogenous retinoids were carried out by Durston 
et al. ( 1989) in Xenopus embryos. They found all-trans-RA at the gastrula and 
neurula stage in the range of 1 0-7 M, which was somewhat higher than the 
values determined in the chick limb bud by Thaller and Eichele ( 1987). Durston 
et al. ( 1989) also showed that the minimal doses of exogenous RA capable of 
producing respecification in anterior axial structures are in the same range. In 
contrast, higher doses, well above physiological concentration, led to terato
genic effects such as anterior truncations. 

A series of elegant experiments evaluated the presence of RA in the embryo. 
These experiments relied upon the use of transgenic mice where a Lacz repor
ter gene was placed downstream to a RARE-containing regulatory sequence 
(Mendelsohn et al. , 1 99 1 ;  Reynolds et al., 1 99 1 ;  Rossant et al. , 1 99 1 ;  Balkan et 
al. , 1992; Zimmer and Zimmer, 1 992). The idea was that endogenous retinoids 
activate the transcription of the construct which can therefore be detected 
histochemically, thus revealing the embryonic area where retinoids are present. 
The period of interest is when retinoids most strikingly affect development -
i.e., between 7.5 (head-fold stage) and 9 dpc. 

Mendelsohn et al. ( 199 1 )  found expression of the transgene restricted to that 
part of the body going from the anterior/posterior hindbrain limit down to the 
posterior neuropore (corresponding to the trunk). Expression was seen in the 
neurectoderm and mesoderm. Thus neither forebrain, midbrain, anterior hind
brain, nor posterior trunk contained retinoids able, in this situation, to trigger 
expression of the transgene. 

The trans gene used by Rossant et al. ( 1 99 1 )  consisted of three copies of a 34-
bp oligonucleotide encoding an RAR-P located upstream of a hsp-68 promoter 
linked to the Lacz coding region. By day 8.5,  the anterior limit of Lacz 
expression was in the preotic sulcus, and it was seen in all three germ layers 
including endoderm. All studies, using minimal promoters containing RAR-P 
regulatory regions or RAREs (Balkan et al., 1992) reached the same conclu
sions: at these critical stages of organogenesis, known to respond to variations 
of RA concentrations, neither anterior nor posterior regions of the embryo 
contain endogenous RA at levels detectable by this transgenic method. 

Interestingly, if these transgenic animals were exposed to excess of RA, the 
domain of expression of the transgene expanded both anteriorly and poster-
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iorly, showing the capacity of applied RA to induce the endogenous RAR-{3 

gene (Reynolds et al., 1 99 1 ;  Rossant et al. , 1 99 1 ;  Balkan et al., 1992; Zimmer 
and Zimmer, 1992). 

Another method for evincing the presence of endogenous retinoids in 
embryonic tissues consisted of stably transfecting F9 cells with an RA-driven 
Lacz reporter gene (Wagner et al. , 1992). If RA-containing embryonic tissues 
are placed on top of such F9 cell cultures they will switch on Lacz production. 
Tissues from the anterior CNS, such as dorsal diencephalon, were found to 
release very little RA in contrast to the spinal cord which turned out to be an 
effective source. As a whole these studies show that the early embryo certainly 
contains endogenous RA, which is essentially localized from the posterior 
hindbrain down to the posterior neuropore. The problem was then raised of 
where retinol of dietary origin is converted to the active RA compounds. 

3.6.2.3 Synthesis of RA takes place in Hensen 's node and primitive 
streak. Hornbruch and Wolpert ( 1 986) carried out an experiment strongly 
suggesting the presence of significant concentrations of RA in Heusen's node 
of the chick. They implanted this region of the embryo into limb buds and 
found that it induced pattern duplications similar to those obtained with 
implants of the zone of polarizing activity (ZPA) or RA-releasing beads. 
Hogan et al. ( 1 992) used mouse node and found that the ability to induce 
digit duplication increased from 6.5 to 7.75 dpc. In contrast, tissues anterior 
to the node were ineffective. Moreover, quantitative data on RA production 
were provided by Hogan et al. ( 1 992). They measured conversion of radiola
beled retinol into RA and found it to be four times higher in the node than in 
the primitive streak and 1 2  times higher in the node than in anterior tissues at 
7.5 dpc. 

The presence of RA in Hensen's node and surrounding tissues was also 
demonstrated in chick embryos. Thus, Wagner et al. ( 1 992) found that, at 
the primitive streak stage in the chick, Heusen's node contained 20 times 
more RA than the rest of the area pellucida and that RA level continued to 
increase considerably in the following stages. It appears, therefore, that 
Heusen's node is a high point of RA concentration and possibly the source 
of the RA gradient postulated by Kessel and Gruss ( 199 1 ). 

3.6.2.4 RA receptors and CRBP, CRABP expression during development. At 
the time when it was found that RA causes pattern changes during limb devel
opment (Tickle et al. , 1982; Summerbell, 1983), the only protein known to 
interact with RA was cellular RA-binding protein I (CRABP-1). Later, a sec
ond cellular RA-binding protein (CRABP-11) was discovered (Giguere et al. , 
1990). In the late 1980s, the discovery of a nuclear receptor for RA (Giguere et 
al. , 1987; Petkovich et al., 1 987) was decisive in our understanding of how the 
retinoid signal is transduced and exerts so many diverse effects. Several types of 
RA receptors have been identified. RARa, fJ, and y and the retinoid X recep
tors, RXRa, fJ, and y are ligand-inducible trans-regulators which modulate the 
transcription of target genes by interacting with cis-acting DNA response 



        
       

138 THE NEURAL CREST 

elements in the promoter region of target genes. RARs are efficiently activated 
by either all-trans or 9-cis RA, whereas RXRs are efficiently activated only by 
9-cis-RA. Isoforms of RAR, such as RARal ,  RAR,82, are generated through 
the differential usage of two promoters and/or alternative splicing (reviewed in 
Chambon, 1 994). RA receptors are active in a dimeric form either of two 
RARs or of one RAR combined with an RXR. 

Cellular retinol-binding proteins (CRBP) have also been identified and it has 
been of interest to screen various embryonic stages to find out where and when 
the different proteins related to RA metabolism are expressed during develop
ment. A large body of data was accumulated on this subject in the late 1 980s 
and early 1 990s (for references see, e.g., Hofmann and Eichele, 1 994). Only 
information revelant for the purpose of this chapter will be reviewed hereafter. 

At presomitic stages in the mouse (Conlon and Rossant, 1 992) and in the 
chick (Smith and Eichele, 1 99 1 )  RAR.B was found to be expressed by the three 
germ layers, but more in the paraxial and lateral regions of the embryo than in 
the midline. The anterior limit of expression reaches the presumptive level of 
the posterior hindbrain. At the early somite stages of the mouse (8 dpc) RARa 
is uniformly transcribed, RAR.B anterior boundary is still located at the hind
brain level (Ruberte et al. , 1 99 1 ;  Conlon and Rossant, 1 992), RARy transcripts 
are present in the caudal region of the embryo and excluded from somites but 
present in the frontonasal process and in branchial arches during and after 
neural crest cells migration (Ruberte et al., 1 990). CRABP-I is present in the 
hindbrain neuroepithelium up to the preotic sulcus, in the mesoderm lateral to 
the midbrain and hindbrain, in the lateral plate but not in the primitive streak 
(Ruberte et al., 1 99 1 ). CRABP-11 is present in the neural ectoderm at all axial 
levels (Ruberte et al., 1 992). CRBP is expressed in ectoderm, mesoderm at the 
streak level and in the hindbrain neurectoderm. 

In conclusion, at the time of axis formation, RARs and retinoid-binding 
proteins are expressed, often in distinct patterns (see Fig. 3 . 1 4). Interestingly, 
CRABP-I is expressed mainly in regions lateral to the streak, a region which, 
as reported below, has been found to be a site of RA synthesis (Hogan et al. , 
1 992). 

3.6.2.5 Morphological effects of targeted mutations of RA-binding proteins in 
the mouse. Null mutant mice lacking functional RA receptors have been gen
erated by homologous recombination. Spectacular defects, which are similar to 
those resulting from deprivation of RA during pregnancy, have been observed 
only in fetuses in which two receptor genes were mutated. This, however, 
occurred only for certain gene combinations. Thus, although not viable, 
since they all die within a few hours after birth, double null mutant mice 
lacking both the RARa and RAR,82 genes (RARa+;,s2+ mutants) or both 
the RAR,82 and RARy genes (RAR,sz+;y+ mutants) (Lohnes et al., 1 994; 
Mendelsohn et al. , 1 994c) did not show deficiencies in the mesectoderm-derived 
craniofacial structures. In particular, patterning of the dentition and that of the 
cusps appeared normal in all of these RAR double mutants at 1 8.5  dpc, which 
corresponds to the last developmental stage that can be analysed. 
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In contrast, almost all the derivatives of cranial mesectoderm were severely 
affected in RARa-1-/y-I- embryos and fetuses (Lohnes et al. , 1 994; Mendelsohn 
et al. , l 994b). In these double null mutants at 1 8 .5  dpc, all the structures 
derived from the frontonasal process were partially or completely absent. 
Thus, the frontal, nasal, premaxillary, ethmoid, comprising the nasal capsule, 
and the nasal septum and presphenoid bones were missing for the most part 
(Fig. 3 .29). Moreover, the upper incisors were bilaterally absent in the 
RARa-1-/y�f- fetuses analyzed at 1 8 .5  dpc. In addition, the skeletal derivatives 
of the second and third pharyngeal arches either were not identifiable (e.g., 
stapes) or appeared severely malformed. In contrast, the derivatives of the 
mandibular arch were present and nearly normal in RARa-1-/y-I- double 
mutants. Such is the case for the dentary bone, the temporomandibular 
joint, Meckel's cartilage, malleus, and tympanic bones. Moreover, the spatial 
arrangement and the shape of the lower incisors and of the lower and upper 
molars were apparently normal in all RARa-1-;y-I- fetuses. 

RA Ra and RARy are both strongly expressed in the frontonasal process and 
in branchial arches during and after neural crest cell migration (Ruberte et al. , 
1990). Since, the agenesis of midfacial structures is preceded by increased cell 
death in the frontonasal mesectoderm at 10.5 dpc, it is likely that RA is 
normally required for the survival of postmigratory neural crest cells in this 
location (Lohnes et al. , 1994). In the RAR double mutants, a connection exists 
between the epipterygoid/alisphenoid and quadrate/incus, respectively - i.e., 
the rostral and caudal elements derived, during evolution, from the ancestral 
(reptilian) pterygoquadrate cartilage. The cartilaginous rod linking the incus 
and the alisphenoid bone is interpreted as a reemergence of a connection lost 
during therapsids to mammals transition (Lohnes et al., 1 994). 

None of these craniofacial defects are observed in either RARa or RARy 
single mutants, indicating that these receptors are functionally redundant for 
the development of the frontonasal mesectodermal structures. 

RAR/RXR heterodimers bind in vitro much more efficiently to cis-acting 
DNA response elements than RAR or RXR homodimers (Chambon, 1 994). 
Accordingly, the double null mutants RARy-1-/RXRa-1- are embryonic lethal, 
in contrast to RARa-1-/ RARy-1- which can survive until birth (Kastner et al. , 
1994). RARy-1-/RXRa-1- fetuses examined at 14.5-15 .5  dpc exhibited an 
apparently normal arrangement and shape of the teeth anlagen. 

The fact that mice and chicks, in which Hoxa-2 expression is altered (see 
above) as well as RAR mice mutants, exhibit such atavistic changes (i .e., "the 
reappearance of a lost character typical of remote ancestors and not seen in the 
parents or recent ancestors of this organism"; Hall, 1 984) indicates that, even if 
they are not expressed, these atavistic features are still potentially present in the 
ontogenetic program of the neural crest cells in higher vertebrates. Moreover, 
these results also show that RA has been involved in the regulatory mechan
isms responsible for these evolutionary changes (Mark et al. , 1995). It is 
remarkable to observe that transcription factors whose function is controlled 
by RA have not been identified in insects, suggesting that this regulatory path
way controlling Hox gene expression has appeared late during evolution. 
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Figure 3.29 Craniofacial skeletal features of 1 8.5 dpc wild-type (WT) and RAR double 
a-1-;y-I- mutant fetuses. Comparison of ventral (A, B) and lateral (C, Dj views of the 
skull and of the dentary bone between wild-type (A, C) and RARa-/-/y- - mutant (B, 
D) fetuses. In the mutant, note the nearly complete absence of the nasal capsule (NC), 
the complete agenesis of the nasal septum (NS) and of the premaxillary (PX) and 
presphenoid (PS) bones, the wide median cleft in the basisphenoid bone (BS), and the 
aplasia of the hyoid bone (H). AS, alisphenoid bone; BO, basioccipital bone; BS, 
basisphenoid bone; D, mandibular (dentary) bone; E, exoccipital bone; F, frontal bone; 
N, nasal bone; NC, nasal capsule; NS, nasal septum; 0, otic capsule; P, parietal bone; 
PL, palatine bone; PS, presphenoid bone; PX, incisive (premaxillary) bone; T, tympanic 
bone; X, maxillary bone. (Reproduced, with permission of Company of Biologists Ltd, 
from Lohnes et al., 1995.) 

For a colored version of this figure, see www.cambridge.org/9780521122252. 

3. 7 A number of transcription factors are involved in the 
ontogeny of the mesectodermal derivatives of the neural crest 

As well as Hox genes, Krox-20, MafB/kr, certain Eph-RTKs, and a variety of 
proteins binding RA whose roles in the development of hind brain and neural 
crest derivatives have been discussed earlier in this chapter, data have been 
gathered on many other genetic pathways that are involved in the development 
of the mesectodermal derivatives of the neural crest. Some of the genes 
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involved are transcription factors that have been identified owing to their 
homology to Drosophila gene sequences. Others contain sequence-specific 
DNA-binding proteins that have been identified in the context of studies on 
mammalian transcriptional regulation. 

3.7.1 Otx genes 

In Drosophila, two genes that contain homeobox domains are expressed in the 
anteriormost part of the head: empty spiracle (ems) and orthodenticle (otd) 
(Finkelstein and Perrimon, 1 99 1 ). The vertebrate homologs of these genes 
were first isolated in the mouse (Simeone et al. , 1992). The mouse cognates 
of otd are Otxl and Otx2, and those of ems are Emxl and Emx2. They have 
nested patterns of expression in the rostral brain of the developing embryos so 
that various levels of the prosencephalon and mesencephalon are characterized 
by a combined gene expression pattern, suggesting that forebrain and midbrain 
patterning might be regulated by a genetic code, as are hindbrain and spinal 
cord by the Hox code (e.g., Puelles and Rubenstein, 1 993). Among Otx and 
Emx genes, Otx2 is already expressed in the entire epiblast at the primitive 
streak stage. During the midstreak stage, its expression domain becomes 
restricted to the presumptive territory of the rostral head where it has been 
proposed the future rostralmost part of the brain is specified (Simeone et al., 
1993; Ang et al. , 1994). 

Otx2 mutant mice have been generated (Matsuo et al. , 1 995; Acampora et 
al., 1 995). Homozygous null embryos died before 10 dpc. They exhibited a 
truncated body axis where territories corresponding to the rostral head were 
lacking as well as heart and foregut. In contrast, trunk structures such as neural 
plate and somites were present. Thus the Brachyury gene was normally 
expressed but extended to the anterior end of the embryo, whereas En2 tran
scripts which characterize the midbrain were absent. The presence of Krox-20 
at the anterior extremity of the embryo indicates that the neuraxis of Otxr1-
embryos is truncated at the level of r3. 

Heterozygous Otx + I- embryos showed haplotype insufficiency character
ized by otocephaly with a loss of lower jaw and eyes, but no defects were 
found in the palate, maxillar, and middle ear. Otx2 heterozygous embryos 
were, however, not all identical, their phenotypes ranging from slight to severe 
abnormalities where most of the head did not develop. Interestingly, the 
affected regions coincide with the most caudal and rostral areas where Otx2 
is expressed and where Otxl,  Emxl ,  and Emx2 transcripts are not present. As 
mentioned above, for Hox genes, loss-of-function mutations result in the 
abnormal development of structures derived from their most rostral region 
of expression. Otx and Emx genes have nested expression domains, with 
boundaries at both rostral and caudal ends. It is interesting to see that, in 
the head, abnormalities induced by loss of function of the most widely spread 
of these genes lie in the areas where Otx2 is the only one expressed and there
fore where no compensation by Otxl, Emxl or Emx2 can occur. The odt gene 
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of Drosophila functions as a gap and a homeotic gene (Finkelstein and 
Perrimon, 199 1 ) .  In vertebrates, its cognate gene Otx2 deficiency does not 
produce any homeotic transformation but rather acts like a gap gene since it 
is followed by atrophies and deletions. 

3.7.2 Mhox gene 

Mhox was originally identified in the mouse as a nuclear factor that bound the 
enhancer in the muscle creatine kinase gene (Cserjesi et al., 1 992). Its human 
homolog Phox was cloned by Grueneberg et al. ( 1992). Mhox homeodomain is 
most closely related to that of the paired family of homeobox-containing genes 
although it lacks a paired domain. By 9.5 dpc Mhox is expressed strongly in 
mesenchymal cells of both neural crest and mesoderm origin, in the head, the 
visceral arches, and also in limb bud and somites (Cserjesi et al. , 1 992). 

Null mutation of Mhox gene induces multiple craniofacial defects resulting 
from the deletion or malformation of specific skeletal elements derived from 
the neural crest cells colonizing BAI ,  and from the cephalic mesoderm. The 
squamosal bone and the ascending lamina of the alisphenoid bone are absent, 
as well as the zygomatic bone, the gonial bone, the tympanic ring, and the 
supraoccipital bone. At the base of the skull, the pterygoid bone is hypoplastic 
and the palatal processes of the palatal and maxillary bones are missing. The 
mandible and ear ossicles of the Mhox mutants also present several defects: 
hypoplasia of the coronoid, condylar, and angular processes of the mandible, 
and shortening of the dentary bone. However, the alveolar processes of the 
mandible and tooth buds are normal in Mhox mutants. As in other mutants 
affecting branchial arch development, disruption of Mhox gene results in 
cranial and skeletal components that are morphologically similar to those of 
the mammal-like reptiles. 

Interestingly, the defects in neural crest derivatives on these mutants were 
not due to disturbances in cell migration which seems to occur normally. 
Moreover, the neural derivatives of the cephalic neural crest were not affected. 

3.7.3 Goosecoid gene 

Goosecoid (Gsc) is a homeobox-containing gene discovered as a gene of 
Spemann's organizer (Blumberg et al., 1 99 1 ). Two phases of Gsc expression 
have been identified: one during gastrulation (6.4-6.7 dpc in the mouse) (Blum 
et al. , 1992) and another later (from 9.5 dpc) in specific structures such as those 
forming some components of the head, the limbs, and the ventrolateral body 
wall (Gaunt et al. , 1993). The Gsc-expressing cells of the early embryo are fated 
to form the head process which later give rise to the anterior notocord and 
endoderm, and to the head mesoderm. At E l0.5 Gsc is expressed in BAI and in 
the anterior one-third of BA2 with a sharp posterior boundary. Gsc transcripts 
generally lie medial to those of Dlxl (see below), the two genes occupying 
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distinct complementary domains. Expression persists as these tissues undergo 
morphogenesis (Gaunt et al., 1 993). A related homeobox-containing gene, 
pituitary homeobox-1 ,  ptx, is expressed in the developing mandible and 
nasal cavities in E l  1-13  mice in a complementary pattern to Gsc (Lanctot et 
al. , 1997). Another gene related to the Drosophila gene bicoid has been cloned 
in humans, mouse, and chick, and designated Rieg, Brxl, or Otlx2 (Semina et 
al., 1996). Rieg is expressed in the maxillary and mandibulary epithelia before 
tooth formation and requires mesenchymal signals for its maintenance 
(Mucchielli et al. , 1 997). In humans, this gene is mutated in Rieger's syndrome, 
which is characterized by mild facial abnormalities and odontogenic defects 
(Semina et al. , 1996). 

A null mutation of Gsc has been produced in the mouse. Although the gene 
is expressed at gastrulation stage (by 6.4-6.7 dpc), Gsc+ mice develop until 
birth but die soon after parturition with multiple craniofacial defects (Rivera
Perez et al., 1 995; Yamada et al. , 1 995). In the skull, the orbital processes of the 
maxillary and frontal bones that support the eye are reduced. The tympanic 
ring is absent. The mutants lack the anlagen of the turbinal bones and the 
ventrolateral walls of the nasal cavity. The glandular mucous epithelium, which 
normally covers the nasal sinuses, is mostly absent in the mutants, although the 
nasal septum and the vomeronasal organs and cartilages are present. The nasal 
septum fails to fuse with the palate. Within the middle ear the malleus is 
malformed but the incus and stapes are normal. The palatine, maxillary, ali
sphenoid, and pterygoid are also abnormal in morphology and the mandible is 
shortened. 

It should be pointed out that these craniofacial defects are accompanied by 
rib fusion in about 35% of the mutants. In contrast, although the Gsc gene is 
strongly expressed in the developing limbs, no skeletal abnormalities were 
detected in the limbs (Rivera-Perez et al. , 1995), showing that the effect of 
loss of function of this gene does not correlate perfectly with its expression 
pattern. 

3.7.4 Dix genes 

Dix genes are the vertebrate homologs of the Drosophila homeobox containing 
gene Distalless (DI/) which is required for the development of the terminal 
regions of the segmented appendages (legs, antennas, mouthparts). A number 
of Dix genes have been cloned in the rat, mouse, man, chick, frog, newt, and 
zebrafish (see Nakamura et al., 1 996, for details and references). 

There are at least six Dix genes (Dlx-1 ,  -2, -3, -5, -6, -7) that are expressed in 
spatially restricted patterns in craniofacial mesenchyme and ectoderm of verte
brates (Qiu et al. , 1997). The homeodomain sequences of the murine Dlx 
proteins are nearly identical (Porteus et al. , 199 1 ;  Price et al., 199 1 ;  
Robinson e t  al. , 199 1 ;  Simeone e t  al. , 1994), suggesting that they may bind 
to similar target nucleotide sequences. Dlx-1 ,  -2, -5, and -6 are expressed in the 
first and second branchial arches. In the mouse at E I 0.5,  Dix-I ,  and -2 are 
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expressed in both proximal and distal regions of BAI and BA2, whereas Dlx-3, 
-5, and -6 expression is restricted to the more distal domains (Qiu et al. , 1 997). 

Dlx-3 is also expressed in distal regions of BA I and BA2 (Bulfone et al., 
1993; Robinson and Mahon, 1 994). This suggests that different Dix genes 
control the pattern of development in different regions of the visceral arches. 

All known Dix genes are expressed during tooth development (Porteus et 
al. , 1 99 1 ;  Robinson et al. , 1 99 1 ;  Dolle et al., 1992; Bulfone et al., 1 993; 
Robinson and Mahon, 1 994; Weiss et al. , 1 994, 1 995; Thomas et al. , 1995; 
Nakamura et al. , 1 996). Mutations have been made in Dlx-1 and Dlx-2, and 
double mutant mice have been generated (Qiu et al. , 1 995, 1 997). 

The phenotypes of these mutants indicate that Dix genes are invovled in 
proximodistal patterning of the two first branchial arches. Dlx-2 mutants are 
characterized by the absence of most of the alisphenoid, and the presence of a 
supernumerary cartilage proposed to be the homolog of the pterygoquadrate 
of therapsids. This has already been found in loss-of-function mutations of 
Hoxa-2 (Gendron-Maguire et al. , 1 993; Rijli et al., 1 993; Mark et al., 1 995) and 
RAR double mutants (Lohnes et al. , 1 994). 

The skull is also abnormal in the mutant where the squamosal and jugal 
bones are replaced by four bones whose positions or shapes suggest that they 
can be assimilated to the four dermal bones (squamosal, quadratojugal, post
orbital, jugal) of the reptiles and mammal-like reptiles. As mentioned before, 
Dlx-1 and -2 have similar expression patterns. Dlx-1 is also required for 
splanchnocranial development but its mutation does not affect skull bones 
(Qiu et al., 1 997). Interestingly Dlx-1 and -2 mutants have unique abnormal
ities, the most striking of which is the absence of molar on the maxillary bone. 
The fact that Dlx-3, -5, and -6 are expressed in the distal arch regions suggests 
that they may be functionally redundant for Dlx-1 and -2. This could account 
for the absence of malformation in the distal arch region in the above men
tioned mutants. 

The fact that Dlx-1 and -2 have a role in odontogenic patterning supports 
the notion put forward by Sharpe ( 1 995) that the molecular mechanisms con
trolling dental patterning (e.g., tooth shape and position) might be controlled 
by a combinatorial code of homeobox gene expression in the ectomesenchyme: 
the "odontogenic homeobox code" (see Section 3.2.3 .2). Interestingly, these 
observations suggest that the development of molars on the lower jaw obey 
different control mechanisms than the maxillary molars. 

3.7.5 Pax genes 

Pax genes were isolated on the basis of sequence homology to the Drosophila 
segmentation genes pair-ruled (see Gruss and Walther, 1 992, for a review). The 
mouse Pax gene family consists of nine members all containing the paired box. 
Pax genes can be subdivided into subgroups which share common expression 
domains. Pax3 and Pax7 form such a paralogous group. Pax3 function is 
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revealed by the spontaneous Splotch mutation, while Pax7 has been mutated 
by homologous recombination by Mansouri et al. ( 1996a,b). 

The expression domains of Pax3 and Pax7 in the cephalic neural crest 
derivatives have been established in the mouse. Pax7 is expressed in the 
nasal pit and olfactory epithelium and in the medial region of the frontonasal 
mass including the nasal capsule at E l 3.5 .  Pax3 expression extends over both 
the medial and lateral parts of this region. Furthermore, Pax3 is expressed in 
the mandible. A construct was prepared where the ,8-galactosidase gene was 
inserted in frame to the Pax7 sequences. This Pax7 mutated gene was intro
duced into the mouse germ line and Pax7 expression pattern was revealed with 
great precision in animals heterozygous for this mutation. Expression of Pax7 
is detected from E8.5  until E l O  in r l ,  3 and 5. Moreover, the streams of neural 
crest cells exiting from the forebrain (around the optic vesicles), and from r l ,  
r3, and r5 were easily identifiable through their Pax7 gene expression. 

Pax7 null mice die 3 weeks after birth while Pax7+ I- heterozygotes are 
normal. The defects caused by loss of function of this gene concern the mor
phogenesis of cephalic neural crest derivatives. Paxrl- mice do not exhibit 
evident anomalies of the brain even in the domains where the gene is strongly 
expressed, and the neural derivatives of the cephalic neural crest are normal. 
These Paxr1- mice present a reduced maxilla; the inferior lateral part of the 
nasal capsule is absent, and the tubules of serous glands associated with lateral 
wall of the middle meatus and with the nasal septum are reduced in number. 

Pax3 complement the lack of Pax7 function in the neural tube and in the 
dorsal somitic derivatives (dermomyotome) as well. Normal expression of 
Pax7, however, does not compensate for all the functions of Pax3 in the neural 
tube in Splotch mutant. This may be either because the expression patterns of 
these two genes do not completely overlap (thus Pax7 is not expressed in the 
dorsal neural tube) or because Pax7 is expressed later than Pax3. 
Waardenburg's syndrome type 1 in humans, characterized by deafness and 
craniofacial defects (Tassabehji et al., 1 992), is related to mutation of the 
Pax3 gene. 

Pax6 gene is expressed in the anterior midbrain crest cells and in the rostral 
head ectoderm and forebrain. The small-eye (Sey) mutant mice and rats present 
a mutated Pax6 gene (Hill et al. , 199 1 ;  Matsuo et al., 1993). These animals 
have, besides abnormalities in eye development, an ectopic cartilage rod which 
is thought to substitute for the lateral nasal capsule. 

Mutation of Pax6 causes aniridia in man, characterized by a partial or 
complete absence of the iris (Nelson et al., 1 984; Ton et al. , 1 99 1 ). 

3.7.6 The Cart-1 homeobox gene 

The Cart-I gene (for cartilage homeoprotein 1 )  was isolated by RT-PCR 
(reverse transcriptase-polymerase chain reaction) from a rat chondrosarcoma 
tumor cell line. It encodes a paired-class homeoprotein. Its transcripts are 
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present in rib chondrocytes, and in various precartilages and cartilages. Low 
levels of Cart-1 transcripts are also found in testes but not in any other tissues. 
Head and branchial arch mesenchyme of neural crest origin express Cart-1 
from E8. 5  onward in the mouse. Transcripts are also found in the limb bud 
and in various cartilage primordia at the time of mesenchymal cell condensa
tion (Zhao et al. , 1 994). 

Cart-]+ mice die soon after birth with severe craniofacial defects. At early 
stages (E9) the head mesenchyme, normally surrounding the forebrain and 
frontonasal areas, is missing in the mutants, whereas the head mesenchyme 
associated with midbrain and hindbrain seems normally developed. The neural 
folds do not close at the midbrain level. Apparently the loss of function of 
Cart-1 gene causes apoptosis of anteriormost head mesenchymal cells. The 
skull defects consist of acrania: the cranial vault is absent, only small portions 
in parietal and frontal bones develop at their lateral- and basalmost levels. 
Only remnants of the supraoccipital, squamosal, palatine, and alisphenoid 
are present, and the basipresphenoid bone at the base of the skull is missing. 
The nasal cartilages are abnormal: the lamina cribrosa and turbinate cartilages 
are absent and the nasal capsule malformed. No defects are seen in the neural 
derivatives of the cephalic neural crest. 

3.7.7  Msx genes 

Msx-1 and Msx-2 genes (originally designated Hox7 and Hox8, respectively, in 
the mouse) were isolated due to the sequence homology of their homeobox 
with that of the Drosophila gene Msh (for muscle segment homeobox) in mouse 
(Hill et al., 1989; Robert et al., 1 989; Monaghan et al. , 1 99 1 ), quail (Takahashi 
and Le Douarin, 1 990), chick (Coelho et al., 199 1 ), and man (Monaghan et al. , 
1 99 1 ;  Takahashi et al., 1 996). Expression patterns were found to be similar in 
all vertebrates investigated and include a range of neural crest-derived 
mesenchymal tissues. At day I O  of gestation in the mouse, the medial and 
lateral nasal processes, the maxillary and mandibulary buds express both 
Msx-1 and Msx-2 genes. By day 1 2, expression of Msx-1 in the teeth is 
restricted to the mesenchyme surrounding the developing tooth germs in 
both the maxillary and mandibulary processes. Expression of Msx genes 
in the dental papilla is maximal at the cap stage of development and progress
ively declines at the bell stage prior to differentiation of odontoblasts and 
ameloblasts. 

At the bell stage of tooth development, Msx-2 expression switches tissue 
layers, disappearing from the differentiating epithelial ameloblasts and turning 
on in the odontoblasts. Msx-1 is expressed in the mesenchyme of the dental 
papilla and follicles at all stages; the reciprocity of expression suggests an 
interactive role between Msx-1,  Msx-2, and other genes in regulating epi
theliomesenchymal interactions during tooth development (MacKenzie et al., 
1 992). Msx-1 and Msx-2 are expressed in the mesenchyme of the calvarium and 
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in the meninges of the telencephalon shown to be of neural crest origin 
(Takahashi and Le Douarin, 1990; Couly et al. , 1 993). It is also present in 
Rathke's pouch, the developing choroid plexuses, the meninges, the dorsal 
neural tube, the dorsomedial superficial ectoderm along the whole neural 
axis and in the dorsal mesenchyme of somitic origin destined to form the 
spinous process of the vertebra. Msx-1 and Msx-2 expression can also be 
detected in the progress zone of the developing limb bud. Expression is seen 
in the external ear, the forming eye, the nasal pits, and the forming Jacobson's 
organs. Dynamic expression of both genes is also observed in hair follicles, 
feather buds, and cardiac cushions (Hill et al. , 1989; Robert et al., 1 989; 
MacKenzie et al., 1 99 l a,b, 1992; Takahashi and Le Douarin, 1 990; 
Takahashi et al. , 1 992; Monsoro-Burq et al., 1994). Expression of Msx-2 
together with differentiation of bones in the mandible of the E4 chick embryo 
was shown to be under the control of a signal of ectodermal origin (Takahashi 
et al. , 1991) .  

Msx-1 null mutant mice have been generated (Satokata and Maas, 1 994). 
They manifest a cleft secondary palate and a shortening of the maxilla. In 
addition, teeth do not develop beyond the bud stage. Deficiency of the medial 
portions of the frontal bones gives rise to an enlarged fontanelle. In the middle 
ear, while the incus and stapes are normal, the malleus is reduced. No abnorm
alities are seen in limb, heart, or ciliary body. This relatively discrete phenotype 
is probably due to a possible redundancy of Msx-2 which is still acting in the 
mutants. Haplodeficiency of MSX-1 gene in humans results in the loss of 
premolar and molar teeth (Vastardis et al., 1996). Transgenic mice overexpres
sing the Msx-2 gene exhibit a phenotype also found in humans and known as 
the Boston-type craniosynostosis which carries a mutation in one copy of 
MSX-2. This mutation increases the stability of binding of the protein to the 
MSX-2-binding site (T AATG) and therefore acts in a way similar to the over
expression of the gene in transgenic mice (Liu et al., 1995, 1 996; Ma et al., 
1996a; reviewed in Wilkie, 1997). 

No mutants of Msx-2 have so far been produced. 

3.7.8 Twist gene 

Twist was initially identified in Drosophila as one of the zygotic genes required 
for dorsoventral patterning during embryogenesis (Simpson, 1983; Ni.isslein
Volhard et al. , 1984). It encodes a basic helix-loop-helix (bHLH) transcription 
factor (Thisse et al., 1988; Murre et al. , 1 989). Vertebrate homologs of twist 
have been isolated (Chen and Behringher, 1 995, and references therein). At the 
neurula stage abundant twist transcripts are detected in the somites and in the 
neural crest-derived cranial mesenchyme in Xenopus (Xtwi) (Hopwood et al., 
1989). In the mouse the expression pattern includes the paraxial mesoderm, the 
somatopleure, the limb buds, the branchial arch mesectoderm (Ang and 
Rossant, 1994), and the primary osteoblastic cells of the calvaria in the new
born (Murray et al., 1 992). It seems therefore that, in amphibians as in mam-
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mals, twist regulates genes involved in the development of both mesoderm and 
mesectoderm. 

Twist+ mutants exhibit a failure of neural tube closure in the cranial region 
and have defects in head mesenchyme branchial arches, somites, and limb 
buds. Heterozygous mice for the twist deletion allele are normal. While in 
normal embryos neural tube closure involves fusion of neural folds in multiple 
sites in the midbrain and forebrain regions from E8.5, in twist+ mice the 
neural folds never initiate fusion. Local hemorrhages occur in the cranial 
area and the neural tube remains open rostrally down to the level of r4, thus 
leading to exencephaly. 

The head mesenchyme of E8 .5  twist+ embryo is abnormal with rounded 
cells lacking intercellular contacts and expanded extracellular space at the 
forebrain and midbrain regions. At this level the blood vessels are dilated 
and extravascular blood cells are abundant. The same disorganization of the 
mesenchyme reaches the branchial arches at E9. 

Cranial ganglia contain many pycnotic nuclei from E9.5 onwards. 
Examination of neural crest-derived mesenchyme, at migration stage, was car
ried out by using the specific marker AP2 (see below). It turned out that in twist 

null mutants neural crest cells showed essentially the same pattern of migration 
as in normal embryos but AP 2 expression was weaker in the fore brain-derived 
mesectoderm. 

Construction of chimeric embryos by injection of twist-I- ES cells into wild
type blastocysts homozygous for the ROSA26 gene trap insertion that 
expresses l'J-galactosidase ubiquitously (Friedrich and Soriano, 199 1  ), showed 
that the defect in forebrain and midbrain neural tube closure was directly 
related to the presence of twisi-1- and the absence of normal mesectodermal 
cells in the cranial neural crest. In contrast, the contribution of twist null cells 
to neurectoderm and surface ectoderm which do not express twist did not 
correlate with the development of the cranial neural tube defects. 

These results indicate that the mesenchyme of neural crest origin which 
arises from the diencephalon and mesencephalon plays an active role in the 
closure of the anterior neural tube destined to give rise to the forebrain and 
mid brain. 

In certain chimeras, head mesectoderm was of mixed muta.nt and wild-type 
origin. In such cases, mutant cells formed patches of rounded cells which 
remained apart from normal cells and did not establish cell-cell contacts like 
normal mesenchymal cells do. It seems, therefore, that adhesive properties are 
altered in twist+ cranial mesectodermal cells (Howard et al. , 1 997). 

Possible targets of twist are therefore genes encoding surface molecules, 
cytoskeletal proteins, and extracellular matrix components. Interestingly, in 
Drosophila, the twist mutation inhibits mesoderm formation by altering the 
changes in cellular morphology which are linked to the morphogenetic move
ments of gastrulation (Leptin and Grunewald, 1 990). Thus twist alters cell 
morphology and behavior in flies and mice, showing that it has conserved 
the same primary function throughout evolution. 
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3.7.9 AP2 gene 

The transcription factor gene AP2 was first identified from HeLa cells and was 
shown to stimulate RNA polymerase II transcription of test promoters in vitro 
in an A P;-binding site-dependent manner. 

AP2 was found to be expressed at E8.5 in the mouse in the head mesen
chyme and surface ectoderm as well as in the neural folds in the trunk (i .e., in 
the precursors of neural crest cells). At E9.5  the head and branchial arch 
mesenchyme was still strongly expressing AP2 as well as the surface ectoderm 
(Mitchell et al. , 1 99 1 ). Cranial sensory ganglia and DRG were clearly labeled at 
E l 0.5  while expression in head and branchial arch ectomesenchyme persisted 
at that stage and later on. In the neural tube a lateral column, dorsal to the 
sulcus limitans corresponding to the dorsal entry zone of the sensory axons, 
was strongly labeled along the whole hindbrain and spinal cord by in situ 
hybridization revealing AP2 transcripts. At E l  1 .5 A P2 expression was also 
seen in sympathetic ganglia. 

AP 2 -/- mice have been generated (Schorle et al. , 1996). They died peri
natally with severe dysmorphogenesis of the face, skull, and cranial ganglia. 
The head skeleton was acranic with all major skull bone of neural crest origin 
reduced to remnants. The forebrain was everted with the ventricular epithelium 
of the cerebral hemispheres facing outward. Medial nasal and mandibular 
rudiments did not fuse on the ventral midline, resulting in full midline facial 
clefting. Meckel's and hyoid cartilage primordia were evident but displaced 
and reduced. The defect in cranial morphogenesis was not due to a loss of 
expression of Pax3 or twist since transcripts of these genes were found in the 
neural crest cells that migrated early to the facial rudiments. 

It appears therefore that AP2 is an important component in the gene
expression program that regulates craniofacial development. 

3.8 Roles of various growth factors in the development of 
the mesectodermal derivatives of the neural crest 

A number of studies have been devoted to the tissue interactions involved in 
the development of the mesectodermal derivatives of the neural crest. They 
have been reviewed by Hall ( 1983, 1987). These studies have been particularly 
extensive concerning tooth development (see, e.g., Thesleff and Sharpe, 1997, 
and references therein). In this chapter, only some recent findings concerning 
the factors and their cognate receptors that have been shown to play a critical 
role in the development of the facial structures will be considered. 

A number of secreted factors are produced by either the epithelial or the 
mesenchymal components of the branchial arches and facial rudiments. Such is 
the case for members of the fibroblast growth factor (FGF), transforming 
growth factor f3 (TGFfj), and Wingless (Wnt) gene families. Other signaling 
molecules such as endothelin- 1 ,  PDGFa, epidermal growth factor (EGF), 
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TGFa, and membrane-bound ligands such as Jagged-] (or Serrate-]) have also 
been implicated in facial development. 

3.8.1 The endothelin-1 receptor-A pathway 

Endothelins (EON) consist of three closely related small peptide ligands 
(EDNl ,  -2, -3) that bind to one or both of the G protein-coupled endothelin 
receptors, EDNRA and EDNRB (Arai et al., 1 990; Sakurai et al. , 1 990; 
Yanagisawa, 1 994). Recent evidence shows that endothelins and their receptors 
are required for the development of specific subsets of neural crest derivatives: 
EDN3-4 or EDNRB-deficient mice develop white spotted coats and megacolon 
due to perturbations in the development of melanocytes and enteric nervous 
system (see Chapters 5 and 6), while disruption of the EDNl and EDNRA 
genes causes severe malformations of the pharyngeal arch-derived structures 
and the heart (Kurihara et al. , 1994; Clouthier et al. , 1998). 

The cephalic neural crest cells start expressing the EDNRA gene as they 
start migrating. At E3 in quail and chick and from E9 onward in the mouse, 
EDNRA mRNA is detectable in the ectomesenchyme of the head and bran
chial arches. In contrast, EDNl message is confined to the ectodermal and 
endodermal epithelia, to the central core of mesodermal cells of the branchial 
arches, and to the ectoderm of the rostral cephalic area (Clouthier et al., 1 998; 
Nataf et al. , 1998a,b). 

EDNRA is also expressed in the myocardium, while EDNl mRNA is found 
in the endothelial layer of the heart and of the arch vessels from E9.5 in the 
mouse. The phenotypes induced in mice by the targeted disruption of the 
EDNRA and EDNl genes are very similar. They mimick the human condi
tions collectively termed CATCH22 or velocardiofacial syndrome, which 
includes severe craniofacial deformities and defects of the cardiovascular out
flow. One of the striking features of the ED NRA-deficient mice is the complete 
absence of Meckel's cartilage, the strong reduction of the tongue, and the 
aberrant development of the middle ear. This suggests that paracrine inter
actions between crest-derived cells and both ectoderm and mesoderm are 
essential in forming the skeleton and connective tissue of the head. 
Moreover, expression of gsc gene is absent in EDNRA-deficient mice, suggest
ing that this transcription factor might be one of the downstream signals 
triggered by EDNRA activation (Kurihara et al., 1 994; Clouthier et al. , 1 998). 

As will be discussed in Chapter 6, although EDNl can interact with both 
EDNRA and EDNRB with high affinities, the EDNl /EDNRA axis does not 
overlap with the EDN3/EDNRB pathway, since in EDNl and EDNRA 
mutants the enteric nervous system and the melanocytes were not affected. 
Moreover, the defects observed in these mutants are not seen in EDN3- and 
EDNRB-deficient animals (Baynash et al. , 1994; Hosoda et al., 1 994). 

Both END- 1 and END-3 peptides are produced by proteolysis of larger 
proteins (big endothelin) by a specific enzyme designated endothelin converting 
enzyme- 1 (ECE- 1 ). The targeted null mutation of ECE- 1 has been recently 
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produced (Yanagisawa et al., 1998), and the ECE- 1-/- embryos exhibited 
craniofacial and cardiac abnormalities virtually identical to the defects seen 
in EDNl - and EDNRA-deficient embryos. In addition they also showed the 
developmental defects characteristic of EDN3-/- and EDNRB-/- animals. This 
means the ECE- 1 is an activating protease for both big EDNl and EDN3 in 
vivo. Mutations in ECE- 1 in humans were shown to cause developmental 
defects, such as Hirshsprung's disease (see Chapter 5), and the velocardiofacial 
syndrome and related neurocristopathies. 

3.8.2 Other growth factors involved in mesectoderm development 

Members of the FGF family involved in the development of the facial primor
dia, are FGF2 which is expressed throughout the epithelium of the facial pri
mordia, and FGF4 and FGF8 expressed in restricted regions of this epithelium 
(Crossley and Martin, 1 995; Wall and Hoggan, 1 995; Vogel et al. , 1996; Barlow 
and Francis-West, 1 997; Helms et al. , 1 997; Richman et al. , 1 997). 

Many members of the TGF tl family and their receptors are expressed in the 
developing facial primordia, and their role in patterning the facial structures 
via epitheliomesenchymal interactions, cell proliferation and chondrogenesis 
has been demonstrated in several systems (reviews by Kingsley, 1 994; 
Hogan, 1 996). TGFtJl ,  2 and 3 are all expressed in early facial mesenchyme. 
The mice in which the TGFtJl gene has been mutated died at E l O  before the 
onset of facial development (Dickson et al., 1 995), but in the TGFtJ2 mutant 
defects of maxillary and mandibular development, resulting in cleft palate 
(Sanford et al., 1997), have been recorded. TGFtJ3 seems to be required for 
the fusion of the palatal shelves (Kaartinen et al. , 1 995), a fact consistent with 
its high level of expression at the palatal interface. 

Expression of members of the bone morphogenetic proteins (BMPs, a sub
division of the TGF tl family) has been studied in detail in the facial primordia 
both in chick and mouse embryos (Francis-West et al. , 1 994; Bennett et al., 
1995; Wall and Hogan, 1 995; Barlow and Francis-West, 1997). 

BMP4 is expressed in restricted domains of the developing facial rudiments 
of the chick embryo. BMP4 expression in the epithelium is often associated 
with mesenchymal areas in which Bmp2, Bmp7, Msxl ,  and Msx2 transcripts 
are present (Francis-West et al., 1 994; Wall and Hogan, 1 995; Barlow and 
Francis-West, 1997). Haploinsufficiency of Bmp4 in C57Bl/6 mice results, in 
certain cases ( 1 2% of heterozygous), in shortening of frontal and nasal bones, 
while application of BMP2 and BMP4 activates Msxl and Msx2 gene expres
sion, increases cell proliferation, and can result in the bifurcation of skeletal 
structures (Barlow and Francis-West, 1 997). 

The null mutation of BMP7, also called osteogenic protein 1 (OPl) ,  has 
been reported to induce eye defects, probably by disrupting the process leading 
to lens induction. Moreover, abnormalities were regularly observed in the skull 
of these mutants, such as smaller basisphenoid bones and marked reduction of 
the pterygoid bone (Luo et al., 1 995). 
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Another member of the TFG,B family, Activin bA, was shown to be 
expressed in the mesenchyme of the facial and hypobranchial rudiments in 
mice and rat (Feijen et al., 1 994; Roberts and Barth, 1 994). Targeted mutations 
of either the Activin bA gene or of its receptor ActRII (Matzuk et al. , 1 995b) 
result in cleft palate and loss of incisors and lower molars (Matzuk et al., 
1995a). Similar palate abnormalities are observed in Follistatin-1- mice. The 
sonic hedgehog (Shh) signaling pathway, which plays an essential role in pat
terning the neural tube, the paraxial mesoderm and the limb, is also implicated 
in facial morphogenesis. Shh gene is expressed in the epithelia of the facial 
primordia (Marti et al. , 1 995; Wall and Hogan, 1 995; Barlow and Francis
West, 1 997; Helms et al. , 1 997). The Shh-expressing epithelium of the facial 
processes were shown to have patterning activity since they are able to induce 
digit duplications when grafted to the anterior region of the limb (Helms et al. , 

1 997). In Shh-I- mice, the branchial arches are relatively normal at E9.5, but 
the skeletal structures of the face are absent or extremely reduced (Chiang 
et al., 1 996). Mutations of the transmembrane receptor Patched (Ptc) can 
also induce facial abnormalities (homologs of the Drosophila gene cubitus 
interruptus). 

Some of the transcription factors of the Gli family involved in the Shh 
transduction pathway are expressed in the neural crest cells migrating in the 
embryonic face of the mouse (Walterhouse et al. , 1 993; Hui et al., 1 994). Null 
mutations of Gli2 and Gli3 result in facial abnormalities (Mo et al., 1 997). 
Namely, Gfi2-1- mice, show a truncation of the distal part of the maxilla and 
mandible together with the absence of incisors (Mo et al. , 1 997). In Gli3-/
mice, in contrast, the maxillary region is enlarged. A functional redundancy 
between Gli2 and Gli3 must exist since double Gli2 and Gli3 mutants have a 
more severe phenotype with additional bones being hypoplastic. 

In humans, Grieg's syndrome, characterized by a wide forehead and nasal 
bridge, has been related to the partial loss of GL/3 function (Vortkamp et al. , 

199 1  ). 
Mouse Serrate-I (also called Jagged-I), a membrane ligand of the Notch 

receptor family, is expressed in the developing maxillary and mandibular rudi
ments (Mitsiadis et al., 1 997). In humans, haploinsufficiency of Jagged-I causes 
Allagile's syndrome, characterized by defects in mandible, forehead, and nose 
development (Li et al. , 1 997; Oda et al., 1 997). 



        
       

from the Neural Crest to the 

Ganglia of the Peripheral 

Nervous System: The Sensory 

Ganglia 
4.1 General considerations 

The sensory ganglia of the peripheral nervous system (PNS) transmit informa
tion from peripheral targets to higher somatosensory areas in the spinal cord 
and brain. They include the dorsal root ganglia (DRG) organized as bilateral 
metameric units along the spinal cord, and the ganglia located along the path 
of cranial nerves. In development, sensory neurons originate from progenitors 
that migrate from the neural crest and certain ectodermal placodes to the 
homing sites where they differentiate. Nascent sensory ganglia are colonized 
by subsets of neural and glial progenitors with heterogeneous developmental 
potentialities. Knowledge of the state of commitment of neural crest precursors 
invokes a critical role for the local environment encountered along the migra
tory routes and at the target sites in regulating neural crest development into 
ganglionic derivatives. The pathways and mechanisms of neural crest cell 
migration that lead to the formation of segmentally organized ganglia, as 
well as the factors that regulate the differentiation of progenitor cells into 
neurons and satellite cells, have been the subject of intensive research during 
the past 10 years and will be discussed in this chapter. 

Upon differentiation, sensory neurons initially extend two axonal processes 
that grow in opposite directions from the cell bodies to reach peripheral and 
central target fields. The innervation of the targets is executed with exquisite 
precision, raising the possibility that sensory neurons become specified at early 
stages prior to innervation. In spite of this apparent exactitude, many more 
neurons send their processes to the targets than ultimately survive. This process 
of target innervation is associated with a period of massive neuronal death. A 
similar, but quantitatively more dramatic, process of sensory ganglion 

1 53 
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hypoplasia is observed when ablating the target limb bud. Observation of 
normal neuronal death that follows target innervation and of experimentally 
induced death caused by limb ablation led to a general paradigm of target 
dependence for neuronal survival (see Hamburger, 1 992). Thus, both normal 
and experimental cell death were proposed to be caused by competition among 
axons for limited accessibility to, or availability of, target-derived survival 
molecules. Identification of the process of "naturally occurring cell death" as 
part of the normal developmental program of the embryo led to the subsequent 
search for trophic agents that would sustain the neurons alive. Research in this 
direction led to the recognition that nerve growth factor (NGF) acts as a 
maintenance factor for sensory and sympathetic neurons during programmed 
neuronal death (reviewed by Levi-Montalcini, 1 987), thereby opening a new 
era in developmental neurobiology. 

Further to the discovery of NGF, additional members of what would 
become the "neurotrophin family" of growth factors were discovered. 
This is presently a very well-known family of molecules that includes, in 
addition to NGF, brain-derived neurotrophic factor (BDNF), neurotrophin-
3 (NT-3), neurotrophin-4 (NT-4), also named NT-4/5 or NT-5, and the 
more recently discovered fish-specific NT-6. The neurotrophins exert their 
activities through a small family of receptors, the trk tyrosine protein 
kinases. The first trk receptor was described in 1 986 as the product of the 
trk oncogene, a chimeric oncoprotein found in human colon carcinoma 
(Martin-Zanca et al., 1986, 1 989). However, it was not until I 991 that the 
physiological role of the trk protein kinase was elucidated as being the 
receptor for NGF. In subsequent studies, two additional and highly related 
molecules joined the family: trkB as the receptor for BDNF and NT-4, and 
trkC, the primary receptor for NT-3 (reviewed by Barbacid, 1994). The 
neurotrophins, their receptors, and a variety of responsive cells have been 
characterized in detail. Localization studies at the mRNA and protein levels 
have confirmed their expression in the target tissues in agreement with the 
proposed role as target-derived factors, but have also revealed novel sites of 
synthesis such as sensory neurons and motorneurons, classically considered 
as targets for neurotrophin activity. These patterns of synthesis suggested 
that there may be a compartmentalization in the effects of target-derived 
compared to locally produced neurotrophins (Schecterson and Bothwell, 
1 992; Pruginin-Bluger et al., 1 997). Indeed, local factors deriving from the 
neurons were recently shown to play short-range paracrine and autocrine 
activities within the ganglionic environment. 

Research during the past 1 0  years has revealed that the function of neuro
trophins in development is not limited to the period of programmed neuronal 
death but starts at much earlier stages during ontogeny. A requirement for 
neural tube signals in the development of neural crest cells into DRG was first 
reported by Kalcheim and Le Douarin ( 1 986). In subsequent studies, it became 
evident that BDNF and NT-3 exert distinct effects on neural crest cells both in 
the embryo and in culture. Ever since, new effects of neurotrophins were 
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uncovered in the early embryo, both on neural and on mesodermal progenitor 
cells. 

In this section, we provide an overview of the development of sensory gang
lia, with an emphasis on their origin, organization, and control of cell number 
mainly by the neurotrophins and also by other factors. We shall concentrate on 
four distinct phases: segmental migration of neural crest progenitors, differen
tiation into sensory neurons, factors affecting early maturation before inner
vation, and trophic interactions during programmed neuronal death. 

4.2 How is the segmental distribution of spinal ganglia 
established? 

Two pioneering works by Lehman ( 1 927) and Detwiler ( 1 937b) have shown 
that removal or addition of one or more somites to the axis reduced or 
increased, respectively, the number of sensory ganglia. These findings provided 
the first indication that the development of the DRG is intimately linked to the 
segmentation of the mesoderm. In fact, initial emigration of neural crest pro
genitors from the neural tube is even along the trunk axis and it is only 
following somite dissociation into dermomyotome and sclerotome that seg
mental migration of neural crest cells becomes apparent (Weston, 1 963; 
Tosney, 1978). By using the HNK- 1 monoclonal antibody, it was clearly 
demonstrated that migration of neural crest cells proceeds selectively in the 
rostral somitic halves and in the spaces separating two consecutive somites (see 
Chapter 2 for further discussion). 

To test whether this segmental migration is driven by intrinsic properties of 
the crest cells themselves or by somitic signals, two key experiments were 
performed. First, fragments of the neural tube were rotated along the rostro
caudal axis prior to the onset of neural crest cell migration in the chick embryo. 
This procedure did not alter the normal pattern of crest cell migration, demon
strating that segmentation is not an intrinsic property of the trunk neural crest. 
In contrast, reverting the rostrocaudal polarity of individual somites inversed 
the polarity of the ganglia whose progenitors kept migrating into the original 
rostral somitic domain that was experimentally brought to a caudal position 
(Keynes and Stern, 1984). 

The exclusive permissive nature of the rostral half of the sclerotome was 
further tested as follows: three to five consecutive somites were removed in a 
chick embryo and replaced by a series of either rostral or caudal epithelial 
somitic halves. In the first case, the operation resulted in the continuous and 
non-segmented migration of crest cells into the grafted mesoderm and the 
consequent formation of unsegmented ganglia (Fig. 4. I B). Conversely, grafting 
of multiple caudal-half somites in tandem prevented the migration of crest cells 
and gave rise to an area with small ganglia dorsally located with respect to the 
somites (Kalcheim and Teillet, 1 989). Much like the ganglion progenitors, 
peripheral nerves also grew exclusively into the rostral domain of each segment 
and behaved in a similar manner as neural crest cells in the experimental 
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Figure 4.1 The segmental pattern of peripheral ganglia and nerves depends upon somite 
integrity. Three-dimensional reconstruction of the neural tube and peripheral nervous 
structures in an E4.5 embryo receiving an implant of rostral somitic halves. (A) Control 
side showing three normal DRG, ventral roots, and primary sympathetic ganglia. (B) 
Continuous DRG polyganglion that resulted from constructing a paraxial mesoderm 
with only rostral halves of epithelial somites. Whereas three motor nerves condense 
from axons growing out of the neural tube on the unoperated side (A), motor axons 
emerging from the neural tube in B do not form individual nerves. Likewise, the primary 
sympathetic ganglia fail to condense into distinct swellings and remain unsegmented 
along the operated region. 

embryos (Fig. 4. 1 ) .  Altogether, these results demonstrate that the segmental 
pattern of neural crest migration and subsequent DRG formation is subservi
ent to somitic mesoderm segmentation, and more specifically to differences 
between at least permissive (and perhaps also attractive) qualities of rostral 
half-somite cells and inhibitory properties of the caudal somitic domains. 
Intensive research is now aimed at elucidating the molecular basis of somite 
polarity and its implications for neural segmentation (further discussed in 
Chapter 2). 

Weston ( 1 963), Tosney ( 1 978), and Teillet et al. ( 1 987) have noticed that in 
intact embryos, as well as in quail-chick chimeras with grafted neural pri
mordia, neural crest cells exit the neural tube evenly along the trunk neural 
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Figure 4.2 The segmental origin of neural crest cells that colonize the DRG: fate of 
labeled cells in chick embryos grafted with a one-somite-long segment of quail neural 
primordium inserted between two successive intersomitic spaces. DRG 1 ,  located rostral 
to the implant, is exclusively composed of host cells. DRG 2 and 3 are chimeric. The 
quail cells of DRG 2, which faces the graft, are preferentially localized in the caudal part 
of the ganglion, whereas those of DRG 3 are mainly found in its rostral portion. The 
arrows indicate the suggested direction that neural crest cells take from the neural 
primordium opposite the caudal somitic half to populate the rostral part of the DRG of 
the subsequent somitic level. DM, dermomyotome; NT, neural tube; Sci, sclerotome. 
(See Teillet et al., 1987, for further details; reproduced with permission.) 

axis and "wait" for the epithelial somites to dissociate into dermomyotome 
and sclerotome to start their segmental migration. This observation raised the 
question of the fate of those cells emerging from the neural tube opposite 
each caudal somitic domain given that this part of the somite does not 
support crest cell migration. This question was answered in a work by 
Teillet et al. ( 1987) who addressed the segmental origin and migratory path
ways followed by neural crest cells that give rise to DRG. To this end, quail 
neural primordia, one or two segments long, were precisely implanted into 
chick hosts between two successive intersomitic spaces or two midsomitic 
transverse levels and the fate of cells originating at the limits of the grafts 
was assessed (Figs 4.2 and 4.3). Teillet et al. found that, once facing the 
somite-derived sclerotome, crest cells bearing the quail marker that originate 
opposite rostral and caudal somitic halves converge to migrate in a polarized 
fashion into the rostral domain of each sclerotome. Those cells arising oppo
site the caudal sclerotome, hence being unable to migrate further, relocate 
into rostral areas to join their siblings by a short longitudinal migration 
which does not exceed one and a half segments in length. As a result of 
this polarized migration, each DRG forms in the rostral domain of the 
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Figure 4.3 The segmental origin of neural crest cells that colonize the DRG: fate of 
labeled cells in chick embryos grafted with two-somite-long segment of quail neural 
primordium ending at midsomitic regions. Left: Diagram showing the distribution of 
quail cells in the DRG with respect to the grafted segment of neural primordium. DRG 
3 is entirely composed of neural crest cells of the quail type, whereas DRG 2 and 4 are 
chimeric. DRG 2, which faces a neural tube (NT) of host type, contains quail cells 
preferentially segregated to its caudal half, while DRG 4 (see photomicrograph to the 
right) faces a tube with quail phenotype and contains quail cells preferentially localized 
in its rostral half. The arrows in the diagram indicate the suggested direction that neural 
crest cells take from levels opposite the caudal half of the somite to populate the caudal 
halves of the respective DRG. (See Teillet et al., 1987, for further details; reproduced 
with permission.) 

somite but is colonized by cells arising opposite both rostral and caudal 
domains of the corresponding segment and by crest cells that originally 
exit opposite the caudal half of the preceding somite (summarized in Fig. 
4.4). Another interesting observation made in the course of this work was 
that neural crest cells derived from rostral or caudal portions of the neural 
tube relative to the somites remain segregated along the rostrocaudal extent 
of each DRG, in a manner that corresponds to their origin along the neur
axis (Fig. 4.3). This segregation persists throughout development of the gang
lia perhaps because, at the end of the migratory process, progenitor cells that 
had migrated close to each other (as a consequence of arising from the same 
segmental level) tend to associate with their next neighbors, by virtue of cell 
adhesion mechanisms that become active at gangliogenesis. 
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Figure 4.4 Schematic model illustrating the segmental origin of the cells that constitute 
the DRG. Each DRG forms in the rostral part of the somite and is colonized by neural 
crest cells migrating longitudinally and laterally from the part of the neural tube (NT) 
facing the same somite and the preceding one. Neural crest cells arising opposite the 
caudal half of the corresponding somite contribute to about 50% of the ganglion, 
localizing predominantly in its caudal half. Cells from the caudal half of the preceding 
somite populate the rostral 20% of the ganglion, and cells arising at the rostral half of 
the corresponding segment populate the remaining 30% of the ganglion. (Reproduced, 
with permission, from Teillet et al., 1 987.) 

4.3 Embryonic origin and cellular heterogeneity of cranial 
and spinal ganglia 

4.3.J Embryonic origin of cranial sensory ganglia 

After the pioneer work of His ( 1 868) and until appropriate techniques were 
applied to the problem, the embryonic origin of the sensory ganglia of the head 
remained a controversial matter. From observations carried out on the chick 
embryo, His considered that they were exclusively of neural crest origin, but sev
eral other investigators also attributed a role in their histogenesis to the ectodermal 
placodes (Beard, 1888; Disse, 1 897; Landacre, 1 9 10; Landacre and McLellan, 
1 9 12; Coghill, 1 9 16; Van Campenhout, 1 937; Tello, 1946; Ortmann, 1 948). 

The dual origin of the trigeminal ganglion in the chick was clearly demon
strated by Hamburger ( 196 1)  and subsequently by Johnston ( 1966), Johnston 
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and Hazelton ( 1972) and Noden ( 1 975, 1 978b), who established the relative 
share of neural crest and placodal ectoderm in its constitution. Using [3H]TdR
labeled neural crest cells, Johnston ( 1966) and Noden ( 1975) noticed aggrega
tion of crest cells at the site where the trigeminal ganglion will form as early as 
3 days of incubation. The respective contribution of the neural crest and of the 
placodes to the cranial sensory ganglia was finally established through the use 
of the quail-chick chimera system by D'Amico-Martel and Noden ( 1980), and 
by Ayer-Le Lievre and Le Douarin ( 1982). Two different neuronal cell types 
can subsequently be identified in the trigeminal ganglion: large neurons, which 
are derived from placodal cells and are distally located, and smaller proximal 
ones of crest origin. These two populations are spatially separated and can 
easily be distinguished during the second week of incubation in the chick (Gait 
and Farbman, 1 973; Ciani et al. , 1 973; Meyer et al. , 1 973). The cells of the 
mediodorsal area (of crest origin) stop dividing between days 5 and 7 
(D'Amico-Martel and Noden, 1 980) and form small neurons whose average 
volume, established by Ebendal and Hedlund ( 1 974), is 1 080 µm3. The more 
distal ventrolateral cells (of placodal origin) cease dividing earlier (at 3 and 4 
days) and have an average volume of 1 800 µm3. Orthotopic transplants of quail 
neural crest into chick embryos, performed by Noden ( 1978b), showed that the 
contribution of the neural crest to the trigeminal ganglion originates from the 
posterior mesencephalic and metencephalic levels, which provide the ganglion 
with the entire population of satellite cells (see also below). 

The contribution of placodal ectoderm to the ganglia of cranial nerves was 
greatly clarified by the experimental work of Yntema ( 1937, 1 943) on 
Amblystoma. Areas of ectoderm including the placodes, stained with Nile 
blue, were implanted orthotopically and their fate followed up to the early 
stages of ganglion formation. In the chick, following the contribution of 
Yntema ( 1 944), a methodical study by Narayanan and Narayanan ( 1 980), 
using the quail-chick chimera system, clearly evaluated the respective contri
butions of the neural crest and the placodal ectoderm to the glossopharyngeal
vagal complex, formed by the root ganglia of cranial nerves IX and X. The 
more rostral portion of this complex is the superior ganglion of the glosso
pharyngeal nerve, and the more caudal portion is the jugular ganglion of the 
vagus nerve. Each cranial nerve also has a ganglion generally referred to as the 
trunk ganglion located at a certain distance from the brain. Such are the 
petrosal ganglion of the glossopharyngeal nerve (IX) and the nodose ganglion 
of the vagus nerve (X). 

The results of this study point clearly to a purely neural crest origin for the 
root ganglia of cranial nerves IX and X, and a placodal origin for all the 
neurons of the trunk ganglia of these two nerves. However, in both the 
trunk and the root ganglia, Schwann cells lining the nerves and ganglionic 
satellite cells are derived from the neural crest. Observations by Ayer-Le 
Lievre and Le Douarin ( 1982) are in full agreement with the conclusions of 
Narayanan and Narayanan ( 1 980). Table 4. 1 and Fig. 4.5 summarize the pres
ent state of knowledge on the embryonic origin of the cranial ganglia. 
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Table 4. 1 .  Origin of cranial sensory ganglia 

Ganglion Origin 

Vth nerve Trigeminal ganglion 

( trigeminal) 
Vlth nerve (facial) Root ganglion 

Geniculate ganglion 
IXth nerve Superior ganglion 
(glossopharyngeal) Petrosum ganglion 
Xth nerve (vagus) Jugular ganglion 

Nodosum ganglion 

Neurons 

Placode Neural 
crest 

+ + 

+ 
+ 

+ 
+ 

+ 
+ 

Neuroglia 

Placode Neural 
crest 

+ 

+ 
+ 
+ 
+ 
+ 
+ 

Note: Neurons are derived from ectodermal placodes or from the neural crest, with the 
exception of the trigeminal ganglion where neurons are of mixed placodal and crest 
origin. The neuroglia is in all cases exclusively derived from the neural crest. 

In more recent studies, the precise segmental origin of the cranial sensory 
ganglia was reevaluated. This was assessed through both DiI labeling 
(Lumsden et al., 1 99 1 )  and quail-chick grafting procedures (Couly et al. , 
unpublished results, summarized in Fig. 4.6). These authors have mapped 
the contribution of the mesencephalic and of the rhombomeric (r) crest to 
the cranial ganglia at the 5 somite stage (5ss). It was found that the trigeminal 
ganglion originates from the neural fold of the caudal half of the mesencepha
lon and from rhombomeres r l ,  r2, and r3, which provide both the placodal 
ectoderm and the neural crest cells which contribute to the distal and proximal 
regions of the ganglion (Fig. 4.6). As shown by Couly and Le Douarin ( 1990), 
the presumptive territory of the trigeminal placode is located in the external 
aspect of the mesencephalic neural fold at the early 0-3ss. Later on, it migrates 
laterally and can be selectively removed in 10-12ss chick embryos and replaced 
by its quail counterpart (D'Amico-Martel and Noden, 1980). This results in the 
formation of trigeminal ganglia in which the large sensory distal neurons are of 
quail origin. In contrast, substitution of the chick by the quail neural crest at 
the level corresponding to the mesencephalon and to r 1 and r2, yields chimeric 
ganglia in which the non-neuronal cells are all of quail type as well as the small, 
proximal, substance P-containing neurons (Ayer-Le Lievre and Le Douarin, 
1982). 

Grafts of the caudal half of the mesencephalic neural fold yield the Schwann 
cells of the various branches of cranial nerve III (oculomotor), nerve IV 
(trochlear) and nerve V. The neural participation of rl concerned the maxillary 
and mandibulary part of the trigeminal ganglion plus a small region in the 
ophthalmic branch, the Schwann cells of the maxillary and mandibulary 
branches of the trigeminal nerves, and of the IV (trochlear) and VI (external 
oculomotor and abducens) nerves. 
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Figure 4.5 The origin of cells in cranial sensory ganglia. Left panel: •, neural crest 
(NC); [;!, location of the ectodermal placodes which contribute to the sensory ganglia. 
Four placodes located on the branchial arches contribute to (right panel) the trigeminal 
(T), geniculate (G), petrosum (P), and nodose (N) ganglia. The otic placode (Ot) forms 
the otic ganglion. Right panel: Disposition of the ganglia of the cranial nerves. • The 
superior (S) and jugular (J) ganglia (like the DRG) contain neurons that originate 
exclusively from the neural crest. In all ganglia the glial cells are neural crest-derived. 

The neural crest cells from r2 migrate to the first branchial arch. Their fate is 
essentially neurogenic. They contribute to the maxillary and mandibulary part 
of the trigeminal ganglion. The rostral part of the acousticofacial (VII and VIII 
nerves) and the geniculate ganglia also contained quail cells. Likewise, 
Schwann cells of the maxillary and mandibulary branches of the trigeminal 
nerve and of nerve VII were mainly of quail origin. 

Cells originating from the r3 neural fold colonized the posterior region of 
the first and the second branchial arches. They are later on found in the max
illomandibular part of the trigeminal ganglion, of the acousticofacial ganglion, 
and as Schwann cells of the corresponding nerves. Some contribution to the 
jugular ganglion was also found in the embryos subjected to r3 neural fold 
grafts. Grafts of r4 neural fold contributed to the acousticofacial and genicu
late ganglia and to the proximal part of the jugular superior ganglion together 
with Schwann cells lining nerves VII, VIII, IX, and X. 

4.3.2 The mesencephalic nucleus of the trigeminal nerve 

Although it does not belong to the PNS, the mesencephalic nucleus of the 
trigeminal nerve deserves a special mention in this context since its origin 
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Figure 4.6 The contribution of mesencephalic- and rhombencephalic-level neural crest 
to the formation of cranial sensory ganglia. Isotopic and isochronic grafts of quail 
neural primordium into chick hosts at 5ss. (A) Color-coded scheme illustrating the 
different transplanted regions. (B) Colonization patterns of different portions of the 
cranial ganglia by the grafted fragments of neural primordia. Mes, mesencephalon; r, 
rhombomere; V, trigeminal ganglion; VII, facial ganglion; VIII, vestibuloacoustic 
ganglion; IX, glossopharyngeal ganglion; X, vagal ganglion; I ,  geniculate ganglion; 2, 
superior jugular ganglion; 3,  petrosal ganglion; 4, nodose ganglion. 

For a colored version of this figure, see www.cambridge.org/978052 l l 22252. 

from the neural crest has been demonstrated (Narayanan and Narayanan, 
1978a). This was acheived by heterospecific grafting of the mesencephalic 
neural crest between quail and chick embryos and by showing that the pre
cursor cells of the nucleus migrate from the crest towards the ventricular sur
face, independently of the simultaneous outward migration of the cells of the 
tectum originating from the proliferative activity of the neuroepithelium. This 
seems to be a unique case where migration of two cell types in opposite direc
tions has been clearly demonstrated. 
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4.3.3 The cells of Rohon-Beard 

The cells of Rohon-Beard are large transient neurons located in the dorsal part 
of the spinal cord of amphibians. They exist only is the embryo and larva and 
disappear during metamorphosis. The cause of their degeneration is unknown. 
They degenerate at the time when their place is taken by spinal root ganglia 
(Hughes, 1 957). According to Du Shane ( 1938) and Chibon ( 1 966) they origi
nate from the neural crest. Chibon demonstrated that removal of the crest at 
the trunk level in Pleurodeles resulted in the lack of Rohon-Beard cells in the 
spinal cord. In addition, following orthotopic bilateral grafts of [3H]TdR
labeled neural crest in the trunk all the Rohon-Beard cells were found to be 
labeled. In contrast, heterotopic grafts of cephalic crest at the trunk level led to 
the complete absence of Rohon-Beard cells at the operation site. This indicates 
that these large neurons are derived from the trunk neural crest and that the 
cephalic crest is devoid of the capacity to produce such cells. 

4.3.4 Different types of neurons in spinal sensory ganglia 

Developmental studies in avian species reveal that primary sensory neurons 
within DRG can also be divided into two major neuronal subtypes according 
to their size and birthdates: a population of large ventrolateral cells and a 
second class of small diameter dorsomedial neurons (Pannese, 1 97 4; 
McMillan-Carr and Simpson, 1978; Hamburger et al., 1981) .  Two analogous 
neuronal populations were also shown to exist in mammalian DRG: the "A" 
and "B" types according to the classification by electron microscopists 
(Rambourg et al. , 1983, and references therein), or the large "light" and the 
small "dark" populations, the latter containing a higher relative amount of 
granular endoplasmic reticulum and ribosomes (Lawson et al. , 1 974). More 
importantly, these two morphologically distinct subclasses of neurons were 
shown to mediate transmission of different sensory modalities. The small dia
meter neurons send their central afferents to laminae I and II of the dorsal horn 
and transmit nociceptive and thermoceptive sensations, whereas the large dia
meter cells end up within the deeper laminae of the dorsal horn of the spinal 
cord and transmit mechanoreceptive and proprioceptive stimuli (Koerber and 
Mendell, 1992; Snider and Wright, 1 996). 

Birthdate studies performed in chick embryos by McMillan-Carr and 
Simpson ( 1978) reveal that large-scale neuronal production in DRG occurs 
between E4.5  and E6.5 for the lateroventral population and between E4.5  
and E7.5  for the dorsomedial neurons. In the quail embryo, the birthdate 
patterns are very similar to the chick, yet neurons are born about 1 2  hours 
earlier (Schweizer et al. , 1 983). A similar temporal sequence is followed by 
these two neuronal subsets during the period of programmed neuronal 
death. A peak of apoptosis is found in the lateroventral region of the chick 
DRG at E5.5 and only at E9.5 in the mediodorsal area (McMillan-Carr and 
Simpson, 1 978). Thus, in general, the timing of birth, differentiation and death 
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of the large neurons precedes that of the small-diameter neuronal population. 
These two morphologically and functionally different major neuronal subsets 
also differ in additional parameters that include expression of phenotypic 
markers and responsiveness to distinct growth factors. 

4.3.5 Differential expression of markers to subsets of sensory 
neurons 

The expression of several markers by sensory neurons also appears to be 
related to their embryonic origin. Cell-surface complex carbohydrate structures 
carried on lipid and protein cores, such as globoseries oligosaccharides, appear 
to be associated predominantly with the large light neuronal population in rat 
DRG and with placodally derived cranial sensory neurons. Conversely, the 
distribution of lactoseries carbohydrates in DRG and cranial sensory ganglia 
is consistent with a preferential association with small dark DRG neurons and 
neural crest-derived cranial sensory neurons (Dodd and Jessell, 1985). These 
markers are also selective for chick DRG subsets in which the sugar epitope is 
carried only by glycolipids (Ernsberger and Rohrer, 1 988; Scott, 1 993). In the 
quail embryo, however, these markers are not restricted to specific neuronal 
subsets, as the lactoseries carbohydrates are expressed by most neurons in 
DRG with a stronger intensity on the ventrolateral ones (Sieber-Blum, 1989c). 

The functional classification of these two major neuronal subgroups was at 
least partially related to the presence of a number of neuroactive peptides in 
both embryonic and adult DRG, notably substance P, calcitonin gene-related 
peptide (CGRP), and somatostatin (Hokfelt et al. , 1 975a,b,c, 1976; Fontaine
Perus et al., 1985; Price, 1 985; New and Mudge, 1986). In avian DRG, sub
stance P immunoreactivity first appears on E5 and its expression is confined to 
the small-diameter dorsomedial population of DRG neurons that innervate 
laminae I and II of the spinal cord (Fontaine-Perus et al., 1985; New and 
Mudge, 1986). Most substance P-immunoreactive neurons are born between 
E3 and E6 in lumbosacral DRG (Scott et al., 1 990). In a study addressing the 
origin of the neurons expresssing substance P in cranial ganglia, it was found 
that, in general, the sensory neurons that express substance P immunoreactivity 
are derived from the neural crest, with the exception of few neurons in the 
nodose ganglia which express the marker and which are of placodal origin 
(Fontaine-Perus et al., 1 985). 

In rats, selective subsets of the smaller-diameter DRG neurons were also 
shown to express substance P-immunoreactive peptide, in an almost non
overlapping pattern when compared with the expression of somatostatin and 
fluoride-resistant acid phosphatase (Hokfelt et al. , 1976; Nagy and Hunt, 1 982; 
Maubert et al., 1992). In contrast to rodents, avian embryonic DRG express 
little somatostatin, but when these neurons were cultured in vitro in the 
presence of non-neuronal cells or of medium conditioned by these cells, the 
expression of somatostatin was shown to be greatly increased (Mudge, 1981) .  
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The markers that characterize the lateroventral population of neurons are 
far less numerous. In addition to the complex type of globoseries carbo
hydrates, several forms of neurofilament proteins are expresssed by these 
neurons, as revealed by specific antibody staining (Price, 1 985; Lawson et al. , 
1993). Furthermore, Sommer et al. ( 1985) have subclassified the large latero
ventral (or A) population of murine DRG into three distinct subclasses accord
ing to the relative activity of the enzyme carbonic anhydrase. The Aa neurons 
were shown to display large clumps of Niss! substance and moderate activity of 
the enzyme carbonic anhydrase. The Af3 class displayed small clusters of Nissl 
substance and moderate enzymatic activity. Finally, subclass Ay showed the 
most intense enzymatic activity. Most notably, the variety of markers that 
characterize the two major neuronal subpopulations within the DRG, of 
which only a part is discussed here, suggests that individual neurons express 
combinations of the above markers. It would be interesting to determine 
whether this combination of markers is stable for a given set of neurons or 
can be subjected to functional variations. Although still unknown, the combi
natorial expression of two or more of such molecules by individual neurons 
could define even smaller subpopulations with putative functional significance. 

4.3.6 Differential response of sensory neurons to growth factors 

The different neuronal subtypes defined above also respond to different growth 
factors. NGF, the prototypic maintenance factor for sensory and sympathetic 
neurons discovered by Levi-Montalcini (see Levi-Montalcini, 1987), is able to 
support the survival of small diameter cranial sensory neurons that derive 
exclusively from the neural crest (Davies and Lindsay, 1 985; see also Table 
4.2). Also in DRG, where both large and small neurons derive from the neural 
crest, the activity of NGF appears restricted to the small diameter neurons 
(Davies and Lindsay, 1985; Gaese et al., 1 994), that were shown in separate 
studies to express substance P immunoreactivity and transmit putative noci
ceptive sensations (see above). As already discussed, these neurons are also the 
latest to be born, suggesting that NGF acts on an ontogenetically young neur
onal population. It was recently proposed by Barde ( 1 994) that the relationship 
between embryonic origin, size, birthdate, and differential reactivity to growth 
factors may have a possible evolutionary relevance. Barde has proposed that 
NGF evolved from an ancient BDNF or NT-3-like gene based on the following 
facts. Firstly, whereas NT-3 and BDNF are already detected in cartilaginous 
fishes, NGF appears only in bony fishes. Secondly, sequence comparisons 
between BDNF and NGF in different species highlight the relative conserva
tion of the BDNF gene as compared to a significant variability in the NGF 
sequence, indicating that the "older" BDNF gene may have reached an opti
mized structure earlier than NGF. The "late" appearance of NGF is probably 
related with the observation that it acts on phylogenetically recent components 
of the PNS that also differentiate relatively late in ontogeny. Such is the case 
for the mediodorsal neurons of the DRG and the neurons of the sympathetic 



        
       

Table 4.2. Neuronal responsiveness to neurotrophic factors 

Embryonic 
origin NGF1 

DRGa NC sensory + 
Jugularb NC sensory + 
TMNC NC sensory - + 
Trigeminald NC (MD), placode -VL, 

(L V) sensory + MD 
Nodosee Placode sensory 
Petrosalr Placode sensory 
Geniculateg Placode sensory 
Vestibularh Placode sensory 
Sympathetic NC + 
ganglia; 

Ciliaryi NC 
parasympathetic 

Note: 

+. indicates effects on survival and/or differentiation; + /-. small but 
significant effects; -. no effect; empty cells stand for not determined. 

References: 
a l ,  Davies and Lindsay, 1985; Davies et al .. 1986; Diamond et al., 1992; 

Hamburger et a/., 1981; Hory-Lee et a/., 1993; Lindsay, 1988; Ruitet a/., 

1992. 
a2, Hofer and Barde, 1988; Hory-Lee et al., 1993; Leibrock et al., 1989; 

Lindsay. 1988. 

a3, Hohn et al., 1990; Hory-Lee et al., 1993; Maisonpierre et al., 1990b; 

Ockel et al .. 1996; Rosenthal et al.. 1990. 
a4. Hallbrook et al., 1991. 

a5. Berkemeier et al .. 1991. 
a6, Gotz et al., 1994. 

a7. Lin et al., 1990; Manthorpe et al., 1982. 

a8, Murphy et al., 1991, 1993, 1994. 

a9, Eckenstein et al., 1990. 
bl,  Davies and Lindsay, 1985; Davies et al., 1993b. 
b2, Davies et al., 1986. 
b5, Davies et al., I 993a. 

cl, Davies et al., 1987; Lindsay, 1988; Paul and Davies, 1995. 

c2. Davies et al., 1986; Lindsay, 1988. 

BDNF2 NT-33 NT-44 NT-55 

+ + + + 
+ + at early stages 
+ + 
+ mainly + /- VL + + MD, at 
VL neurons early stage - L V 
+ 
+ 
+ 

+ 

-, ?, + 

- ?  

c3, Hohn et al.. 1990. 

c5, Davies et al., 1993a. 

+ /-, + -, + 

+ 

d l ,  Buchman and Davies, 1993; Davies et al., 1993b; Davies and Lumsden, 

1984; Dimberg et al., 1987. 
d2, Davies et al., 1986. 
d3, Hohn et al., 1990. 
d4, Ibanez et al., 1993. 

d5, Davies et al., 1993a. 

d7, Manthorpe et al., 1982. 

el, Davies and Lindsay, 1985; Katz er al., 1990; Lindsay and Rohrer, 1985; 
Rosenthal et al., 1990. 

el, Davies et al., 1995; Hohn et al., 1990; Lindsay et al., 1985; Maisonpierre 
er al .. I 990b. 

e3, Davies et al., 1995 (Nt-3 with activity on trk C-/- mutants); Hohn er al., 
1990; Lindsay et al., 1985; Rosenthal et al., 1990. 

e4, Hallb66k et al., 1991; Thaler et al., 1994. 
e5, Berkemeier et al., 1991; Davies et al. , 1993a. 

e6, Gotz et al., 1994. 
e7, Barbin et al., 1984; Manthorpe et al., 1982; Thaler et al., 1994. 

e8, Thaler et al., 1994. 
fl, Davies and Lindsay, 1985. 

f2, Davies et al., 1986. 

NT-66 CNTF7 

+ + 

+ 

- + 

+ + 

+ 

gl. Davies and Lindsay, 1985. 
g2, Davies et al., 1986 

hi, Davies and Lindsay, 1985. 

LIF8 bFGF29 

+ + 

+ 

-, survival + 
+ ,  differ. to 

cholinergic 
+ 

i l ,  Campenot et al., 1991; Levi-Montalcini, 1987; Ruit er al., 1990. 

i2, Lindsay et al., 1985; Maisonpierre et al., 1990b. 

i3, Davies et al., 1995 (NT-3 with effect in trkC-/- mutants); Dechant et al., 
1993b (survival of E7 but not of El I neurons); Hohn et al., 1990; 
Rosenthal et al.,, 1990. 

i4, Hallbrook et al., 1991. 
i5, Berkemeier er al., 1991. 
i6, Gotz et al., 1994. 
i7, Lin et al., 1990; Rao et al.. 1990, 1992a, b, c. 

i8, Yamamori et al., 1989. 

i9, Eckensten et al., 1990. 

j l ,  Eckenstein et al., 1990. 
j2, Lindsay et al., 1985; Maisonpierre et al., 1990b. 
j3, Ernfors et al., 1994b; Hohn et al., 1990; Maisonpierre et al., 1990b. 
j5, Berkemeier et al., 1991. 

j6, Gotz et al., 1994. 

j7, Barbin et al., 1984; Lin et al., 1990. 
j8, Rao et al., 1990. 

j9, Eckenstein et al., 1990; Unsicker et al., 1987. 
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ganglia, which appear relatively late during vertebrate evolution (see Barde, 
1 994, and references therein). The findings that the early phases of develop
ment of sensory neurons of the DRG depend upon BDNF and NT-3 signaling 
but not upon NGF, are consistent with the proposed notion of a time sequence 
in responsiveness to the different neurotrophins during embryonic ontogeny 
(see detailed discussion in the next section). 

Scott ( 1 993) has investigated the trophic requirements of chick DRG 
neurons bearing the AC4/SSEA- l epitope that recognizes lactoseries glyco
conjugates. The immunoreactive neurons, of small and medium size, innervate 
both skin and muscle targets and are localized in the ventrolateral region of the 
ganglia of young embryos, but in hatchlings they become evident in the dor
somedial part of the DRG. These AC4/SSEA- l -positive neurons are supported 
in vitro primarily by BDNF, to a lesser extent by NT-3, but not by NGF. 
Furthermore, it was clearly established that the large neurons which transmit 
directly proprioceptive information from muscle spindles and Golgi tendon 
organs to spinal motor neurons depend for their survival in vitro primarily 
upon NT-3 (Rory-Lee et al., 1993; Oakley et al. , 1 995). These results were 
fully confirmed by phenotypic analysis of mutant mice carrying deletions either 
in the NT-3 or in the trkC genes (see Section 4.4.5). 

In summary, increasing evidence relates the embryonic origin of distinct 
sensory neurons with specific morphological, biochemical and functional fea
tures, suggesting that both time- and space-related parameters (localization of 
the neuron within the ganglion, innervation patterns) play a critical role in the 
regulation of sensory development and function. 

4.4 Control of cell number in developing ganglia 

4.4.1 Control of the development of sensory neural crest 
progenitors by the microenvironment 

4.4 .1 .1  The neural crest-neural tube-somite complex. Neural crest cells that 
give rise to DRG remain in the vicinity of the neural tube throughout migra
tion and during condensation into ganglia, a process that occurs within the 
rostral half of each somite (Fig. 4. 7). Based on these topographical relation
ships, the assumption was tested that both the CNS primordium and the 
somites are the sources of specific signals controling the shape and size of 
the organizing ganglia. A means of analyzing this hypothesis consisted of 
experimentally changing the topographical relationships between the neural 
crest cells and the neural tube, or the neural crest cells and the adjacent somites. 

The possibility that the neural tube plays a role in the development of 
sensory ganglia was first suggested by the observation that sensory neurons 
differentiate only in proximity to the CNS primordium (Le Lievre et al., 1 980; 
Schweizer et al., 1 983; Le Douarin, 1 986). Subsequently, this notion was tested 
in a more direct manner by performing neural tube ablations soon after the 
migration of neural crest progenitors. Neuralectomy caused the death of DRG 
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Figure 4.7 The segmental arrangement of DRG and peripheral nerves. Immuno
fiuorescent staining with the HNK-1 antibody of sections from a 30-somite chick 
embryo at the level of somites 21-23. (a) Frontal section at a dorsal level showing the 
neural crest-derived cells forming the DRG on both sides of the neural tube (NT) and 
occupying the rostral part of each somite (So). (b) Frontal section through the same 
embryo at the level of the ventral neural tube depicting HNK-1-positive Schwann cells 
metamerically organized within the rostral sclerotomes and lining along the ventral root 
fibers. Bar = 50 µm. (Reproduced, with permission, from Kalcheim and Le Douarin, 
1986.) 

cells, but had also an adverse effect on the somites which died within the 24-48-
hour period following ablation (Teillet and Le Douarin, 1 983). A less-invasive 
manipulation was performed afterwards that consisted in implanting into chick 
embryos at 30ss an impermeable silicon membrane between the neural tube 
and the recently migrated neural crest cells along a length of five consecutive 
somites (somitic level 20-25; Kalcheim and Le Douarin, 1 986; Fig. 4.8). 
Separation of the crest cells from the neural tube at this specific stage resulted 
in the selective death of the separated cells located in the prospective DRG 
region and consequently in a total absence of DRG (Fig. 4.9a). In contrast to 
the neural tube ablation, this operation caused no apparent impairment in the 
development of crest-derived sympathoblasts and Schwann cells located 
further ventrad. Neither did it affect the survival of the mesodermal somites 
or their derivatives with which the crest cells remained in contact. This require
ment for neural tube-derived signals is only transient because lack of CNS 
input at slightly later stages, when young sensory neurons begin to establish 
contacts with their targets, only partially affected ganglion development (Yip 
and Johnson, 1984; Kalcheim and Le Douarin, 1 986). 

The results of the membrane implants showed that the neural tube is neces
sary for the survival of sensory ganglion progenitors, and that an interaction 
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Figure 4.8 Separation of the DRG anlage from the neural tube by means of an 
impermeable silastic membrane. A unilateral incision between the neural tube (NT) and 
the adjacent somites is performed at the level of somites 21-24 of a 30ss chick embryo. 
The silastic membrane is thus introduced into the slit and protrudes dorsally to 
compensate for embryonic growth. The photomicrographs represent frontal (a) and 
transverse (b) sections of operated embryos fixed 2 hours after implantation. The 
operation attained only the DRG while leaving intact the Schwann cells and 
sympathetic ganglia (arrows). Ao, dorsal aorta; OM, dermomyotome; No, notochord. 
Bar = 50 µm. (Reproduced, with permission, from Kalcheim and Le Douarin, 1986.) 

with the somitic environment was not enough to rescue the cells from death. 
The question was then raised whether the somites have any effect on the 
regulation of neural crest cell number, in addition to their role in ganglion 
segmentation. Results from experiments in which the rostrocaudal composition 
of the somites was altered by replacing normal somites with multiple rostral or 
caudal somitic halves shed light on this issue. Altering the metameric organiza
tion of DRG and sympathetic ganglia also had profound effects on their size 
(Kalcheim and Teillet, 1 989; Goldstein et al., 1990; Goldstein and Kalcheim, 
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Figure 4.9 Increased survival time of neural crest-derived cells on the somitic side of a 
silastic membrane preadsorbed with a neural tube extract. HNK-1 immunolabeling of 
two sections from E4.5 chick embryos. (a) After implantation of a collagen-treated 
silastic (sil) membrane (control). Note the absence of HNK- 1 stained cells distal to the 
implant (arrows) and the few immunoftuorescent cells adjacent to the tube surface. (b) 
After implantation of a neural tube extract-treated silastic membrane. Many fluorescent 
cells are evident on the somitic side of the membrane (arrows) (see Kalcheim and Le 
Douarin, 1986). Similar results were obtained after preadsorbing silastic membranes 
with FGF2, BDNF or NT-3. Bars = 25 µm. (Reproduced, with permission, from 
Kalcheim and Le Douarin, 1986.) 

1 99 1  ) .  Grafting of multiple rostral half-somites in place of normal segments led 
to the formation of unsegmented DRG (polyganglia) whose volume and cell 
number was significantly greater than the sum of the ganglia located in the 
intact contralateral side. One mechanism that accounts for increased ganglion 
size is enhanced proliferative activity of the cells in the polyganglia (Goldstein 
e1 al., 1 990). This stimulation of the proliferation of neural crest cells develop
ing within a mesoderm of rostral type may result either from a direct mitogenic 
effect of rostral somitic cells, or from a neural tube-derived mitogen whose 
accessibility to the crest progenitors has increased in view of the continuous 
area of contact between the crest cells and the neural tube. Subsequent studies 
performed in vitro have confirmed the notion that a neural tube-derived factor 
is able to stimulate the proliferation of a subset of neural crest cells. Moreover, 
this mitogenic effect was significantly higher when the factor was applied to 
mixed cultures of dissociated neural crest cells migrating within the somites 
(Kalcheim et al., 1 992). 

In summary, results of the studies modifying in a controlled manner the 
environment in which the peripheral ganglia develop show that initial DRG 
size is regulated both by the neural tube and by the rostral part of each somite. 
These results raised many questions concerning the identity of the factors that 
mediate the effects of the neural tube, the cellular processes they influence, the 
state of committment of the responsive crest cells, and the mechanisms 
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whereby the somites modulate factor activity. The molecular aspects of these 
processes are discussed in the next section. 

4.4.2 Trophic control of neural crest development 

4.4.2.1 Multiple factors promote the development of neural crest cells into 
sensory neurons: the neurotrophins and basic FGF (FGF2) . Among the pro
cesses that contribute to the regulation of the initial number of cells within a 
ganglion are the initial amount of migrating cells, the proliferation and the 
differentiation of the neural crest progenitors into neurons and satellite cells. 
Mitosis and differentiation lead to the production of large numbers of neurons. 
Detailed studies on the timing of cell proliferation were performed on chick 
embryos, where elevated proliferative activity was found to occur through days 
4 and 5 of incubation (E4-5), followed by a significant drop thereafter. 
Withdrawal from the cell cycle is followed by differentiation of sensory 
neurons. McMillan-Carr and Simpson ( 1 978) have reported that large-scale 
neuronal production occurs in chick DRG between 4.5 and 6.5 days in the 
lateroventral region and between 4.5 and 7 .5  days in the mediodorsal area. 
Thus, most sensory neurons are likely to arise from multipotent precursors that 
continue dividing following colonization of the ganglionic anlage. It is inter
esting to mention in this respect that, unlike the situation in the embryo, when 
premigratory or migrating neural crest cells are cultured under serum-free 
conditions, a subpopulation of cells becomes readily postmitotic and differenti
ates into sensory-like neurons (Ziller et al. , 1 987; Sieber-Blum, 1989c; see also 
Chapter 7). This experimental paradigm highlights possible differences inher
ent to the crest population, thus suggesting that distinct mechanisms control 
the development of progenitor cells. Only recently have we begun unraveling 
some of the factors that operate on neural precursors. 

A. IN VIVO APPROACH. As a result of the finding that sensory ganglion progeni
tors require specific neural tube-derived signals (see previous section), a search 
began for molecules that mediate these early effects. Impermeable membranes 
that served as barriers to disconnect the neural crest cells from the neural tube 
were implanted following preadsorption of embryonic extracts or purified fac
tors. Neural crest cells that form the DRG could be temporarily rescued pro
vided the membranes were pretreated with a neural tube extract, but not a liver 
extract, or with purified neurotrophins such as BDNF or NT-3, but not NGF 
(see Fig. 4.9b; Kalcheim and Le Douarin, 1 986; Kalcheim et al., 1 987; Brill and 
Kalcheim, unpublished results). Also the basic form of fibroblast growth factor 
(FGF2) was effective to a similar extent compared with BDNF. Interestingly, 
no synergistic effect was obtained when cotreating the membranes with both 
FGF2 and BDNF compared with each factor separately, suggesting that the 
two molecules may act on overlapping subsets of crest precursors (Kalcheim, 
1989). These results showed for the first time that, much like differentiated 
neurons, neural crest precursors are programmed to die unless provided with 
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specific survival cues. Moreover, they also revealed an early role for specific 
neurotrophins, originally found to prevent neuronal death and promote neurite 
extension of several peripheral and central neuronal types (Barde, 1989). 
Likewise, FGF2 was classically considered to trigger the proliferation of a 
wide variety of mesodermal cells and also to promote neuronal survival 
(Gospodarowicz, 1 99 1 ). 

Subsequent studies have confirmed that the neural tube is an early source of 
these factors. NT-3 and FGF2-like immunoreactive proteins and mRNA were 
detected in the avian CNS primordium (Kalcheim and Neufeld, 1990; Pineo et 
al., 1993; Yao et al., 1 994). Furthermore, in situ hybridization has revealed a 
dynamic pattern of expression of BDNF transcripts in the avian neural tube of 
developing chick embryos. Expression of BDNF gene was already observed in 
1 8ss embryos throughout the entire cross-sectional plane of the neural tube at 
thoracic levels. Slightly later, expression of BDNF became confined to the 
dorsal part of the neural tube at the levels where neural crest formation and 
migration were in progress (Fig. 4. 10, see also Kahane et al. , 1 996). 

In vivo studies have also shown that the combined presence of the neural 
tube, and of a mesoderm permissive for neural crest migration, stimulates the 
proliferation of avian neural crest cells that constitute the DRG (Goldstein et 
al., 1990). Further experiments have shown that this in vivo activity can be 
mimicked in vitro upon treatment of neural crest cells with NT-3. NT-3 is a 
mitogen for cultured avian crest cells, as it stimulates the proportion of cells 
encountered in the S-phase of the mitotic cycle, in addition to stimulating an 
increase in total cell number (survival effect) (Kalcheim et al., 1 992; Pineo et 

al., 1993). Consistent with this finding, NT-3 was found to keep rat sensory 
precursors of the DRG in a proliferative state by inhibiting their differentiation 
into neurons (Memberg and Hall, 1995). It is interesting to point out in this 
context that retinoic acid (RA) was also found to stimulate the proliferation 
and differentiation of distinct subsets of neuronal progenitor cells (Henion and 
Weston, 1 994; Dupin and Le Douarin, 1 995; Rockwood and Maxwell, 1 996). 
Since RA was found to induce the expression of the trk and p75 neurotrophin 
receptors in neural crest-derived neuroblastoma cells (Haskell et al., 1987; 
Kaplan et al. , 1 993) and in sympathetic neurons (Kobayashi et al. , 1 994c; 
Rodriguez-Tebar and Rohrer, 199 1  ), it would be relevant to test whether 
RA acts by upregulating neurotrophin dependence of progenitors of sensory 
and sympathetic neurons. 

B. IN VITRO APPROACH. Additional effects displayed by the neurotrophins and 
by FGF2 on neural crest cells were characterized to a great extent by means of 
in vitro approaches. BDNF (Kalcheim and Gendreau, 1 988), NT-3 (Pineo et 
al., 1 993), and FGF2 (Brill et al. , 1 992) were found to stimulate the differentia
tion of a subset of neural crest progenitors into neurons expressing substance P 
and A2B5 immunoreactivities. The ability of all three factors to stimulate 
neurogenesis of the neural crest progenitors raises the possibility of redundancy 
in the response of individual neural crest cells to the various factors, much like 
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Figure 4.10 Expression of BDNF mRNA in the neural tube of early chick embryos. (A, 
B) Dark-field and bright-field images, respectively, of a transverse section through 
somite 17 of a 24ss embryo showing BDNF mRNA signal distributed throughout the 
neural tube (nt). (C, D) Dark-field and bright-field images, respectively, of a transverse 
section through the thoracic region of a 36ss embryo showing the expression of BDNF 
mRNA restricted to the dorsal part of the neural tube (arrowheads). N, notochord; nt, 
neural tube. Bar = 50 µm. (Reproduced, with permission, from Kahane et al., 1996. 
Copyright © 1 996. Reprinted by permission of John Wiley & Sons, Inc.) 

the combined action of BDNF and FGF2 in vivo on survival of DRG precur
sors (for further discussion see Section 4.4.6). 

Two issues related to the possible mechanisms of action of these factors are 
worth discussing. The first concerns the state of commitment of the responsive 
cells. Distinct sensory neurons can differentiate both from dividing multi
potential cells as well as from early committed progenitors (see Chapter 7). 
The experiments outlined above made use of culture conditions devoid of 
serum that facilitated the differentiation of precursors within 1 5-20 hours of 
explantation from a postmitotic progenitor subset (Ziller et al., 1983, 1 987). 
These progenitors are, therefore, likely to belong to an early specified neural 
crest subset. The mechanism whereby exogenous factors influence such pro
genitors must be by activating, rather than by inducing, a program for survival 
or differentiation. Furthermore, mitotically active neural crest precursors also 
have the ability to respond to NT-3 (Kalcheim et al. , 1 992), and to FGF2 
(Bannerman and Pleasure, 1 993; Kalcheim, 1989). In contrast to the early 
postmitotic precursors, this cell population is likely to contain multipotent 
cells able to develop into sensory neurons and also into other derivatives. 
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FGF2 and NT-3 have, therefore, more than one type of activity on distinct 
avian neural crest cells. In other words, neural crest progenitors, which pro
gressively change their developmental potentialities, may remain responsive to 
a given growth factor throughout ontogeny. The nature of their response to 
this environmental signal will, however, differ according to their actual state of 
commitment. 

4.4.2.2 Primary neuronal differentiation involves cell-mediated environmental 
stimuli. The second issue concerns the observation that primary neuronal 
development from neural crest progenitors requires a cell-mediated process. 
Growth factors such as NT-3, BDNF, and FGF2 have little or no effect on 
neuronal number when added to pure neural crest cultures (they have, how
ever, significant effects on the non-neuronal cells; see Kalcheim, 1989; Brill et 
al., 1992; Kalcheim et al. , 1 992). In contrast, when neural crest cells are grown 
on mesodermal cells expressing these molecules, or on mesodermal cells to 
which these factors are exogenously added, neuronal development is greatly 
stimulated (see Fig. 4. 1 1 ;  see also Pineo et al., 1 993, for NT-3; Kalcheim and 
Gendreau, 1988, for BDNF; Brill et al. , 1 992, for FGF2). Likewise, the mito
genic effect of NT-3 on neural crest cells is further enhanced in cultures of 
somitic cells that contain migrating neural crest progenitors (Kalcheim et al., 
1992). Several mechanisms could account for these observations. Somitic 
mesodermal cells are likely mediators in the presentation of the growth factors 
to the responding cells. Thus, FGF2 could specifically bind to somite
associated heparan sulfate proteoglycans, molecules to which the FGFs show 
high affinity (Saksela and Rifkin, 1990; Bashkin et al. , 1 992). In fact, heparin 
and heparan sulfate proteoglycans were implicated in the modulation of FGF 
activity by at least three mechanisms: ( 1 )  by providing a matrix-bound or a cell
surface reservoir of FGF for responsive cells; (2) by being essential cofactors 
for the interaction of FGF with their tyrosine kinase receptors; and (3) by 
regulating the secretion and internalization of the FGFs (reviewed in 
Rapraeger et al., 1994). 

Likewise, the response of neural crest cells to neurotrophins could be 
enhanced by the low-affinity p75 receptor expressed both on crest cells 
and on somitic cells (Wheeler and Bothwell, 1992). It has been clearly 
documented that, in several systems, the low-affinity p75 receptor, common 
to all neurotrophins, cooperates with the tyrosine kinase receptors that are 
more specific for each neurotrophin to create high-affinity sites, thus mod
ulating the responsiveness to this family of growth factors (reviewed in 
Chao, 1992, 1994). 

Moreover, the glycoprotein laminin, present in the basement membrane that 
surrounds the neural tube and in the dermomyotome/sclerotome interface 
(Rogers et al., 1986), could act as a specific attachment molecule for the 
above factors, thereby increasing their concentration in a local manner. Two 
observations support this possibility. First, adsorption of BDNF or FGF2 
together with laminin on silastic membranes prior to implantation between 
neural tube and somites was necessary for rescuing neural crest cells that 
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Figure 4.11 NT-3 stimulates neuronal differentiation of neural crest progenitors: the 
effect of NT-3-producing cells on neurite outgrowth from neural crest clusters. Two
day-old neural crest clusters were cultured on top of a monolayer of (A, B) control 
chinese hamster ovary (CHO) cells, or (C, D) CHO cells that produce recombinant 
NT-3. At the end of 24 hours of incubation in serum-free medium, cocultures were fixed 
and stained with the HNK-1 antibody. Note in (C) the presence of two HNK-1-
immunoreactive clusters showing extensive neurite outgrowth. In  contrast, only few 
crest cells differentiate into neurons on the control CHO line. (B, D) Phase contrast. 
Bar = 1 20 µm. (Reproduced, with permission, from Pineo et al., 1 993. Copyright 
© 1993. Reprinted by permission of John Wiley & Sons, Inc.) 

were disconnected from the neural tube (Kalcheim et al. , 1 987; Kalcheim, 
1 989). Second, when dissociated mixed somite-neural crest cells were cultured 
on a Iaminin substrate, a ten-fold less concentration of NT-3 was required 
to obtain a similar stimulation in the proportion of proliferating neural crest 
cells when compared to cells seeded on a fibronectin substrate (Kalcheim et 
al. , 1 992). 



        
       

THE SENSORY GANGLIA 177 

4.4.2.3 Neural crest cells express receptors for neurotrophins and 
FGF2. Validation of a model invoking the activities of BDNF, NT-3, and 
FGF2 on neural crest cells requires that the respective receptors be expressed 
on these progenitors. The observations that all growth factors are active at 
nanomolar concentrations (50 pg/ml to 1 ng/ml) suggest that their activities are 
indeed mediated via appropriate high-affinity binding sites (see Fig. 4. 14) .  
Evidence derived from RT-PCR analysis and in situ hybridization confirmed 
this view. Heuer et al. ( 1990) have shown that subpopulations of migrating 
neural crest cells express the avian counterpart of the human FGF receptor 
(fig). The most selective receptor for BDNF, trkB (Glass et al., 1 99 1 ;  Klein et 
al. , 199 1 ;  Soppet et al., 199 1 ;  Squinto et al. , 1 99 1 ), is expressed on avian neural 
crest cells (Yao et al. , 1994) and on chick DRG cells from E3.5 (Dechant et al., 
1993a). The most selective receptor for NT-3, trkC (Lamballe et al. , 1 99 1 ,  1 993, 
1994), is synthesized by neural crest cells already at premigratory stages (Fig. 
4. 1 2; and see Kahane and Kalcheim, 1994) and continues to be expressed on 
crest cell subsets migrating in the ventral pathway that leads to the formation 
of DRG (Fig. 4. 1 2; and see Kahane and Kalcheim, 1 994; Tessarollo et al. , 
1 993; Williams et al. , 1 993; Yao et al., 1 994). More recently, Henion et al. 
( 1 995) have demonstrated that neural crest progenitors migrating in the ventral 
pathway express the full length isoform of trkC which is able to transduce a 
biological signal. This observation is of great importance, as truncated iso
forms lacking the cytoplasmic domain of the receptor have been identified 
primarily on non-neuronal cells (reviewed by Barbacid 1 995; see also 
Lamballe et al. , 1993; Tsoulfas et al. , 1 993; Valenzuela et al. , 1993). The func
tion(s) of these isoforms is still elusive, although Biffo et al. ( 1 995) have sug
gested that, at slightly later stages, the truncated form of the trkB receptor may 
serve to restrict the availability of its cognate ligand by prompting its inter
nalization. 

Interestingly, in all the experiments outlined above, as well as in "in vivo " 
studies, NGF was without activity on neural crest cells (Kalcheim and Le 
Douarin, 1986; Kalcheim et al. , 1 987). In agreement with this result, no 
NGF binding to high-affinity sites could be revealed on migrating neural 
crest cells (Speight et al. , 1993). Specific high-affinity sites appear on a popula
tion of neuron-like cells that express tyrosine hydroxylase only after 1-2 weeks 
in culture, provided they are treated with NGF (Bernd, 1987, 1 988). 

4.4.3 Early stages of sensory ganglion development 

4.4.3. 1 Variations in initial DRG size along the neuraxis. DRG display 
regional variations in cell number along the rostrocaudal axis. It was known 
for a long time that limb-innervating ganglia are much larger than their non
limb-innervating counterparts because a comparably lower percentage of neur
onal death takes place in the former (Hamburger and Levi-Montalcini, 1 949). 
Moreover, it was recently shown that brachial-level ganglia are larger than 
cervical ones already from the stage of gangliogenesis and prior to the onset 
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Figure 4.12  Expression of the trkC gene in subsets of neural crest cells and DRG. (A, B) 
Transverse section through a 22ss embryo at the level of somite 17 showing restriction of 
trkC signal to the dorsal part of the neural tube that contains presumptive premigratory 
crest cells (arrowheads). (C, D) Transverse section through the rostral somitic half of a 
28ss embryo showing trkC-positive neural crest cells within the sclerotome. Sclerotomal 
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of programmed cell death (Goldstein, 1993). These early differences are not 
due to different rates of DRG cell proliferation in the two regions, but appear 
to be related to size differences of the rostral sclerotomes in the two areas. Since 
the rostral sclerotome in brachia] areas is about twice the length of the cervical
level sclerotome (Goldstein, 1993), a comparably larger number of neural crest 
cells is likely to invade the former. In support of this notion, grafting of 
brachial-level somites into cervical areas of the axis, or of cervical-level somites 
into wing-innervating areas, results in the formation of DRG with a size 
appropriate to the grafted segments (Goldstein et al. , 1 995). So, axial-level 
differences in the number of neural crest cells able to migrate into a given 
anlage may be an early determinant of initial ganglion size. 

Another striking example of variation in early DRG development along the 
rostrocaudal axis is the transient lifespan of the rostralmost ganglia in the 
embryos of Amniotes. The ganglia that develop at the level of the occipital 
and of the first one or two cervical segments, called Froriep's ganglia, disap
pear early in development despite their apparent normal formation and seg
mentation when compared to the permanent DRG (Lim et al. , 1 987). Rosen et 
al. ( 1 996) have shown that, in the chick, DRG corresponding to the level of the 
second cervical vertebra (C2) forms by 50 hours of incubation and has the same 
volume as the permanent DRG C5 and C6 by E2.5, but starts degenerating by 
E3, until its complete disappearance by E l O  (Fig. 4. 1 3). The cellular mechan
isms accounting for these size differences are both decreased proliferation of 
the precursors cells as well as a more significant extent of cell death at parallel 
stages. As the rostral somitic tissue where these ganglia develop has been 
implicated in modulating proliferation and differentiation of the neural crest 
precursors that colonize the DRG (Goldstein et al. , 1 990; Kalcheim et al. , 
1992), the possibility exists that molecular differences between the somites 
account for the different properties observed. In line with such a suggestion 
is the finding that overexpression of the caudally expressed Hoxb-8 gene, 
involved along with other members of the Hox family in determining positional 
properties of body segments, results in prolonged life of the murine Froriep's 
C2 DRG (Charite et al., 1994). This was interpreted as a "posterior transfor
mation" making the C2 ganglion similar to DRG in more caudal segments. 
These differences between the occipital somites and the more caudal somites 
might be involved in determining their differential fates. While most somites 
along the axis give rise to the vertebrae of the spine, the rostralmost four pairs 
of somites fuse to form the basi- and exo-occipital chondrocranium, and somite 

Figure 4.12 (cont.) 
cells show no expression of trkC. (E, F) Transverse section through an E5 embryo 
showing intense and homogeneous distribution of trkC transcripts in the DRG(*). Note 
also that, at this stage, the ventral region of the neural tube containing spinal motor 
neurons lacks trkC mRNA. (G, H) DRG of an ES embryo. trkC mRNA is localized to 
specific neurons in the lateroventral area of the DRG, and shows a diffuse distribution 
to mediodorsal cells. DM, dermomyotome; NT, neural tube; SC, spinal cord. Bar = 50 
µm. (See Kahane and Kalcheim, 1994.) 
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STAGE 21 

Figure 4.13 Morphology of the transient Froriep's and neighboring conventional 
ganglia at early stages of development. Upper panel: Camera lucida drawings of chick 
embryos stained with the HNK-1 antibody to delineate neural crest and nervous 
structures. The C2 DRG is normal at stages 16 and 18, but reduced at stage 2 1 .  X, vagus 
nerve; 0, occipital segments; C, cervical segments; VR, vertical root; O.V., otic vesicle. 
Lower panel: A three-dimensional reconstruction of neural structures of a serially 
sectioned stage 23 embryo at the transition between the hindbrain and spinal cord. The 
unusual shape and smaller girth of the C2 ganglion compared to normal ganglia such as 
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pairs 5 and 6 contribute to the formation of the highly specialized atlas and axis 
(Couly et al. , 1993). These dramatic changes in the morphology of the rostral
most six somitic pairs may be the immediate cause for the degeneration of the 
Froriep's ganglia. 

4.4.3.2 Factors affecting the development of sensory neuroblasts. Factors that 
affect the differentiation of neural crest progenitors also act on young neuro
blasts to stimulate their maturation prior to the onset of programmed neuronal 
death. Both BDNF and NT-3 were found to accelerate a maturational change 
in the shape of young sensory neuroblasts explanted from E4.5 avian DRG 
(Wright et al. , 1992). The active factors may be provided by the adjacent spinal 
cord where they are present at these stages. In addition, sensory ganglia have 
been shown to synthesize BDNF, suggesting that BDNF may act by an auto
crine route. This view is supported by an experiment in which application of 
antisense BDNF oligonucleotides was shown to inhibit neuronal maturation 
(Wright et al. , 1992). 

A role for NT-3 during the early stages of avian sensory ganglion develop
ment was further confirmed by treating embryos with neutralizing antibodies 
to this neurotrophin (Gaese et al. , 1994). Hybridoma cells secreting antibodies 
to NT-3 were placed onto the chorioallantoic membrane of 3-day-old quail 
embryos. These cells proliferate in the embryo and continue secreting the 
antibodies. In anti-NT-3-treated embryos, the number of neurons counted in 
the E6 DRG was reduced by 35% compared with control embryos. A similar 
treatment with anti-NGF-secreting cells showed only a 5% reduction in neur
onal number at this age. These observations demonstrate that young DRG 
neurons require NT-3 but are largely NGF-independent. In contrast, a 30% 
reduction in the number of DRG neurons was obtained on El 1 upon NGF 
deprivation, pointing to a selective effect of NGF on the survival of neural 
crest-derived neurons during the period of programmed cell death. In agree
ment with these results, a complementary approach, that consisted of in ovo 
neutralization of the trkC receptor protein from E2.75 until E4.5 or E7.5, 
resulted in a severe reduction in the number of DRG cells. Interestingly, the 
young trkC-expressing neurons that were affected by trkC deprivation were 
found to become dependent for survival upon either NT-3 or NGF after target 
innervation (Lefcort et al. , 1996). Taken together, these results are consistent 
with the notion that multiple neuronal progenitors within the DRG display an 
early response to NT-3, and that some of them will switch their dependence to 
NGF at later stages. In contrast to the situation observed in the DRG, 

Figure 4.13 (cont.) 
C5 is clearly observed, and the remnant of its degenerating root is still present. 
Rostrally, C2 is continuous with the remnants of the other Froriep's ganglia, known as 
the "ganglion crest." Bar = 100 µm. (Reproduced, with permission, from Rosen et al., 
1996. Copyright © 1 996. Reprinted by permission of John Wiley & Sons, Inc.) 
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placode-derived neurons of the nodose ganglia displayed a selective depen
dence upon NT-3 both before and during programmed neuronal death, but 
remained refractory to NGF throughout ontogeny (Gaese et al., 1 994). 

The multifunctional nature of NT-3 activity before target innervation is 
further illustrated by results of mutant mouse embryos lacking NT-3 gene 
activity. Farifias et al. ( 1 996) have found that the decreased number of DRG 
neurons observed in the mutants at birth results, not only from reduced survi
val during programmed cell death (see section 4.4.5), but also from events 
taking place at earlier stages. These include elevated apoptosis of newly born 
postmitotic neurons, and a premature differentiation of sensory neurons 
which, under normal conditions, continue proliferating before neurogenesis. 
These observations contrast with findings by Elshamy and Ernfors ( 1 996), who 
reported that, in the absence of NT-3, proliferating sensory progenitors 
undergo increased apoptosis. 

Another factor that plays diverse effects throughout DRG development is 
the cytokine leukemia inhibitory factor (LIF). LIF was shown to stimulate the 
generation of sensory neurons from murine neural crest cells cultured in vitro 
(Murphy et al. , 199 1 ,  1 993). In cultures derived from recently formed DRG, 
LIF stimulates the conversion from a neurofilament-negative phenotype into a 
neurofilament-positive phenotype in sensory neuroblasts, but NGF has no 
activity prior to a stage in which full neuronal differentiation has been reached 
(Murphy et al. , 1 99 1 ,  1993). 

4.4.4 Neurotrophic activities during the period of normal neuronal 
death 

4.4.4. 1  The neurotrophic hypothesis. The occurrence of cell death in many 
developing systems of the vertebrate embryo at specific times during normal 
development was already noticed by German embryologists around the 1 920s 
(Gluksmann, 1 95 1 ;  see Raff, 1992, and references therein). Concerning the 
nervous system, it is only since the pioneering studies of Hamburger and 
Levi-Montalcini ( 1 949) that it became formally accepted that the develop
ment of the nervous system involves, not only cell division and neuronal 
differentiation, but also death by a normal process later defined as apoptosis 
(reviewed by Hamburger, 1 992, and Oppenheim et al. , 1992b). Neuronal 
death is a particularly dramatic event as it affects a very significant, though 
quantitatively variable number of neurons, depending on the system and 
axial level considered. 

Observation of neuronal death during normal development, and, more 
importantly, the results of experiments in which manipulation of the amount 
of target tissue was found to modulate the size of the neuronal populations, led 
Hamburger to postulate a general paradigm for the effects of the target on 
neuronal survival that is formulated in "the neurotrophic model" (reviewed by 
Hamburger, 1 992). This model predicts a need for the establishment of a match 
between the number of neurons in a given system and the size of the target they 
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innervate. Following an initial phase of neuronal overproduction in the 
embryo, the process of target innervation causes a subsequent selection of 
neuronal populations. The extent of neuronal death would then be determined 
by a mechanism of competition for properties inherent to the target, such as 
size, limiting amounts of specific survival factors, or, as more recently pro
posed, restricted accessibility to potential sources of factor whose amounts are 
not necessarily limiting (Oppenheim, 1989; Landmesser, 1 992). Cell-cell (i.e., 
neuron-target) interactions would then play a critical role in the survival of 
vertebrate neurons and in the final shaping of synaptic connections (see also 
Changeux and Danchin, 1976). 

4.4.4.2 Characteristics of programmed cell death. The fact that the apoptotic 
process affects predictable numbers of cells at specific developmental stages, 
suggested that it reflects a cell intrinsic program inherent to each cell (for 
review see Johnson and Deckwerth, 1 993). That cell death can be prevented 
by inhibitors of RNA and protein synthesis proved that apoptosis is regu
lated by active mechanisms which require de novo protein synthesis and 
expression of new genes (Martin et al. , 1992). Thus, instead of passive 
death due to the absence of survival cues, the apoptotic process is now 
considered to occur by an active "suicide program." According to this 
view, the mode of action of neurotrophic molecules consists of inhibiting 
the cascade of events that leads to cell death. Many genes involved in this 
suicide program are known. Genetic analysis in the nematode Caenorhabditis 
elegans has identified two of them, ced-3 and ced-4, which participate in the 
stereotypic death of more than 10% of the total number of somatic cells of 
the larva (Ellis and Horvitz, 1986). More recently, the mammalian homolo
gue of ced-3 has been cloned and identified as interleukin l tl  converting 
enzyme (Gagliardini et al. , 1 994). Overexpression of this gene product in 
DRG neurons induces them to die. Moreover, the activity of the interleukin 
l tl  converting enzyme is suppressed either by the cowpox virus crmA gene or 
by the product of the bcl-2 proto-oncogene, previously shown to inhibit death 
of certain hemopoietic cells deprived of cytokines (Hockenbery et al. , 1990; 
Nunez et al. , I 990), and of cranial sensory neurons deprived of neurotrophins 
(Allsopp et al., 1 993). Both bcl-2 and crmA are equivalent in their ability to 
rescue sensory neurons from death and are likely to act through the same 
pathway, as no additive survival was obtained upon coexpression of the two 
genes in DRG neurons (Gagliardini et al., 1994). In contrast, parasympath
etic ciliary neurons that are refractory to neurotrophins and depend upon 
CNTF for survival in vitro (Table 4.2) are not rescued by bcl-2, thus showing 
the presence of more than one intracellular pathway for apoptosis (Allsopp et 

al. , 1993). Therefore, during normal development, neuronal survival induced 
by neurotrophic factors may be accounted for by the activation of both bc/-2-
sensitive and -insensitive mechanisms. Conversely, the absence of such factors 
may lead to the activation of suicide genes of the ced family as well as of 
additional, still unknown, death gene products. 



        
       

184 THE NEURAL CREST 

4.4.5 Target-derived survival factors 

4.4.5.1 Nerve growth factor (NGF) . The classical pathway for mediating 
neurotrophic effects involves the synthesis and secretion of a neurotrophic 
factor by the target cells of the responsive neuron, and its uptake by a recep
tor-mediated mechanism followed by retrograde axonal transport to the neu
ronal soma. NGF, discovered in the 1 950s, represents the first molecular 
confirmation of the neurotrophic model. In the PNS, it was shown to promote 
survival and neurite outgrowth of sympathetic and neural crest-derived sensory 
neurons, but not of neurons derived from the ectodermal placodes (Table 4.2). 
Then it was established that NGF is synthesized in the target fields innervated 
by responsive neurons from the time of innervation onward (Davies et al., 
1 987; Rohrer et al. , 1 988a). Moreover, the amount of NGF produced was 
correlated with the density of target innervation (Korsching and Thoenen, 
1983a; Heumann et al. , 1 984; Shelton and Reichardt, 1 984). NGF was also 
shown to be transported retrogradely to the neuronal soma (Hendry et al. , 
1 974; Johnson et al. , 1 978; DiStefano et al. , 1 992), where it exerts its functions 
(Levi-Montalcini, 1 987; Barde, 1 989; Thoenen, 1 99 1 ). Furthermore, target
derived NGF is able to bind both trkA and the low-affinity p75 receptor 
(Fig. 4. 14; reviewed by Barbacid, 1 994; Chao, 1 994). 

Following the leading experiments of Levi-Montalcini and colleagues, show
ing that injection of NGF into embryos rescues neurons that are normally lost 
during development, the physiological role of NGF in neuronal survival was 
further substantiated by treating embryos with anti-NGF antibodies. Such 
treatment led to the selective loss of NGF-dependent neuronal populations 
(both immunosympathectomy and sensory hypoplasia). In the early experi
ments of NGF neutralization, the specificity of the antisera employed was 
unknown in relation to the neurotrophins discovered afterwards (Johnson et 
al., 1 986; Rohrer et al., l 988b ). Yet, the results obtained in these experiments 
are in good agreement with those of later experiments in which antibodies that 
do not cross-react with BDNF or NT-3 were employed (Ruit et al. , 1 992). To 
identify which classes of DRG neurons depend upon NGF, antibody treatment 
was combined with staining of central projections with the carbocyanine dye, 
Oil. These assays revealed a striking selectivity to NGF of small-diameter 
sensory neurons that express trkA, project to laminae I and II of the spinal 
cord, and transmit nociceptive and thermoceptive stimuli (Carroll et al., 1 992; 
Ruit et al., 1 992). The reader is also referred to results discussed in Section 
4.4.3. 

As anticipated by previous studies based on the use of antibodies to NGF 
and pharmacological approaches, gene-targeting experiments confirmed the 
specific role of NGF and trkA on survival of small peptidergic DRG neurons 
serving both nociceptive and thermoceptive functions (Table 4.3). This was 
further validated by results of behavioral studies performed on heterozygous 
animals that survive for longer times than the null mutants. NGF + /- and 
trkA + /- mice exhibited decreased responses to pain-inducing stimuli when 
compared to wild-type animals (Smeyne et al. , 1994; Crowley et al., 1 994). It is 
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Figure 4.14 Two types of receptors have been identified for the neurotrophins. The trk 
proto-oncogene product was found to encode a family of tyrosine kinase receptors 
comprising three members: Trk (or TrkA), TrkB, and TrkC. NGF has a high binding 
specificity for TrkA. Both BDNF and NT-4 preferentially bind to TrkB, and NT-3 to 
TrkC (indicated by thick arrows). Although the cellular context apparently restricts the 
neurotrophins to act via their preferred receptors, pharmacological doses of 
neurotrophins, or overexpression of the ligands or their receptors in cell lines, can result 
in an interaction between some of the factors and their non-preferred receptors (broken 
arrows). Only the catalytic receptor isoforms are represented in the diagram. 
Neurotrophins also bind with lower affinity to the p75 NGF receptor. (Reviewed by 
Chao, 1994.) 

interesting to compare the phenotype of trkA and of the low-affinity NGF 
receptor p75 null mutant mice. In trkA mutants, specific neuronal subsets die 
massively during development, whereas, in the p75 null mice, the DRG and 
trigeminal ganglia show a more subtle phenotype that includes some neuronal 
loss in vivo and a reduced sensitivity to NGF in vitro, suggesting that the p75 
receptor is involved in modulating NGF activity (Table 4.3; Davies et al. , 
l 993b; Lee et al. , 1994). 

4.4.5.2 Brain-derived neurotrophic factor. Discovery and characterization of 
the prototypic neurotrophin NGF was followed by the findings that medium 
conditioned by cultured glioma cells as well as mammalian brain extracts 
contain molecule(s) with activity on survival of a subset of sensory neurons 
which did not respond to NGF (Barde et al. , 1978, 1 980). This line of experi
ments, initiated by Thoenen and his colleagues, led to the subsequent purifica
tion of BDNF from pig brain. BDNF was thus considered as a neurotrophic 
factor present in central targets with activity on neurons located either in the 
CNS, or in sensory ganglia (Barde, 1989; Leibrock et al., 1 989). Several studies 
have shown that BDNF binds preferentially to the trkB receptor (Fig. 4. 14), 



        
       

Table 4.3. Percent reduction in 

NGF NT-3 

Sensory 
ganglia 
Trigeminal 6 1 1 , 6414, 651 5 

Geniculate 25 1 
Vestibular ns1 

Cochlear 85 1 
Superior ns1 
jugular 
Petrosal ns1 2 (vol) 301 
nodose 
TMN 561 ,  5z14 
DRG 7012  62 (C l ) 1 , 

78 (L5)1 , 5514, 
581 5, neuroblast 
loss1 7  

Sympathetic 
ganglia 
SCG 8 1 1 2 48 1 , 53 14, 

reduction of 
neuroblasts 17 

Motor nuclei 
Trigeminal ns1 
Facial ns1 ' i14 
Spinal MNs ns1 s  nss,1 3 

Note: 

the number of neurons in homozygous mutant mice compared to wild-type micea 

BDNF/ 
BDNF NT-4 NT-4 trkA trkC trkB trkA/trkB trkA/trkC trkB/trkC 

449, 2713 986 706 70-908 607 

486, 40 (vol)1 3 506 946 
766, 829, 87 2 1 6 826 162 562 583 
(vol)1 3 

5 1 2 1 52 6 1 3  
n s  (vol)1 3 

43 1 3, 61 5, 576, 565, 596 795, 906 
669 
489, 39 13 
3413, 309 1 46 70-908, 733, 1 73, 1 94 203, 307 783 933 41 3  

small diameter 

ns9, ns13 ns6 ns6 Significant 
reduction 

08s,6.9.1 3 ns5, 86 ns5, 1 16 697 
ns5 ns5 3 1 .64, in 357 (L2-L5) 

motor axons 

p75 

Reduced 
response to 
NGF 1 1  

Reduced 
response to 
NGF 10, 
reduced 
cutaneous 
innervation 16  

Reduced 
response to 
NGF16 

aPrepared with the help of I. Silos Santiago. ns, not significant. 
References: 
1 Fariii.as et al., 1 994; 2Schimmang et al., 1995; 3Minichiello et al., 1995; 

4Klein et al., 1994; 5Conover et al., 1995; 6Liu et al., 1 995; 7Klein et al., 1993; 8Smeyne et al., 1 994; 9Ernfors et al., 1 994a; 10Lee et al., 1994; 1 1  Davies 
et al., 1 993b; 

"Crowley et al., 1994; 1 3Jones et al., 1 994; 14Ernfors et al., 1 994b; 15Tojo et al., 1 995; 16Lee et al., 1 994, 17Elshamy and Ernfors, 1996. 1 8Elshamy et al .. 1 996. 
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and has a highly specific effect in vitro on definite subpopulations of spinal and 
cranial sensory neurons, but has no effect on sympathetic or parasympathetic 
cells (Table 4.2). Moreover, the phenotypes of BDNF and trkB null mutant 
embryos are in agreement with data stemming from the previous pharmaco
logical studies. Thus, cranial sensory neurons of the trigeminal, nodose, geni
culate, and trigeminal mesencephalic nucleus are significantly affected in both 
mutants, so are some DRG neurons, while sympathetic ganglia are not affected 
(Table 4.3). The most dramatic effect obtained in these mutants refers to the 
loss of vestibular neurons and of a subset of cochlear neurons responsible for 
the innervation of the outer hair cells (Table 4.3). Behavioral analysis of trkB 
mutants was not possible because of their early postnatal lethality, but the 
BDNF null mice live for a longer time and reveal a phenotype of spinning, 
head bobbing and hindlimb extension during attempted locomotion, all fea
tures characteristic of abnormalities in the function of the vestibular system. 
Interestingly, trkC mutants reveal a more severe loss in cochlear neurons than 
in vestibular ones, and in double trkB/trkC null mutant mice most cochlear as 
well as vestibular neurons degenerate at some point in development (Table 4.3; 
also see Schimmang et al., 1 995). 

4.4.5.3 Neurotrophin-3. The identification of highly conserved regions in the 
protein sequences of NGF and BDNF led to the discovery of additional mem
bers of the family: NT-3 (Leibrock et al., 1989), NT-4 (also known as NT-4/5 
or NT-5), and more recently fish-specific NT-6 (Table 4.2). Various lines of 
evidence support a role for NT-3 as a neurotrophic factor for sensory neurons. 
In vitro experiments have revealed an effect of NT-3 on survival of neurons 
derived from both the neural crest and the ectodermal placodes, such as DRG 
(reviewed by Barde, 1 989), nodose (Hohn et al. , 1990; Dechant et al. , 1 993b), 
cochlear (Pirvola et al., 1 992), and early trigeminal ganglion neurons 
(Buchman and Davies, 1993). Subsequent studies in avian embryos further 
defined the identity of the responsive populations among the DRG neurons. 
Hory-Lee et al. ( 1993) have elegantly shown that large-diameter sensory 
neurons with proprioceptive function that innervate muscles are the most 
sensitive to this neurotrophin in vitro. Moreover, in support of a role for 
NT-3 as a target-derived factor is the fact that neutralization of muscle-derived 
NT-3 in the embryo during the period of normal cell death results in loss of the 
IA muscle afferent fibers while the cutaneous innervation remains intact 
(Oakley et al. , 1995). Nevertheless, in the adult mouse, NT-3 was shown to 
be essential for the maintenance of specific cutaneous afferents that subserve 
fine tactile discrimination (Airaksinen et al., 1996). Furthermore, treatment of 
embryos with hybridoma cells secreting function-blocking NT-3 antibodies 
showed as well a further decrease in neuronal numbers in DRG beyond that 
observed in control embryos during the phase of normal cell death (Gaese et 
al. , 1994). Conversely, when exogenous NT-3 was administered between E6 
and E9, a 30% increase in neuronal numbers was counted (Ockel et al. , 1996). 
Like NGF and BDNF, NT-3 may access the neuronal soma by retrograde 
transport from the peripheral targets (Di Stefano et al. , 1 992). 
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Finally, results from mice lacking NT-3 fully confirmed its role on survival 
of limb proprioceptive afferents (Table 4.3; Ernfors et al. , 1994b; Farinas et al. , 
1 994; Tojo et al., 1 996). Thus, mutant embryos lack muscle spindles and Golgi 
tendon organs, and display severe movement defects in their limbs. Moreover, 
the number of muscle spindles in mice heterozygous for the mutation is half of 
that in the wild-type mice, indicating that NT-3 availability is limited (Ernfors 
et al. , 1 994b ). The deficits observed were correlated with loss of large-diameter 
DRG neurons that express parvalbumin and carbonic anhydrase (Ernfors et 
al. , 1994b), are localized in the lateroventral portion of the DRG, and synthe
size trkC (Mu et al. , 1993; Tessarollo et al., 1993; Kahane and Kalcheim, 1 994; 
Zhang et al., 1 994a). Indeed, a marked reduction in the expression of the trkC 
receptor was detected in trigeminal ganglia and DRG in mice homozygous for 
the NT-3 mutation (Tojo et al. , 1 995). Consequently, disruption of the trkC 
gene resulted in the elimination of IA muscle afferents and in behavioral 
deficits similar to, but less severe than, those observed in the embryos homo
zygous for the NT-3 mutation (Klein et al., 1 994). 

Altogether, these convergent lines of evidence support the contention that, 
in addition to other functions played earlier in development, NT-3 regulates 
survival of sensory neuronal subsets during the period of normal cell death, 
and that its activity on IA muscle afferents is at least partly mediated through 
the trkC gene product. It has nevertheless to be mentioned that additional 
receptors may also contribute to mediating some effects of NT-3, since the 
number of neurons missing in the NT-3 mutants is much higher than that 
seen in the trkC null mutant mice in peripheral ganglia such as the DRG 
and the cochlear ganglia. Consistent with such a notion, it was recently 
shown that NT-3 can promote the in vitro survival of sensory and sympathetic 
neurons isolated from embryos that are homozygous for a null mutation in the 
trkC gene (Davies et al. , 1 995). However, this responsiveness is lost in trkC and 
trkA, or trkC and trkB, double mutants (Davies et al., 1 995), suggesting that, 
at least under experimental conditions (lack of the preferred receptor), NT-3 
can also signal through trkA and trkB. Most interestingly, the opposite occurs 
in the CNS where the number of spinal motor axons is reduced by 30% in the 
trkC mutants, but is not changed in the NT-3 knockout mice (Table 4.3), 
suggesting that absence of NT-3 input to spinal motor neurons can be com
pensated for by other molecules. 

4.4.5.4 Other neurotrophic factors: CNTF and FGF. Two additional families 
of factors are well known for their effects on survival of sensory neurons in 
vitro: ciliary neurotrophic factor (CNTF), and members of the FGF family. 
CNTF was so named for its ability to rescue cultured parasympathetic ciliary 
neurons (Barbin et al. , 19S4; see also detailed discussion of CNTF in Chapter 
5). The spectrum of CNTF activity on cultured neurons appears, however, to 
be much broader (Table 4.2). Mammalian CNTF promotes the survival of 
more than 40% of E IO  and E l l DRG neurons, but it has no activity on ES 
DRG. This factor was also shown to rescue cultured chick nodose and trigem
inal neurons excised from ES and E l O  embryos, respectively (Manthorpe et al. , 
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1982). In spite of its effects in vitro, administration of CNTF to chick embryos 
in ovo between E5 and E9 was without effect on the survival of DRG or nodose 
ganglion neurons (Oppenheim et al. , 1 99 1 ). These results raise the question 
whether CNTF plays any meaningful role during embryonic development. In 
contrast to its still uncertain function in embryonic life, a well-established effect 
of CNTF is to rescue motor neurons during adulthood and after lesion to the 
motor system (Sendtner et al., 1990, 1992; Masu et al., 1993; Kato and 
Lindsay, 1994; Tan et al., 1996; Aebischer et al. , 1996). In line with these 
observations, retrograde transport to motor neurons as well as to sensory 
neurons was shown to be increased after peripheral nerve injury (Curtis et 
al. , 1993). It still remains to be tested whether CNTF has any effect on the 
adult sensory system. 

Nishi and Berg ( 198 1 )  have characterized a growth-promoting activity 
(GPA) in chicken eyes similar to mammalian CNTF. Purification of GPA 
was accomplished several years later using chick sciatic nerves as a source 
(Leung et al. , 1992), and it was shown that GPA shares 47% sequence hom
ology with CNTF and has similar biological activities (Leung et al. , 1992). 
More recently, isolation of a chick cDNA coding for a GPA receptor revealed 
that this receptor is 70% identical to the human CNTF receptor a, and med
iates activities of both GPA and CNTF on survival of cultured ciliary, sensory, 
sympathetic, and motor neurons (Heller et al., 1995). Thus, GPA and CNTF 
share many functional similarities, suggesting the possibility that GPA is the 
avian homolog of mammalian CNTF. However, these two factors have differ
ent biochemical properties with respect to their interaction with high-affinity 
receptors on sympathetic neurons (Heller et al., 1 993), and with respect to their 
ability to be secreted in a biologically active form. Whereas GPA was shown to 
be secreted from the producing cells, CNTF is apparently unable to do so 
(Leung et al., 1992). 

In contrast to the neurotrophins and to CNTF, FGF l ,  and FGF2, the first 
characterized members of the growing family of FGFs that were implicated in 
development of the nervous system, may not act as classical target-derived 
growth factors because they do not undergo retrograde axonal transport. 
Moreover, neither of these factors is secreted from the cells in a conventional 
way as they both lack the N-terminal signal sequence required for secretion. 
Nevertheless, FGF2 was shown to use the secretion machinery of proteogly
cans in order to be coreleased along with these molecules, and be subsequently 
expressed on the cell surface (reviewed by Rapraeger et al., 1 994). Thus, these 
factors are more likely to act as short-range signals to influence nearby 
neurons. Another possibility is that they play intracrine activities, an example 
of which is the mitogenic activity of both FGF l and FGF2 that takes place 
upon translocation of the factor into the cell nucleus (reviewed by Eckenstein, 
1 994). In the PNS, FGF2 was shown to exert differentiative and survival 
actions on cultured sensory and sympathetic neurons (Table 4.2; see also 
Unsicker et al., 1987; Eckenstein et al. , 1 990, 199 1 ), but it was ineffective on 
the survival of these neurons during programmed cell death in vivo (Oppenheim 
et al. , 1 992a). Moreover, FGF2 is a potent mitogen for cultured rat Schwann 
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cells (Davis and Stroobant, 1990), and can rescue Schwann cell progenitors 
isolated from peripheral nerves of young rat embryos (Jessen et al. , 1 994). 

In conclusion, the results available show that cranial and spinal sensory 
neurons are affected by a variety of factors belonging to different families 
and acting via different mechanisms. Of the three families discussed above, 
only the neurotrophins were convincingly shown to be involved in sensory 
neuron survival during the restricted time period of normal neuronal death 
in the embryo and in vitro. CNTF and FGF were shown to be active on 
neuronal survival in culture, but without effect in vivo during programmed 
cell death. Their exact role therefore remains elusive. It is possible that, in 
the embryo, CNTF and FGF affect neuronal properties other than survival. 
Cooperative activity of these factors with specific neurotrophins may exist, or 
they may serve as important signals for differentiation or maintenance before 
and after this restricted time window. 

4.4.6 Developmental sequence and overlapping activities of 
neurotrophins during development of sensory neurons 

4.4.6. l Target-independent survival of neuroblasts. The target dependence for 
survival of sensory neurons develops as a dynamic series of events. Neural 
crest precursors transiently depend upon neurotrophins derived from the 
neural tube (see previous sections). Following differentiation, but before 
target innervation, sensory neurons were reported to undergo a phase in 
which their survival in vitro is independent of exogenous neurotrophins. 
The duration of this phase was proposed to be correlated with the distance 
from the developing ganglion to its central or peripheral targets. This is 
based on the observations that neurons with more distant targets survive 
longer in culture before becoming neurotrophin-dependent. The time of 
onset of neurotrophin dependence is the shortest for the vestibuloacoustic 
neurons, followed by the geniculate, petrosal, and finally nodose neurons 
whose targets are the most distant. Such a mechanism was suggested to 
ensure neuronal survival during axonal growth (Davies, 1 994, and references 
therein). Nevertheless, since BDNF and NT-3 receptors are continuously 
expressed throughout early development of sensory ganglia on a majority 
of the ganglionic cells, it is likely that, during this particular time window, 
neurotrophins have effects other than survival. Alternatively, young neuro
blasts sending their axons to the periphery may depend upon intrinsic 
neurotrophins for survival, which act either by autocrine or paracrine routes 
(Davies and Wright, 1 995). 

4.4.6.2 Redundant activities of growth factors. Neural crest progenitors and 
postmitotic neurons following target innervation, display overlapping 
responses to various molecules. This notion is illustrated by the finding that 
BDNF, NT-3 or FGF2 promote neuronal differentiation of a subset of early 
postmitotic neural crest progenitors (see previous sections). In addition, both 
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BDNF and NT-3 stimulate maturation of young neurons explanted from E4.5  
chicken DRG (Wright et  al. , 1992), or  from E l 0-1 1 mouse trigeminal ganglia 
(Buchman and Davies, 1 993). Moreover, individual E6 DRG neurons expres
sing substance P immunoreactivity respond to both NGF and BDNF. This 
early redundancy might explain why mouse embryos lacking the NT-3 gene 
show an apparently normal migration and condensation of DRG progenitors, 
and no difference is recorded in cell number between mutants and wild-type 
embryos at 9 and 10 days of development (Farinas et al. , 1996). 

Redundancy was also revealed in embryos with targeted deletions in the 
neurotrophin genes. For example, analysis of DRG in neonatal animals 
revealed that homozygous embryos lacking the NT-3 gene show the absence 
of 55-80% of the normal complement of ganglionic neurons, whereas BDNF, 
NGF, and NT-4 mutants reveal a lack of 30, 70, and 14% of DRG neurons, 
respectively (see Table 4.3 and references therein). These results suggest that a 
proportion of the missing cells must respond to more than one neurotrophin. 
Unfortunately, analysis at late stages does not provide information as to the 
exact time when these overlapping activities are critical for neuronal survival. 
The exact sequence of activities initiated by a given molecule or combination of 
factors will be eventually disclosed when a detailed temporal analysis of the 
effect of single and combined gene deletions is accomplished. 

Patterns of mRNA expression of the different trks in adult rat DRG also 
provided a means of following the response to their respective ligands. Analysis 
of the distribution of mRNAs for trkA receptors, performed in rat DRG, has 
revealed that the percentage of trkA-expressing neurons decreases from 
embryonic life to adulthood to about half of the embryonic values (70% of 
DRG neurons). These observations suggest that some DRG neurons lose their 
responsiveness to NGF some time during development (McMahon et al. , 
1994). This work revealed that no overlap exists between trkA- and trkC
expressing neurons. By contrast, the majority of cells expressing trkB, includ
ing visceral, cutaneous, and muscle afferents, express one or two other receptor 
types, demonstrating that, even in adults, neuronal populations able to respond 
to multiple factors are present (McMahon et al. , 1 994). 

Thus, in general, individual progenitor cells might already express a wide 
repertoire of functional receptors. This response to multiple factors is likely to 
decline upon maturation, rendering functional groups of differentiated neurons 
preferentially responsive to a given growth signal (Lindsay et al. , 1 985). It must 
then be assumed that one role played by local signals encountered during 
gangliogenesis, differentiation, and target innervation is to refine this repertoire 
by stabilizing the expression and function of a given receptor type while down
regulating "less relevant" receptor species. 

4.4.6.3 Sequential activities of growth factors. Simultaneously with a progres
sive and partial loss of redundancy in the responsiveness to combinations of 
neurotrophins, some sensory neurons undergo a switch in neurotrophin depen
dence. These dynamic events are further illustrated with the following 
examples. Mouse trigeminal neurons display a transitory survival response to 
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both BDNF and NT-3 during the earliest stages following target field inner
vation. This response is lost as neurons become NGF-dependent shortly before 
neuronal death begins in the ganglion (Buchman and Davies, 1993). Likewise, 
early survival of the proprioceptive sensory neurons of the trigeminal mesen
cephalic nucleus is supported by either BDNF or NT-3 (Davies et al. , 1 986). 
Only at later stages, when neuronal death is well under way, can the two 
neuronal populations listed above be rescued by CNTF (Allsopp et al., 
1993). In the mouse, a factor that affects DRG development is LIF. LIF is 
required as a primary factor to affect the differentiation of immature murine 
neuroblasts into neurofilament-positive neurons, whereas their subsequent sur
vival can be supported by either LIF or NGF. At this stage, each molecule was 
shown to act on non-overlapping populations (Murphy et al. , 1 993). 
Consistent with the switch in factor dependence, the expression pattern of 
the respective receptors changes, but the mechanisms regulating these changes 
remain to be clarified (Paul and Davies, 1 995; see also Birren et al. , 1 993, and 
DiCicco-Bloom et al. , 1 993, for sympathetic neurons). Perhaps the first mol
ecule in the cascade modulates responsiveness to those factors that affect pro
gressively more mature cells, by upregulating the expression of their cognate 
receptors. 

4.4.7 Modulation of responsiveness to neurotrophins by the 
neurofihromin gene product 

Von Recklinghausen's neurofibromatosis is a human disease characterized by 
the appearance of benign and malignant tumors of neural crest derivatives, 
including melanocytes and peripheral ganglion components (Riccardi, 1 99 1 ;  
Gutmann and Collins, 1 992). The neurofibromatosis type 1 gene has been 
cloned. Its protein product, neurofibromin, was characterized as a 250-kDa 
protein expressed in specific regions during early development and becoming 
ubiquitously expressed during late fetal life. Neurofibromin immunoreactivity 
has been found in migrating neural crest cells at both trunk and cranial levels, 
and in crest-derived tissues such as the DRG and peripheral nerves (Stocker et 
al. , 1 995, and see references therein). In the DRG and CNS, increases in 
mRNA and neurofibromin coincide with the period of neuronal differentiation 
(Huynh et al. , 1 994). Neurofibromin contains a 350-amino acid domain that 
has homology to mammalian and yeast GTPase-activating proteins that func
tion as negative regulators of the p2 1 ras oncoprotein (Ballester et al., 1 990; 
Buchberg et al. , 1 990). In addition, neurofibromin can regulate ras in a 
GTPase-independent fashion. Regulation by neurofibromin of the intracellular 
cascade involving ras is of interest in view of the involvement of the ras path
way in neurotrophin signaling by the trk receptors in both sensory and sym
pathetic neurons (Ng and Shooter, 1 993; Borasio et al., 1 993, and references 
therein). 

Based on this correlation, Vogel et al. ( 1995) tested the hypothesis that 
the neurofibromin gene is involved in the development of neurotrophin 
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responsiveness. To this end, they exploited the availability of mouse 
embryos lacking the neurofibromin gene. Embryos homozygous for a null 
allele of the neurofibromin 1 gene exhibit abnormalities in neural crest
derived tissues, most notably hyperplasia of the sympathetic ganglia, and 
die by E l4.5. Moreover, the heterozygotes show higher propensity for tumor 
development when compared to the wild-types (Brannan et al. , 1994; Jacks 
et al. , 1994). Cultures of dissociated DRG from E 1 3.5 mutant and wild-type 
embryos were established and treated with NGF. Interestingly, whereas the 
majority of normal neurons die whithin 48 hours after seeding in the 
absence of the factor, mutant neurons survived for 48 hours and longer 
under the same conditions. Although both normal and mutant DRG 
neurons are able to respond to NGF, the maximal survival response of 
the mutant neurons is obtained with a ten-fold lower concentration of 
added factor. Likewise, E 12  DRG neurons are normally able to survive 
24 hours in culture before becoming dependent upon NGF for survival. 
By contrast, the mutant neurons did not develop any dependence upon 
NGF and continued surviving for days in its absence. These results suggest 
that sensory neurons, from neurofibromin-/- DRG can survive and differ
entiate in the virtual absence of exogenous factors. Similar results were 
obtained for trigeminal and nodose sensory neurons, and for sympathetic 
superior cervical ganglion cells. The possibility was then tested that survival 
in the absence of exogenous neurotrophins results from dependence upon 
endogenous factors produced by the neurons themselves. This possibility 
was ruled out because addition to wild-type neurons of medium conditioned 
over the mutant neurons failed to support their survival. Such a negative 
answer does not exclude, however, the possibilities that the neuronal factors 
are very diluted in the conditioned medium, or that the factor has decreased 
stability after a conditioning period of a few days. A more definitive answer 
to this question would have been provided upon treatment of the cultures of 
mutant DRG neurons with antisense oligonucleotides to the neurotrophins 
and/or with specific antibodies, paradigms used in similar studies attempting 
to test autocrine or paracrine activities (see next section). In any case, it is 
clear that lack of the neurofibromin 1 gene, a tumor suppressor gene, results 
in increased neuronal survival in vitro of sensory and sympathetic neuronal 
populations, features that may underline tumor development. These in vitro 
findings are consistent with the hyperplasia of sympathetic ganglia found in 
the mutant embryos lacking neurofibromin gene activity. Cell counts of 
sympathetic ganglia performed in the mutant mice revealed a 2-3 .3-fold 
increase in cell number and an elevated mitotic index when compared to 
the wild-type ganglia. In contrast, no difference could be found between 
normal and mutant embryos in the number of DRG, nodose, and trigeminal 
ganglion neurons, unlike the situation in vitro. Perhaps abnormalities in 
neuronal survival in the mutant sensory ganglia become apparent at older 
embryonic stages, but these cannot be tested because of embryonic mortality 
(Brannan et al. , 1 994). 
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Figure 4.15 Identified mechanisms that mediate the development and maintenance of 
neuronal and glial cells. Neuronal survival is promoted by target-derived factors that 
arrive in the cell body by retrograde transport. In addition, autocrine mechanisms were 
implicated in the maturation and survival of immature neuroblasts and adult neurons, 
respectively. Reciprocal paracrine interactions between neurons and glia (ganglionic 
satellite and Schwann cells) were also shown to affect the concerned cell types. Of the 
mentioned activities, distinct neurotrophins were shown to mediate target-derived 
neuronal survival, autocrine effects, and a paracrine action of sensory neurons on glial 
cell differentiation. (See text for further details.) 

4.4.8 Evidence for autocrine and paracrine effects of 

neurotrophins 

In line with a target-derived nature of neurotrophin activity, their synthesis in 
the central and peripheral target fields innervated by responsive peripheral 
neurons was demonstrated and discussed earlier in this chapter. More recently, 
in situ hybridization revealed that BDNF and NT-3 mRNAs are also synthe
sized within the rodent DRG (Schecterson and Bothwell, 1 992). Moreover, 
BDNF is produced in avian DRG from E4.5  onward, as shown by PCR 
(polymerase chain reaction) studies (Wright et al., 1992), and in situ hybridiza
tion (Pruginin-Bluger et al. , 1 997). These observations suggest that neuro
trophins may also have local roles within the ganglionic environment to 
promote either neuronal or glial development (Fig. 4. 1 5) .  

Local autocrine activities for BDNF on target neuronal cells were suggested 
to occur in two separate instances. First, during a short time window following 
neuronal differentiation when neurons are believed to survive independently of 
their targets. This is based on the observation that treatment of neurons with 
antisense oligonucleotides to BDNF prevented neuronal maturation (Wright et 
al., 1992). The second case concerns adult rat DRG neurons which have the 
property of surviving in culture without added factors, even as single neurons, 
suggesting that, at adulthood, autocrine mechanisms can account for survival. 
Antisense oligonucleotides corresponding to the C-terminal of the mature pro
tein were used to inhibit BDNF translation both in mass cultures and in clonal 
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neuronal cultures. About 35% of the neurons died in both types of experiments 
and could be rescued by addition of exogenous factor (Acheson et al., 1 995). 

In another study, it was found that NGF upregulates the expression of the 
LI  cell adhesion molecule in early postnatal mouse Schwann cells, and that 
treatment of the cells with antibodies against NGF abolishes the effect 
observed (Seilhemer and Schachner, 1987). This activity can also be accounted 
for by local interactions, and even by an autocrine mechanism since Schwann 
cells are known to produce NGF. 

Since the process of gliogenesis within peripheral ganglia follows in a gen
eral temporal sequence that of neurogenesis and because neuron-glia interac
tions are essential for the development (proliferation, differentiation, survival, 
etc.) of the latter cell type (Holton and Weston, 1982a,b; Rudel and Rohrer, 
1992; Shah et al. , 1994), the possibility was then examined that neuron-derived 
BDNF can mediate some parameters related to this interaction. One of the 
earliest markers that define the glial lineage in avian embryos is the Schwann 
cell myelin protein (SMP) antigen (Dulac et al. , 1 988). The acquisition of the 
SMP-positive phenotype was proposed to be part of a cell autonomous path
way of differentiation common to all PNS glial lineages because this marker is 
expressed in vitro by all types of peripheral glia (Le Douarin, 1 993). 
Nevertheless, the expression of SMP is tightly regulated by environmental 
cues. For instance, the microenvironments of the DRG and the gut were 
shown to repress transcription of the SMP gene (Dulac and Le Douarin, 
199 1 ;  Cameron-Curry et al. , 1 993). In striking contrast, activation of the 
SMP marker was observed upon dissociation of DRG into single cells 
(Cameron-Curry et al. , 1993). Moreover, coculturing neurons with glial cells 
greatly stimulates the number of glial cells that express SMP (Cameron-Curry 
et al. , 1993; Pruginin-Bluger et al. , 1997). Several lines of evidence support the 
contention that BDNF mediates the paracrine effect of the neurons on the 
expression of SMP by glial cells in culture. First, treatment of DRG cultures 
containing both neurons and non-neuronal cells with immunoadhesins bearing 
the extracellular domain of the trkB receptor that bind to the factor with high 
affinity and sequester it in a selective manner abolishes this stimulation. 
Second, the effect of the trkB fusion proteins can be completely prevented if 
the cultures are supplemented with an excess of exogenous BDNF. Third, 
neither trkC nor trkA immunoadhesins that selectively bind to NT-3 and 
NGF, respectively, have an effect on the proportion of glial cells that acquire 
the SMP marker. Fourth, soluble BDNF mimics the effect of the neurons on 
the expression of SMP when added to purified glial cells, but has no effect on 
the proliferation or survival of these cells (Pruginin-Bluger et al., 1 997). These 
results provide the first evidence for a paracrine effect of neuron-derived 
BDNF on the generation of new SMP-immunoreactive glial cells from SMP
negative cells. While BDNF affects Schwann cells and satellite ganglionic cells 
in culture, previous studies showing that the DRG environment represses SMP 
expression by satellite cells in vivo raise the possibility that the final phenotypic 
identity of a given cell is the result of an interaction between positive and 
negative cues. What factor(s) then repress expression of SMP by satellite 
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cells in vivo? In contrast to BDNF, it was found that NT-3 inhibits the acquisi
tion of the SMP marker by glial cells. NT-3 is poorly synthesized in the avian 
ganglia, but is expressed there at the protein level perhaps due to retrograde 
transport from the target (Pineo et al. , 1993). Thus, the interplay between local 
and retrograde cues present in neurons can modulate the development of 
specific phenotypic features in satellite cells. Most interestingly, it was found 
that the p75 common neurotrophin receptor is involved in mediating the 
antagonistic activities of BDNF and NT-3, suggesting that this receptor is 
able to mediate a biological response in glial cells, and that p75 is able to 
discriminate between different members of the neurotrophin family (see also 
Carter et al. , 1 996). 

Altogether, growing evidence substantiates the notion that, in addition to 
being target-derived neurotrophic factors, the neurotrophins, widely expressed 
in different embryonic tissues, act in a compartmentalized manner near their 
sites of synthesis to affect developmental processes in neural and non-neural 
cell types (for review see Brill et al. , 1 995; Kalcheim, 1 996, 1 998). 



        
       

The Autonomic Nervous 

System and the Endocrine 

Cells of Neural Crest Origin 

5.1 General considerations 

The autonomic nervous system (ANS) derives entirely from the neural crest. It 
consists of the catecholaminergic and non-catecholaminergic cells of the sym
pathetic nervous system, including both sympathetic ganglia and adrenal chro
maffin cells, the cholinergic and non-cholinergic parasympathetic ganglia, and 
the enteric ganglia. The ANS provides motor innervation to smooth muscles 
and viscera. Visceral sensory endings are also present in most internal organs 
from which myelinated and unmyelinated afferent fibers ascend to the spinal 
cord and brain through various visceral nerves, one of the most important 
being the vagus nerve which extends over most of the gut. Visceral motor 
centers are located in the spinal cord, brainstem, and higher centers of most 
vertebrates. Visceral motor neurons within the CNS are connected to post
ganglionic neurons with which they form at least a two-neuron visceral 
motor pathway for the reflex control of all smooth muscles, of the cardiac 
muscle, and of glandular epithelia. 

The sympathetic branch of the ANS includes preganglionic neurons located 
in the intermediolateral column of the spinal cord along thoracolumbar seg
ments of the axis. Fibers from preganglionic neurons synapse with second
order neurons located in the paravertebral and prevertebral sympathetic 
ganglia. The parasympathetic division consists of preganglionic fibers found 
in cranial nerves III, VII, IX, and X, as well as in sacral nerves that synapse on 
ganglia localized close to or within the target organ. As a general rule, the 
preganglionic myelinated axons are therefore much longer, and unmyelinated 
postganglionic fibers shorter, in the parasympathetic system than in the 
sympathetic system. The enteric branch of the ANS is the largest and most 
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complicated division of the PNS. Langley ( 192 1 )  considered the enteric nervous 
system as a separate division of the ANS. He thought that many of the neurons 
were not connected to the CNS at all. In fact, its component neurons are 
organized into defined plexuses, and mediate reflex activities even in the 
absence of central inputs. These neuronal microcircuits contain primary affer
ent neurons, interneurons, and motor neurons, expressing a rich diversity of 
chemical messengers comparable to that of the brain. Thus, the enteric nervous 
system is developmentally and functionally truly autonomic. 

Much is known about the neurotransmitters and modulators that mediate 
activity in the functional ANS. During the past I O  years we have witnessed 
significant progress in deciphering the mechanisms that govern the differen
tiation of neural crest precursors into the different components of the ANS, 
namely the roles played by combined and sequential activities of identified 
factors. Furthermore, null mutations in the genes coding for these factors or 
for their receptors have been obtained and proved to be extremely valuable, 
not only for the understanding of normal development, but also as experimen
tal models for investigating the etiology of specific diseases. These aspects of 
ANS development will be the focus of the present chapter. 

5.2 Origin and migratory pathways followed by distinct 
autonomic progenitors 

The embryonic origin of autonomic ganglioblasts was the subject of intense 
research from almost the beginning of this century. Although controversial for 
a while, it is now well established that these cells derive exclusively from the 
neural crest. These important discoveries, however, led to controversial results 
as to the axial level of origin of the crest progenitors that give rise to the 
various derivatives (Uchida, 1927; Van Campenhout, 1 93 1 ,  1 932; Yntema 
and Hammond, 1945, 1947, 1954, 1 955; Kuntz, 1 953; Andrew, 1 964, 1969, 
1970, 1 97 1 ). A reinvestigation of this question was thus undertaken using the 
quail-chick chimera system (Le Douarin and Teillet, 197 1 ,  1 973). Isotopic and 
isochronic grafts of small fragments of quail neural primordium (correspond
ing to a length of four to seven segments) were systematically carried out into 
chick hosts (and vice versa) along the entire length of the neural axis. Figure 5 . 1  
illustrates the levels o f  the axis that give rise to the sympathetic ganglia, 
adrenomedullary cells, and to the enteric nervous system. 

5.2.1 The sympathetic ganglia 

5.2.1 . 1  Embryonic origin. Results based on experiments with quail-chick 
chimeras have demonstrated that avian sympathetic ganglia arise from the 
part of the neural crest located caudal to the fifth pair of somites; those sym
pathoblasts originating from the level of somites 5-1 0  mainly contribute to the 
formation of the superior cervical ganglion (SCG), but also colonize the pair of 
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Figure 5.1 The origin of autonomic ganglia, enteric ganglia, and adrenomedullary cells. 
The neural crest caudal to the level of the fifth somite pair gives rise to the ganglia of the 
sympathetic chain. The adrenomedullary cells originate from the neural crest between 
somite levels 18 and 24. The vagal neural crest (somites 1�7) gives rise to the enteric 
ganglia of the preumbilical region, the ganglia of the postumbilical region originating 
from both the vagal and the lumbosacral neural crest (see text for further details 
regarding mammals; see also Fig. 5.9). The ganglion of Remak (RG) is derived from the 
lumbosacral neural crest (posterior to level of somite 28). The ciliary ganglion (CG) is 
derived from the mesencephalic crest (Mes). AD.GL., adrenal gland; S.C.G., superior 
cervical ganglion. 

For a colored version of this figure, see www.cambridge.org/9780521l22252. 

sympathetic ganglia located immediately caudal to it (Le Douarin and Teillet, 
1973). It has also been proposed that the rat SCG derives from the thoracic 
neural crest cells that migrate first ventrally and then rostrally along the dorsal 
aorta (Rubin, 1985). A recent study, in which premigratory mouse neural crest 
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populations were marked with DiI, has reported a somewhat different level of 
origin for the SCG cells. Durbec et al. ( 1 996a) have found that the SCG is 
derived from crest cells of somitic levels 1-5, whereas the stellate ganglion and 
the more caudal paravertebral sympathetic ganglia derive from somitic level 6 
onward. 

5.2. 1.2 Migration of neural crest progenitors and segmental organization. The 
sympathetic ganglia, together with the DRG and peripheral nerves, are a major 
component of the PNS that are distinctly segmented (Figs. 5.2 and 5.3). In the 
chick, the sympathetic ganglia develop in a two-stage process (Tello, 1 925; 
Kirby and Gilmore, 1976). Before reaching their definitive locations, crest
derived cells form a primary chain of ganglia by migrating from their origin 
on the dorsal neural tube down to the dorsolateral aspect of the aorta (see 
details in Chapter 2; see also Thiery et al., 1982; Teillet et al. , 1987; Loring and 
Erickson, 1987; Lallier and Bronner-Fraser, 1 988). The final homing of the 
crest cells to para-aortic sites may be caused both by attractive cues emanating 
from the environment of the para-aortic area, as well as by the extracellular 
matrix surrounding the notochord that prevents migrating crest cells from 
approaching it. This notion is supported by the fact that, in coculture experi
ments of neural crest cells with notochord fragments, Newgreen et al. ( 1986) 
found that the crest cells avoided the region surrounding the notochords, 
suggesting that this structure produces a substance that inhibits neural crest 
migration. Furthermore, implantation of an ectopic notochord in a lateral 
position with respect to the neural tube also revealed that neural crest cells 
avoid the environment surrounding the grafted notochord. This inhibition was 
found to be sensitive to treatment with trypsin and chondroitinase, suggesting 
that chondroitin-containing proteoglycans mediate this effect (Pettway et al., 
1990). More recently, it was shown that paranotochordal sclerotome synthe
sizes the F-spondin gene and that microinjection of neutralizing antibodies to 
the protein enable migration of neural crest cells adjacent to the notochord 
(Debby-Brafman et al. , 1 999; see also Chapter 2). 

From the initially continuous rostrocaudal distribution of neural crest cells 
adjacent to the aorta, first observed at E3 .5  (stage HH22; Hamburger and 
Hamilton, 195 1),  distinct swellings form by E4-4.5 that constitute the primary 
sympathetic ganglia (Tello, 1 925; Kirby and Gilmore, 1 976; Lallier and 
Bronner-Fraser, 1 988). The secondary, or definitive, sympathetic chains of 
the chick arise from a secondary dorsolateral migration of cells from the pri
mary chain on ES (Tello, 1925; Kirby and Gilmore, 1976). In addition to their 
migration in the transverse plane, sympathoblasts migrate longitudinally two 
somites rostrally and three somites caudally of their segmental level of origin, 
so that individual ganglia are composed of crest cells that arise from up to six 
consecutive segments (Yip, 1 986). 

Analysis of the pattern of segmentation of sympathetic ganglia revealed 
that, similar to DRG and peripheral nerves, the locations of primary and 
secondary sympathetic ganglia are related to each rostral somitic domain 
(Fig. 5 .3;  see also Fig. 5 . 1 ) . Moreover, sympathetic ganglia require the normal 
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Figure 5.2 The organization of the peripheral ganglia and plexuses of the 8-day-old 
chick embryo. AORT.PL, aortic plexus; CAR.A, carotid artery; CERV.3, cervical nerve 
3; CERV. 1 5, cervical nerve 1 5; COEL.PL, coeliac plexus; CR.XII (from IX), cranial 
nerve; DOR.AO, dorsal aorta; D.R.G., dorsal root ganglion; R.G., Remak ganglion; 
JUG.G, jugular ganglion; L.S.2, lumbosacral nerve 2; L.S. IO, lumbosacral nerve IO; 
PARAV.G, paravertebral ganglion; PARAV.TR, paravertebral trunk; POSTCAR.G, 
postcarotid ganglion; POSTCAR.TR, postcarotid trunk; PRE.AORT.COL, preaortic 
column; RECT., rectum; S.C.G., superior cervical ganglion; SP.CD, spinal cord; 
SUP.G, superior ganglion; TH. I ,  thoracic nerve I ;  UMB.A, umbilical artery; 
W.COM.R, white communicating ramus. (Modified from Yntema and Hammond, 
1945, and Hammond and Yntema, 1947.) 

For a colored version of this figure, see www.cambridge.org/978052 I I 22252. 
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Figure 5.3 Relationship between the primary sympathetic chain and DRG along the 
neuraxis. (A) A normal chick embryo at day 4 of development. (B) A 4-day-old chick 
embryo that received a graft of multiple rostral half somites from a quail donor on day 
2. The cross-sectional areas of the sympathetic chain comprising three sympathetic 
ganglia (SG) and three contiguous DRG on one side of a normal embryo are shown in 
A. The sympathetic ganglia reach their peak diameter slightly rostrally to the DRG. In 
the presence of a rostral type of mesoderm both the DRG and the SG are continuous 
and lack segmentation. DRG area plotted with thin lines, SG area with thick lines. 
(Reproduced, with permission of Company of Biologists Ltd, from Goldstein and 
Kalcheim, 199 1 .) 

rostrocaudal alternation of the somitic mesoderm for acquisition of proper 
segmental morphogenesis because, in the presence of a mesoderm composed 
of only rostral somitic halves, segmentation of the sympathetic chains is pre
vented (Fig. 5.3; see also Goldstein and Kalcheim, 199 1 ;  Kalcheim and 
Goldstein, 1 99 1 ). 

5.2. 1.3 Relationships between the sympathetic ganglia and the preganglionic 
neurons of the spinal cord. The basic metameric pattern of the peripheral sym
pathetic ganglia can be traced back to the spinal cord with respect to the 
distribution of the sympathetic preganglionic neurons located in the interme
diolateral column. These preganglionic neurons were shown in both rat and 
chick embryos to be organized into discrete segmental units. Mapping of pro
jections has shown that individual sympathetic preganglionic neurons located 
in rostral positions within a given segment project only rostrally within the 
sympathetic chain, and those with a more caudal position project caudally, 
even though the spinal segment in which they reside provides an innervation to 
both rostral and caudal ganglia. Thus, the position of the preganglionic neu
rons in the spinal cord is related to the direction in which they project in the 
sympathetic chain (Forehand et al. , 1994). Yip ( 1 996) has also shown that 
grafting of cervical somites into thoracic levels, or deleting single somites 
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from the axis, causes an alteration of the normal pattern of preganglionic fiber 
projections to the sympathetic ganglia. Taken together, these findings reveal a 
segmental organization of preganglionic sympathetic neurons in the developing 
spinal cord, and a modulation by axial-specific cues of their axonal projections 
once they exit the CNS. 

5.2.2 The adrenal medulla 

The cells producing the hormone adrenaline have for long been recognized as 
neural crest derivatives. In the avian embryo, the adrenal medulla derives from 
the neural crest of somitic levels 1 8-24, termed the "adrenomedullary level of 
the crest" (Fig. 5. 1 ;  Le Douarin and Teillet, 197 1 ;  Teillet and Le Douarin, 
1974). The adrenal is composed of two main populations: adrenal chromaffin 
cells (pheochromocytes), and small intensely fluorescent (SIF) cells which are 
mainly found within sympathetic ganglia. Adrenal chromaffin cells have small 
cell bodies usually 20 µm in diameter, and have few or no processes. The cell 
bodies are packed with large ( 100-1 50 nm) dense-cored amine-storing vesicles, 
and they release their catecholamines (adrenaline and noradrenaline - norepi
nephrine) directly into the circulation (see Doupe et al. , 1985a, and references 
therein). SIF cells are intermediate in morphology between chromaffin cells 
and sympathetic neurons (reviewed by Eranko, 1978). SIF cells resemble 
adrenal chromaffin cells in that they have small cell bodies packed with large 
catecholamine-storage granules. They also resemble sympathetic neurons in 
their ability to grow short neurites and make synapses (see Doupe et al., 
1985b, and references therein). 

In avian embryos, adrenal chromaffin cells and SIF cells are thought to arise 
from a population of neural crest cells that initially localize in the primary 
sympathetic chains of the embryo (see Cochard et al., 1979; Anderson and 
Axel, 1986). It has been suggested that, when the primary sympathoblasts 
remigrate in a dorsal direction to form the definitive sympathetic ganglia, 
other progenitors migrate ventrally to contribute chromaffin cells to the devel
oping adrenal gland and the aortic plexus (Fernholm, 1971 ;  Polak et al., 1971 ;  
see also Fig. 5.2). 

5.2.3 The parasympathetic ganglia 

These ganglia arise from discrete levels of the axis, mostly from cranial and 
sacral regions of the neural crest. The cranial ganglia include the ciliary, otic, 
submandibular, lingual, ethnoid, and sphenopalatine (Narayanan and 
Narayanan, 1978b; Noden, 1978b). Among these, the ciliary ganglion deserves 
special attention. Two populations of neurons differentiate in these ganglia, the 
large ciliary neurons that innervate the constrictor muscle fibers of the iris and 
the ciliary body, and the smaller choroid neurons that innervate smooth muscle 
cells associated with blood vessels in the choroid layer (Marwitt et al. , 1 97 1 ). 
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The ciliary ganglion of avian species has been a useful model system both for 
embryological as well as already classical physiological studies, notably those 
pioneered by Pilar (see, e.g., Landmesser and Pilar, 1972, 1 974). The origin of 
the neurons and glia of these ganglia from the mesencephalic crest was first 
determined by Hammond and Yntema ( 1958) based on extirpation experi
ments. This was later confirmed by Narayanan and Narayanan ( 1978b) 
through the use of the quail-chick chimera system. 

5.2.4 The enteric nervous system 

5.2.4.1 Enteric ganglia and plexuses. Neurons and glia of the enteric nervous 
system (ENS) are organized into two main plexuses: the myenteric plexus of 
Auerbach and the submucosal plexus of Meissner. Precise localization of the 
levels of origin and colonization of the crest was performed in a series of 
studies based on the use of the quail-chick chimera system by Le Douarin 
and Teillet ( 1 973), who established that the crest cells that colonize the gut 
emigrate from two regions of the neuraxis. Neural crest cells arising at the 
vagal level (somites 1-7) colonize the entire length of the gut, whereas those 
arising at the sacral level (caudal to somite 28) contribute only to the innerva
tion of the postumbilical portion of the bowel (see Figs 5 . 1  and 5 .9). 

Recently, the migration of neural crest cells to the gut was investigated in the 
mouse embryo. Murine premigratory neural crest cells were labeled ex utero 
with the fluorescent tracer Dil along restricted vagal segments. When somitic 
levels 1-5 were marked, the progeny of the labeled crest cells was found along 
the entire gut. When somites 6 and 7 were marked, labeled cells were found 
only in the foregut derivatives. These results suggest that, while the innervation 
of the foregut is contributed by the entire vagal region of the neuraxis, the 
innervation of the midgut and hindgut derives from the anterior vagal area 
(Durbec et al., 1 996b; see also below for sacral contribution). 

The observation made in quail-chick chimeras that the sacral neural crest 
colonizes the postumbilical level of the gut, was subsequently confirmed using 
three additional techniques. Sacral neural crest cells were tagged prior to 
the onset of migration, either with the fluorescent tracer Dil, or with the 
replication-deficient retrovirus LZ I O  previously used for lineage studies 
(Galileo et al., 1 990; Pomeranz et al., 1 99 l a). The third technique employed 
was to follow the distribution of sacral-level neural crest cells with the NC- 1 / 
HNK- 1 antibody (Pomeranz and Gershon, 1 990). Regardless of the nature of 
the marker, labeled cells were observed to settle exclusively in the postumbilical 
portion of the gut, including the ganglion of Remak. These results were further 
confirmed and extended to the murine bowel (Serbedzija et al. , 1 99 1 ). 

In avians, migration of neural crest cells could be precisely followed by 
labeling the cells with the HNK- 1 antibody or by the quail-chick marker. 
Emigration from the dorsal neural tube in the vagal region takes place between 
9 and 1 5ss. Vagal-level crest cells first migrate dorsoventrally between the 
ectoderm and paraxial mesoderm until they arrive at the primitive gut wall, 
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where they associate with the splanchnopleural mesenchyme. Then, the crest 
cells migrate in a caudal direction and colonize the entire length of the primi
tive gut, a process that is completed by ES with the arrival of the progenitors to 
the hindgut (Tucker et al., 1 986). 

In mice, the foregut becomes colonized as early as at E9 (Rothman and 
Gershon, 1982), and migration progresses distally until E l 3 .5 when the entire 
gut is colonized (Kapur et al. , 1992). At the time they first arrive in the murine 
bowel, these crest-derived cells express no neuronal markers. The wave of 
neuronal differentiation of the enteric progenitors follows, in a rostral to cau
dal gradient, the initial colonization of the bowel. Myenteric neurons expres
sing catecholaminergic traits and neurofilament immunoreactivity first become 
evident in the foregut at E9.5-10 and appear at progressively more caudal 
levels until E l 4.5, when they are seen in the distal portion of the rectum 
(Teitelman et al. , 198 1 ;  Baetge and Gershon, 1989). 

After homing at distinct levels of the gut, crest-derived cells differentiate 
into the ganglia of the Auerbach and Meissner plexuses. Whereas the neuro
genic ability of neural crest cells arising in the vagal level of the neuraxis has 
been fully established, the question remained open as to the ability of sacral
level crest to give rise to enteric neurons. To address this question, several 
investigators isolated segments of hindgut during a time window that follows 
the colonization by sacral crest cells but precedes innervation by cells arising 
in vagal regions. These explants were grown as chorioallantoic membrane 
grafts. Three of the studies, in which the presence of neurons was assessed 
either by morphology (Allan and Newgreen, 1980), acetylcholinesterase 
activity (Smith et al. , 1977), or with the E/C8 Mab (Ciment and Weston, 
1983), failed to reveal neuronal differentiation of the sacral neural crest cells. 
In a later study, however, the presence of neurons expressing neurofilament 
immunoreactivity and of glial cells expressing GF AP (glial fibillary acidic 
protein) could be observed among the NC l /HNKl -positive crest cell pop
ulation, both in organotypic cultures and in grafts performed on the 
chorioallantoic membrane of chick embryos (Pomeranz and Gershon, 
1990). These results suggested that the avian sacral neural crest may have 
neurogenic potential, at least in vitro. 

Recently, in vivo experiments (Burns and Le Douarin, 1998) utilizing the 
quail-chick grafting technique have provided evidence that the sacral neural 
crest actually contributes to the neural population of the gut. When the sacral 
neural crest from quail was grafted into chick, quail cells were observed (using 
the quail cell-specific antibody, QCPN) within the chick hindgut from E7 
onwards (Fig. 5 .4). These cells colonized the gut in a rostral direction, ascend
ing to the umbilicus, and were particularly numerous in the distal hindgut. 
Some of these graft-derived cells were shown to be neuronal, as double labeling 
of individual cells was observed with QCPN and with a human anti-neuronal 
autoantibody (ANNA- I )  which recognizes neuron-specific RNA-binding pro
teins of the Hu family (Fairman et al. , 1995). Further, double labeling was also 
observed with QCPN and the NADPH-diaphorase staining technique, which 
has been shown to label cells containing neural nitric oxide synthase (NOS) 
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NADPH-d/QCPN 

Figure 5.4 The sacral-level neural crest contributes to  intestinal neurons. NADPH
diaphorase histochemistry. Myenteric ganglion. NADPH-diaphorase stained the 
cytoplasm of neurons violet (open arrows), while the nuclei of quail cells were stained 
brown (arrowheads). Double-labeled neurons possessed violet cytoplasm with brown 
nuclei (arrow). (Reproduced, with permission of Company of Biologists Ltd, from 
Burns and Le Douarin, 1998.) 

For a colored version of this figure, see www.cambridge.org/978052 l l 22252. 

(Ward et al., 1992; Young et al. , 1 992). These antibody labeling experiments 
clearly demonstrate that the sacral neural crest contributes to the neuronal 
population of the enteric nervous system. 

Abnormalities in the colonization of the distal colon by neural crest cells can 
occur, which result in a lack of innervation (Hirschsprung's disease in humans). 
Due to the clinical and scientific importance of this disease, and the experi
mental models available for the aneural megacolon phenotype, we shall deal 
with this issue separately at the end of this chapter. 

5.2.4.2 The ganglion of Remak. The ganglion of Remak is unique to avian 
species and arises from the lumbosacral neural crest. The formation of this 
ganglion was extensively studied by Teillet ( 1978). It appears at stage 24HH in 
the chick, and at stage 1 8  of Zacchei ( 196 l )  in the quail, at the level of the 
rectum as an accumulation of crest cells in the dorsal mesentery. These cells 
migrate further rostrally within the dorsal mesentery to reach the level of the 
hepatic and pancreatic ducts. Ganglion cells thus become distributed along the 
entire length of the colon and ileum. Pomeranz and Gershon ( 1 990) have 
further distinguished between two continuous streams of HNK I /NC I immu
nostained cells extending from the sacral crest to the hindgut in chick embryos. 
They have observed that, by E4, the first stream of cells gives rise to the 
ganglion of Remak, and, between E4 and E7, the second stream of cells 
ascends within the colorectum to the umbilicus. Notably, the first group coex-
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pressed immunoreactivity both for the general crest marker HNK- 1/NC l and 
for a neurofilament-associated protein revealed by the E/C8 antibody, whereas 
the second group of cells was devoid of the neural marker during migration. 

5.2.4.3 The origin of the interstitial cells of Cajal. The interstitial cells of Cajal 
(ICC) were first described a century ago by Ramon y Cajal as aggregates of 
spindle-shaped cells with few processes that are distributed in various parts of 
the gastrointestinal tract in close association with both muscles and nerves. 
These cells were implicated in the regulation of intestinal contractions serving 
as the "pacemaker" of the gut (reviewed by Thuneberg, 1989). Their identity as 
neuronal or non-neuronal cells remained, however, a subject of debate. While 
some authors, including Cajal, considered them to be primitive nerve cells, 
others proposed that they were glial in nature (Stohr, 1 955), or even mesen
chymal in nature based on their ultrastructural characteristics (Gabella, 1 989). 
Since all neurons and glia of the enteric nervous system originate from the 
neural crest, confirming or invalidating a neural crest origin for these cells 
would be informative for understanding their characteristic structure and 
physiology. An important finding in this direction was that ICC express the 
c-kit protein, a tyrosine kinase that acts as the receptor for stem cell (steel) 
factor (Ward et al., 1994; Torihashi et al. , 1995). The importance of the c-kit 
receptor for the survival and/or function of these cells was shown by postnatal 
injection of neutralizing c-kit antibodies, which significantly perturbed gut 
motility in the mouse (Maeda et al. , 1 992). In addition, the number of inter
stitial cells was greatly reduced in mice carrying a point mutation in the c-kit 
gene, enabling their physiological roles to be determined in different regions of 
the gastrointestinal tract (Ward et al., 1994; Huizinga et al., 1995; Burns et al. , 
1996). The possibility of using c-kit as a marker for these cells has recently 
enabled their embryonic origin to be studied. 

As the ICC cell type also exists in the chicken gut (Gabella, 1989), Lecoin et 
al. ( l  996) constructed quail-chick chimeras in which the vagal neural primor
dium of chick embryos was replaced by its quail counterpart to produce a 
neural crest-derived enteric innervation of quail type. Embryo sections were 
then subjected to hybridization in situ with a c-kit probe that reacts with the 
quail gene and the identity of the c-kit-positive cells as being of the quail or 
chick type was analyzed. All the c-kit-positive cells were identified to be of the 
chick type, implying that they do not derive from the neural crest. This obser
vation was confirmed by grafting aneural gut segments onto the chorioallan
toic membrane, which revealed the development of c-kit-positive cells 
possessing the typical ultrastructural characteristics of interstitial cells even 
in the absence of neural crest-derived ganglia (Lecoin et al. , 1996). Similarly, 
aneural segments of mouse embryonic fetus were grafted under the renal cap
sule of adult mice, and checked for the appearance of c-kit-immunoreactive 
protein. In spite of the lack of neurons in these preparations, c-kit-positive cells 
developed in the explants (Young et al., 1 996). These results clearly demon
strate that the ICC are derived from the gut mesenchyme. 
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5.3 Transmitter phenotypes and markers of developing 
autonomic sublineages 

During embryonic development of the ANS, neural crest cells acquire parti
cular differentiated traits that can be revealed both in vivo and in tissue culture. 
These traits include the acquisition of the capacity to metabolize specific 
neurotransmitter compounds. An interesting question, in this regard, is 
whether the same mechanisms that are responsible for the specification of a 
particular kind of neuron also govern the neuron's choice of neurotransmitter 
phenotype. This issue is particularly relevant in light of three main observa
tions. First, although most sympathetic postganglionic neurons use catechola
mines to mediate neurotransmission and the parasympathetic neurons are 
mostly cholinergic, the reverse situation has also been well documented in 
several cases (Sjokvist, 1963a,b; Ehinger and Falck, 1 970; Furness and 
Costa, 1 97 1  ). Second, in addition to these major neurotransmitters, the pre
sence of a variety of neuropeptides has been identified in both systems. Specific 
sets of sympathetic neurons contain one or more peptides that colocalize with 
the more classical transmitters and are believed to act as cotransmitters or 
neuromodulators (Hokfelt et al. , 1 980; Lundberg et al. , 1 980, l 982a,b; 
Lundberg and Hokfelt, 1986). Third, a shift in the pattern of synthesis of 
specific neurotransmitters has been thoroughly documented to occur in auto
nomic neurons, both in vitro and in vivo, in response to particular environ
mental signals (Schotzinger et al. , 1 994). These observations suggest that 
determination of the phenotypic identity of a neuron is a multistep process, 
resulting not only from lineage restrictions, or from the response of respective 
progenitor cells to an initial set of environmental cues, but also from complex 
interactions that take place throughout the period of innervation and mature 
function. 

5.3.1 Transmitter phenotypes of embryonic sympathetic neurons 

One of the characteristics of the adrenergic cells is that they display enzymatic 
activities which are related to synthesis and degradation of catecholamines. 
They also have the capacity to take up, store, and release catecholamines. 
Shortly after the neural crest cells stop migrating and coalesce in the vicinity 
of the aorta, all the sympathetic neuroblasts express catecholaminergic traits. 
In vitro, a subset of crest cells also acquires the capacity to synthesize, store, 
take-up, and release catecholamines (Enemar et al., 1965; Iversen, 1967; Kirby 
and Gilmore, 1976; Allan and Newgreen, 1977; Cochard et al. , 1978; Rothman 
et al. , 1 978). Expression of the catecholaminergic phenotype does not, how
ever, define a particular sublineage, because many autonomic cells express this 
marker transiently during development. Three major classes of crest-derived 
cells express the catecholaminergic phenotype: principal sympathetic neurons 
characterized by small (50 nm) dense-cored vesicles, small intensely fluorescent 
(SIF) cells, and chromaffin cells of the adrenal medulla. Besides this similarity, 
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these cells exhibit significant differences in their structure, response to growth 
factors and hormones, and function (reviewed by Anderson, 1993a). 

Sympathetic neuroblasts also contain neuropeptides. Neuropeptide Y 
(NPY) and vasoactive intestinal polypeptide (VIP) have an early onset of 
appearance that begins at neurogenesis in rodent and avian embryos 
(Garcia-Arraras et al. , 1987, 1992; Tyrrell and Landis, 1994; Hall and 
MacPhedran, 1995). Whereas NPY is expressed in most tyrosine hydroxylase 
(TH)-positive cells in both the SCG and stellate ganglia of rat embryos, VIP
immunoreactive protein is expressed in about 30% of the stellate ganglion cells 
and is absent in the SCG (Tyrrell and Landis, 1 994). Another neuropeptide, 
somatostatin (Garcia-Arraras et al. , 1 984), also begins to be expressed during 
embryonic life. In contrast, the expression of enkephalin and calcitonin gene
related peptide (CGRP) in sympathetic neurons only occurs postnatally 
(reviewed in Rao and Landis, 1993). 

5.3.2 Modulation of the catecholaminergic phenotype during 
development 

Catecholamine-containing cells have also been found in some populations of 
rodent embryonic DRG (Katz et al., 1983; Jonakait et al. , 1984; Katz and Erb, 
1990; Katz, 1991) .  This catecholaminergic phenotype, which is transient in the 
sensory ganglia of the rat, can be prevented from extinction if the ganglionic 
cells are cultured at low, but not at high, density. These observations were 
taken to imply that the degree of cell aggregation influences phenotypic expres
sion (Katz, 199 1 ). Furthermore, the ganglionic non-neuronal cells were found 
to inhibit expression of TH in high-density cultures, and this effect was found 
to be partially mediated by LIF (Fan and Katz, 1 993). In this respect, it is 
worth mentioning that avian DRG, which do not express catecholaminergic 
markers in the embryo, can be induced to do so when cells are dispersed in 
culture. Moreover, the number of TH-positive cells can be upregulated in these 
cultures by insulin and insulin-like growth factors (Xue et al., 1 987, 1 992). It 
can be then concluded that the microenvironment of sensory ganglia, in parti
cular that conferred by the non-neuronal component, regulates the expression 
of catecholaminergic traits in sensory neurons. Whereas this negative regula
tion is partial and stage-dependent in rodents, it is complete in avians. 

Most interestingly, a transient expression of catecholamines was also 
reported to occur in the gut of mice and rat embryos. These transient catecho
laminergic cells express characteristic neuronal traits which include the pre
sence of growth-associated protein-43 (GAP-43), neurofilament proteins, 
microtubule-associated proteins MAP 2 and 5, peripherin, NCAM (neural 
cell adhesion molecule), acetylcholinesterase, and the low-affinity NGF 
receptor p75 (Baetge and Gershon, 1 989). Since these cells retain the ability 
to proliferate, they are considered to be progenitor cells rather than fully 
differentiated neurons. While the catecholaminergic phenotype of these 
progenitors is retained in vitro, it disappears progressively in the environment 
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of the gut where these cells give rise to non-catecholaminergic enteric neurons 
that express either serotonin, substance P, or NPY (reviewed in Gershon et al., 
1 993). In analogy with the situation described above for the DRG, the 
adrenergic phenotype is never expressed in vivo in the avian gut environment 
(Smith et al. , 1 977). Nevertheless, a subpopulation of neural crest-derived 
cells that colonized the bowel retains the capacity to express TH upon disso
ciation and growth either in mass or in clonal cultures (Pomeranz et al. , 1 993; 
Sextier-Sainte-Claire Deville et al. , 1 994), or to colonize the sympathetic 
ganglia and express their adrenergic traits upon retrotransplantation into the 
migratory pathways of young hosts (Rothman et al., 1 990). 

An analogous situation occurs for neural crest cells which express catechol
amines and TH protein on their way to colonize the adrenal gland. Upon 
differentiation into chromaffin cells, they acquire the ability to synthesize phe
nylethanolamine-N-methyltransferase (PNMT) under the influence of gluco
corticoids produced by the adrenal cortex (Seidl and Unsicker, 1989; see also 
review by Beato, 1 989). Simultaneously with the upregulation of PNMT 
expression, glucocorticoids were shown in vitro to repress the expression of 
neuronal-specific genes in primary sympathetic neurons (Anderson and Axel, 
1986; Anderson and Michelson, 1 989; Vogel and Weston, 1 990; Anderson et 
al. , 1 99 1 ), and in the chromaffin-derived PC 1 2  cell line. These neuron-specific 
genes include peripherin, an intermediate filament protein present in mammals 
but not in birds (Leonard et al., 1 987), SCG 1 0  (Stein et al. , 1 988), and GAP-43 
(Federoff et al., 1 988). 

In addition to catecholamines, a number of markers are expressed both by 
sympathetic neuroblasts, by adrenal chromaffin cells, and by SIF cells. Such 
are SA l-5 (Carnahan and Patterson, 1 99 l a,b; Anderson et al. , 199 1 ;  Sejvar et 
al. , 1 993), and the CC I and CC4 (Schwarting et al. , 1 992) epitopes, all defined 
by Mabs. Other markers, however, are specific for distinct cell types from the 
onset of their expression, such as the antigen recognized by the B2 antibody 
that reacts exclusively with sympathetic neurons (Anderson and Axel, 1 986), 
and the expression of peanut agglutinin binding sites present only on neuroen
docrine derivatives (Katz et al. , 1 995). A relationship between sympathetic and 
enteric neuroblasts was suggested by the fact that both cell types express in 
common the SA l-5 antigens and TH immunoreactivity. Enteric neuroblasts 
lose the two categories of markers upon terminal differentiation and acquire 
instead the B2 antigen, which characterizes committed sympathetic neuroblasts 
(Gershon et al. , 1 993, and references therein). The B2 antigen is subsequently 
lost, and the transiently catecholaminergic cells go on to acquire their final, 
non-catecholaminergic phenotype. 

5.3.3 Neurotransmitter plasticity in the autonomic nervous system 

The expression of a neurotransmitter type is subject to changes during on
togeny as well as in response to experimental conditions (see Rao and 
Landis, 1993). Some sympathetic neurons whose initial transmitter phenotype 
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is  noradrenergic, show a developmentally regulated switch and become choli
nergic neurons. The occurrence of this catecholaminergic to cholinergic shift 
was demonstrated in a compelling way in the early 1 970s, in a series of elegant 
studies carried out in vitro on neurons of the SCG. When grown in the absence 
of non-neuronal cells, SCG neurons synthesize, store, and release norepineph
rine (noradrenaline) as do their normal counterparts in vivo. Coculturing the 
SCG neurons with non-neuronal cells such as glia, skeletal myotubes, or car
diac myocytes, results in a dramatic increase in acetylcholine synthesis at the 
expense of noradrenaline and in the formation of functional synapses 
(O'League et al. , 1974; Furshpan et al. , 1 976). This effect on neurotransmitter 
switch could be mimicked by treatment with medium conditioned by the non
neuronal C6 cells, showing that the activity is mediated by diffusible signals 
(Patterson et al. , 1 975; Landis, 1 976; Patterson and Chun, 1 977). Most impor
tantly, a simultaneous increase in acetylcholine, and a decrease in norepineph
rine synthesis, were shown to occur in individual cultured cells upon treatment 
with a heart cell conditioned medium, thus reflecting a true phenotypic switch 
rather than a selection due to preferential survival of specific neuronal subsets 
(Reichardt and Patterson, 1 977). The cholinergic differentiation factor from 
heart cells was subsequently purified and cloned by Y amamori et al. ( 1989). 
This molecule turned out to be identical to LIF (Table 4.2), a protein endowed 
with pleiotropic functions since it stimulates hemopoietic cell differentiation 
and inhibits differentiation of embryonic stem cells. Besides LIF, two other 
factors are known that induce cholinergic function in cultured sympathetic 
neurons. CNTF, identified for its ability to support the survival of ciliary 
neurons, induces choline acetyltransferase and inhibits TH activity (Saadat et 
al. , 1 989; Table 4. 1 ) .  In addition, a membrane-associated neurotransmitter
stimulating factor (MANS) was partially purified from spinal cord and 
ganglionic membranes, and has a function similar to that of LIF and CNTF 
in promoting the survival of parasympathetic ciliary neurons (Wong and 
Kessler, 1987). The question then arises whether these factors mediate the 
choice of neurotransmitter phenotype in vivo. 

The best studied example of phenotypic plasticity of neurotransmitter type 
in vivo are the sympathetic neurons that innervate the sweat glands in the rat 
footpad. These neurons are originally catecholaminergic, but were shown to 
switch their transmitter phenotype to become cholinergic when their axons 
contact their target tissue during the second postnatal week (Landis and 
Keefe, 1 983; Leblanc and Landis, 1986; Stevens and Landis, 1987, 1 990). 
Cross-innervation studies performed in vivo by Landis and colleagues have 
shown that this switch is induced by factors produced by the target tissue itself. 
If neurons that normally innervate the sweat glands are experimentally led to 
innervate the parotid glands whose innervation is noradrenergic, these neurons 
fail to undergo the normal noradrenergic--{;holinergic switch (Schotzinger and 
Landis, 1990). Furthermore, normal noradrenergic neurons that innervate 
hairy skin become cholinergic if forced to innervate the sweat glands 
(Schotzinger and Landis, 1988). This catecholaminergic--{;holinergic switch is 
also accompanied by a change in the pattern of expression of distinct neuro-
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peptides. Neurons innervating the sweat glands first express NPY when they 
are noradrenergic and then switch to VIP and CGRP expression when they 
become cholinergic. This shift in neuropeptide synthesis was also shown to be 
target-dependent (Landis et al. , 1988; Schotzinger and Landis, 1988; Stevens 
and Landis, 1 990). These observations suggest that the target tissue is impor
tant, not only for retrograde control of cell number, but is also required for 
specifying the final choice of neurotransmitter identity and function. 

Footpad extracts contain factors that induce choline acetyltransferase and 
VIP, but reduce catecholamines and NPY content in cultured sympathetic 
neurons (Rao and Landis, 1 990; Rohrer, 1992). Rao et al. ( 1 992a,b) raised 
the question as to whether LIF, CNTF, or MANS was responsible for the 
cholinergizing activities emanating from the footpad extracts. Despite the bio
chemical similarity of the footpad activity with CNTF, neither CNTF mRNA 
nor protein could be detected in the sweat glands or in the Schwann cells 
associated with them. Furthermore, the footpad activity is biochemically dis
tinct from LIF, and LIF antibodies failed to block the inducing activity present 
in the footpad extract. Finally, MANS failed to induce cholinergic activity in 
sympathetic neurons. Thus, the identity of the cholinergic differentiation fac
tors that mediate the phenotypic switch occurring upon innervation of the 
sweat glands remains to be determined. 

An analogous switch of neurotransmitter phenotypes has also been shown 
to occur in cultured avian sympathetic neurons. Both FGF l and FGF2 induce 
choline acetyltransferase activity in these neurons and cause a concomitant 
decrease in TH. Since the time course of FGF activity is slow on both enzymes, 
it was proposed that the factors act by inducing de novo gene expression rather 
than by activation of a preexisting pool of enzyme (Zurn, 1 992). VIP, which is 
often associated with a cholinergic phenotype, was also shown to increase the 
cholinergic properties of sympathetic neurons via activation of cAMP. 
Moreover, VIP also causes an initial rise in TH activity, followed by a second
ary decline. Therefore, FGF and VIP appear to act by different mechanisms 
since FGF does not alter cAMP activity and has no stimulatory effect on the 
levels of TH (Berreta and Zurn, 1 991) .  Since these studies were carried out with 
populations of chick sympathetic neurons, they did not address the question of 
whether the observed effects reflect a true shift in transmitter phenotype of 
single cells. Another study of quail sympathetic neurons, however, has clearly 
shown that, whereas the great majority of sympathetic neurons express TH 
immunoreactivity, about half of them also express cholinergic traits (Barbu et 
al. , 1992). These data, showing that some sympathetic neurons simultaneously 
express adrenergic and cholinergic phenotypes, suggest that a phenotypic 
switch is also likely to occur in avian sympathetic neurons. This double phe
notypic identity observed in defined culture conditions might, therefore, be 
equivalent to a transition state during the shift between phenotypes, similar 
to that observed in the rat sympathetic neurons (Potter et al. , 1 986). 

Contrary to the noradrenergic-cholinergic switch that takes place during 
development of certain sympathetic neurons, no such change is known to occur 
normally in the reverse direction. Precursors of presumptive cholinergic 
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neurons that derive from the neural crest, such as ciliary ganglion neurons, 
synthesize acetylcholine as early as the neural fold stage and during their 
migration; however, they do not express catecholamines or TH (Smith et al., 
1 979). The question was raised as to whether cholinergic neurons are able to 
display plasticity in neurotransmitter phenotype when experimentally placed in 
an environment that stimulates adrenergic differentiation. To this end, choli
nergic ciliary ganglia from E4-6 quail embryos were back-transplanted into 
chick hosts at E2. Ganglia were grafted between the neural tube and somites at 
the adrenomedullary level of the axis. Analysis of the distribution of ganglion
derived cells was performed after gangliogenesis had taken place in the host. It 
revealed the presence of sympathetic neurons expressing adrenergic traits and 
bearing the quail marker (Le Douarin et al., 1 978). These results were the first 
evidence to suggest a plastic behavior of cholinergic ganglia in an adrenergic 
environment. These observations, however, did not make it possible to deter
mine whether the cholinergic neurons themselves switch phenotype or whether 
non-neuronal cells of the ganglia become catecholaminergic. Subsequent 
experiments by Dupin ( 1984) revealed that the non-neuronal population of 
the transplanted ciliary ganglia succeeded in differentiating into sympathetic 
neurons expressing catecholaminergic traits in the host ganglia, whereas the 
neurons did not survive. 

In a later study, Coulombe and Bronner-Fraser ( 1 986) developed conditions 
that enabled neurons to survive. The conditions made it possible to trace 
potential phenotypic shift in the cholinergic neurons themselves. E6.5 quail 
ciliary ganglion neurons were retrogradely labeled with fluorescent latex micro
spheres that were injected into their target sites. About 20% of the neurons in 
the ganglia and none of the glial cells were labeled. Ganglia were then excised, 
dissociated, and injected into the ventral pathway of migration in the trunk 
region of chick hosts. Four to five days after injection, embryos were examined 
for cells containing both fluorescent microspheres and catecholamines. A cer
tain proportion of the labeled neurons was incorporated into host sympathetic 
ganglia and was shown to express catecholamines. These observations led to 
the conclusion that neurotransmitter plasticity also occurs in cholinergic 
neurons, at least under experimental conditions. 

5.4 Development of autonomic cells from the neural crest 

5.4.1 Factors that affect initial development of adrenergic cells 

The onset of adrenergic differentiation of neural crest precursors depends upon 
interactions of these cells with structures bordering the migratory routes taken 
by the autonomic progenitors. These progenitors migrate through the rostral 
sclerotome and intersomitic spaces to home at para-aortic sites next to, but not 
in contact with, the notochord and ventralmost part of the neural tube. The 
importance of the microenvironment of the migratory routes in the develop
ment of the sympathetic derivatives was demonstrated in avian embryos by 
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ablating either the notochord or the neural tube. These experiments revealed 
that the formation of sympathetic ganglia requires the presence of the noto
chord and/or the neural tube. In fact, ablation of both axial organs induces the 
death of all neural crest cells present in the paraxial mesoderm, the cells of 
which are also subjected to apoptosis (Teillet and Le Douarin, 1 983; Rong et 
al., 1 992). Furthermore, after rotating the neural tube along its dorsoventral 
axis, the expression of catecholamine histofluorescence in condensing sympa
thetic ganglia was prevented, suggesting that the ability of the neural tube to 
regulate the sympathetic phenotype is restricted to its ventral part (Stern et al., 
1 99 1 ). Removal of the notochord also resulted in an inhibition of expression of 
the paired homeodomain protein Phox2, and of the zinc finger protein, GATA-
2, two transcription factors that characterize early sympathetic ontogeny. 
Similarly, the rate-limiting enzyme of catecholamine metabolism, TH, is no 
longer expressed after notochord removal (Groves et al., 1995). These observa
tions indicate that signals imparted by the notochord/ventral neural tube are 
required for the early phases of sympathetic ganglion development. In line with 
the above observations, brain extracts or medium conditioned by cultured 
neural tubes were shown to stimulate sympathetic differentiation (Howard 
and Bronner-Fraser, 1 985, 1986). Moreover, conditioned medium of cultured 
notochords had no effect (Howard and Bronner-Fraser, 1 986). Moreover, 
addition of the notochords to neural crest cells associated with gut tissue 
strongly promoted adrenergic differentiation (Rothman et al., 1 993b). These 
findings suggest that molecules that associate with the cell surface or with the 
extracellular matrix must be present along the migratory routes of the neural 
crest in order to obtain normal sympathetic neurons. Indeed, overlaying a 
reconstituted basement membrane-like matrix on cultured neural crest was 
shown to promote strong adrenergic differentiation (Maxwell and Forbes, 
1988, 1 990; Forbes et al., 1 993). 

Signals originating from the axial structures may act either directly on 
neural crest cells, or indirectly via the sclerotomal cells which constitute the 
actual substrate on which sympathetic ganglion progenitors migrate. An indir
ect action is consistent with the results of recent experiments showing that 
ectopic notochord grafts induce a ventral fate in the paraxial mesoderm, lead
ing to the differentiation of sclerotome at the expense of dermomyotome 
(Pourquie et al., 1 993). This ventralizing effect of the notochord was found 
to be mediated by the protein encoded by the vertebrate homolog of the 
Drosophila hedgehog gene, designated sonic hedgehog (Shh) or vertebrate hedge
hog ( Vhh) (Fan and Tessier-Lavigne, 1994; Johnson et al., 1 994; Fan et al., 
1 995). The question is raised as to whether Shh might be involved in promoting 
the appearance of the adrenergic phenotype in neural crest cells. The possibility 
that this secreted protein exerts a direct effect on neural crest cells was exam
ined in vitro. Modest adrenergic differentiation was obtained upon addition of 
the N-terminal recombinant peptide to secondary avian neural crest cultures 
(Reissmann et al., 1996). In striking contrast, a dramatic stimulation of the 
development of TH-positive cells was obtained with specific members of the 
TGFtl family, whose expression was shown, both in Drosophila and verte-
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brates, to be induced by Shh (O'Farrell, 1 994; Perrimon, 1 995). These proteins 
include TGF /)1 itself (Howard and Gershon, 1993), BMP-4 and BMP-2, and 
also BMP-7 (Varley et al. , 1995; Reissmann et al., 1996; Varley and Maxwell, 
1996). Glial cell line-derived neurotrophic factor (GDNF), another member of 
the TGF/) superfamily, was found to promote adrenergic differentiation of 
cultured mouse neural crest cells (Maxwell et al. , 1 996), but not of their 
avian counterparts (Reissmann et al. , 1996). Furthermore, localization studies 
have shown that the dorsal aortic tissue synthesizes BMP-4 and BMP-7 already 
prior to the onset of expression of TH mRNA by the homing sympathetic 
progenitors (Reissmann et al. , 1996). Taken together, these results raise the 
hypothesis that notochord-derived SHH triggers a cascade of inductive 
changes that initially affect the sclerotome, and subsequently the more ven
trally located paraaortic region. Analysis of the pattern of expression of 
TGF-/)-related factors and of adrenergic development in embryos lacking 
Shh gene function will be helpful for critically testing this notion, because, 
as expected, these embryos are defective in the formation of sclerotomal 
derivatives such as the vertebral column and ribs (Chiang et al., 1 996). 

It has long been established that chick embryo extract is a potent inducer of 
adrenergic differentiation in primary cultures of quail truncal neural crest cells 
(Ziller et al. , 1987). The exact nature of the factors involved in this effect has 
not been clarified so far. In vitro analysis of adrenergic cell differentiation in 
culture has brought about cues concerning this problem. For instance, cate
cholamines were found to stimulate adrenergic differentiation by regulating the 
transcription of the TH gene, through activation of /)-adrenergic receptors and 
cAMP production (Dupin et al. , 1993). This is coherent with the fact that the 
notochord synthesizes and releases catecholamines at the critical stage of sym
pathetic ganglion development (Dupin et al. , 1993). Along the same line, nor
epinephrine was suggested to modulate the expression of the adrenergic 
phenotype in quail neural crest cells grown in clonal cultures because treatment 
of crest cell cultures with norepinephrine uptake inhibitors blocked the produc
tion of the enzymes TH and dopamine /)-hydroxylase (DBH) by the cultured 
cells (Sieber-Blum, 1989c). Other factors, such as insulin and insulin-like 
growth factor- I (Nataf and Monier, 1992; Xue et al. , 1992), and glucocorti
coids (Smith and Fauquet, 1 984), were reported to stimulate in vitro the num
ber of cells that differentiate along the adrenergic pathway at a stage when 
neural crest cells have already colonized the sclerotome. 

Two independent studies, carried out in vitro, have shown that retinoic acid 
(RA) is also a likely candidate for mediating early differentiation of sympa
thetic cells (Dupin and Le Douarin, 1995; Rockwood and Maxwell, 1 996). 
Dupin and Le Douarin showed that RA strongly stimulates the differentiation 
of adrenergic TH-positive cells when it is applied during the first 3 days of the 
culture of trunk neural crest cells, a period of time which just precedes the onset 
of TH synthesis in vivo. In contrast, if RA is applied later (from day 3 to day 6 
of culture), no effect on adrenergic differentiation is observed while the number 
of melanocytes is greatly increased . Moreover, treatment of single-cell cultures 
with RA resulted in the induction of adrenergic traits in multipotent crest 
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precursors (Dupin and Le Douarin, 1 995). The study performed by Rockwood 
and Maxwell ( 1996) pointed instead to a mitogenic effect of RA on adrenergic 
cells that already express TH immunoreactivity. 

The in vitro effects of RA are likely to be of significance in the embryo, since 
retinoids are present in areas such as the ventral neural tube known to influence 
sympathetic development (Wagner et al. , 1 990, 1992). In addition, RA recep
tors are expressed by migrating neural crest cells and their PNS derivatives 
(Perez-Castro et al. , 1989; Maden et al. , 1 99 1 ;  Ruberte et al., 1 993, and refer
ences therein). 

5.4.2 Control of the proliferation of sympathetic neuroblasts and 
chroma/fin cells 

5.4.2.1 Sympathetic neuroblasts. Ziller et al. ( 1987) have clearly shown that 
the in vitro development of adrenergic cells expressing TH immunoreactivity 
involves extensive proliferation of the neural crest progenitors and growth 
conditions that are provided by culture medium supplemented with I 0% 
chick embryo extract (Fig. 5.5). RA, which was proposed to act as a mitogen 
for cultured sympathetic progenitors (see previous section), is the only factor 
that has been unequivocally identified to promote the proliferation of neural 
crest cells that acquire TH. Although NT-3 has been shown to stimulate pro
liferation and survival of avian neural crest cells grown in defined medium 
(Kalcheim et al. , 1992), lack of terminal sympathetic differentiation under 
these conditions made it impossible to determine whether the responsive popu
lation contains progenitors with the ability to become adrenergic cells. 

An interesting feature of sympathetic progenitors is their continued prolif
eration in vivo even after differentiation into cells expressing either TH or 
DBH, catecholamines or somatostatin (Rothman et al. , 1 978, 1 980; Rohrer 
and Thoenen, 1987; Ziller et al., 1 987). The proportion of mitotically active 
cells that express the above markers declines with time in the embryo as well as 
in culture (Cohen, 1 974; Rothman et al. , 1 978, 1980; Maxwell and Sietz, 1 985). 
Most notably, sympathetic neuroblasts are able to extend neurites before and 
during cell division both in culture and in vivo. The pattern of in vitro neurite 
growth (number, branching, position, length) of the parental neuroblasts was 
shown to be preserved by their progeny. Whereas 1 8% of the neurites remained 
intact as the soma divided, 82% of the processes retracted into the cell body 
during late "prophase" of the cell cycle and regenerated within minutes after 
completion of cytokinesis (Wolf et al. , 1 996). In vivo, up to 1 5% of dividing 
sympathetic neuroblasts from E 1 6  rat SCG revealed the presence of efferents in 
the internal and external carotid nerve, hundreds of micrometers away from 
the cell soma (Fig. 5.6; DiCicco-Bloom, personal communication). 

What factors do affect sympathetic neuroblast proliferation? Treatment 
with epidermal growth factor (EGF) or with insulin was shown to stimulate 
thymidine (TdR) incorporation into nuclei and cell division in culture 
(DiCicco-Bloom et al., 1 990, 1 993). In a later study, the effect of factors on 
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Figure 5.5 Adrenergic cells expressing tyrosine hydroxylase immunoreactivity 
differentiate from cycling progenitors. (a) Tyrosine hydroxylase (TH) 
immunofluorescent cell in a 6-day-old culture of neural crest cells derived from total 
neuron primordium and grown in medium supplemented with serum and 10% chick 
embryo extract. (b) The same field where fluorescence is superimposed upon a bright
field image. The nucleus of the TH-positive cell is labeled with [3H] TdR (arrowhead). 
Other TH-negative cells have also incorporated the label. P, pigment cell. (Reproduced, 
with permission, from Ziller et al., 1987.) 

process-bearing neuroblasts was tested, and it was found that the most remark
able effect on cell proliferation is obtained upon treatment with a combination 
of insulin, NT-3, and the PACAP peptide. This combination drove almost 95% 
of the cells into the S-phase compared to 38% in controls (Wolf et al., 1996). 

The proliferation of sympathetic neuroblasts is also subjected to a negative 
regulation. CNTF was found to decrease proliferation of TH-immunoreactive 
cells derived from E7 chicken sympathetic ganglia. Concomitant with this 
effect, a dramatic increase in VIP expression was observed to occur in 50-
60% of the cells. These results suggest that CNTF stimulates the differentiation 
of avian sympathoblasts by repressing the mitotic cycle (Ernsberger et al. , 
1989). Likewise, retroviral transfer of the v-src oncogene into proliferating 
E6 sympathoblasts was shown to downregulate proliferation and to stimulate 
instead the differentiation and long-term survival of the infected cells. In con
trast, retroviral infection with v-myc maintained high levels of cell proliferation 
and an immature phenotype (Haltmeier and Rohrer, 1990), invoking the pos
sibility of opposite roles for these neural oncogenes in this system. 
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Figure 5.6 Mitotically active superior cervical ganglion (SCG) neuroblasts possess 
axons projecting into efferent nerves. To identify dividing neuroblasts bearing axonal 
projections in vivo, E l 6.5  rat embryos were labeled with bromodeoxyuridine (BrdU) for 
I hour and fixed afterwards. BrdU labeling was combined with retrograde rhodamine 
dextran tracing as follows: SCG was dissected, the efferent internal and external carotid 
nerves were sectioned with dextran-coated knives 1 mm from the ganglion, and the 
explant was incubated for 4 hours in culture to allow retrograde transport. Confocal 
images of 8-µm sections indicate BrdU nuclear labeling in A and dextran labeling in B. 
Higher magnification of the boxed region in A illustrates a neuroblast in C by DIC 
optics that colocalizes nuclear BrdU (arrow, D) and retrograde cytoplasmic tracer 
(arrowhead, E). Bar = 25 µm. (Kindly provided by E. DiCicco-Bloom.) 

For a colored version of this figure, see www.cambridge.org/978052 l l 22252. 

5.4.2.2 Chromaffin cells. Adrenal chromaffin cells proliferate extensively 
before birth, and this process essentially continues throughout life, albeit at 
a slower pace (Malvadi et al. , 1 968; Tischler et al. , 1 989). Both FGF2 and NGF 
induce cell proliferation of neonatal rat chromaffin cells (Lillien and Claude, 
1985; Claude et al., 1 988). In addition to its mitogenic action, FGF2 also 
stimulates neuronal differentiation of chromaffin cells, while later causing 
them to become dependent on NGF for survival. This differentiative effect 
of FGF is specifically suppressed by dexamethasone, while its mitogenic action 
is not, suggesting that a complementary action of FG F2 and steroids could 
maintain the expansion of a population of cycling cells while inhibiting their 
differentiation into neurons in the adrenal environment (Stemple et al., 1 988). 

A decrease in proliferation occurs in the rat adrenal medulla during the first 
postnatal weeks. This reduction was shown to correlate with the innervation of 
the adrenal medulla, suggesting that functional activity mediated by neuro
transmitters downregulates chromaffin cell proliferation (Slotkin et al. , 
1980). This notion was examined in culture, where depolarization of the chro-
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maffin cell membranes was achieved by raising the concentration of KCI to 20 
mM. These conditions significantly decreased the mitogenic effect elicited by 
NGF. Furthermore, specific activation of calcium influx blocked cell prolifera
tion, suggesting that the effect is mediated by the activation of voltage-gated 
calcium channels. Direct activation of adenylate cyclase also inhibited the 
response to NGF. In contrast, depolarization of cultures treated with phorbol 
ester was ineffective in blocking proliferation, indicating that the proliferation 
of chromaffin cells does not require the activation of protein kinase C (Tischler 
et al. , 1 994). Thus, multiple signaling mechanisms, tuned by local glucocorti
coids, growth factors, and by neural activity are likely to regulate mitogenic 
responses in chromaffin cells. 

5.4.3 Sequential and synergistic activities of growth factors on the 
differentiation of sympathetic neurohlasts 

5.4.3.1 Neurotrophin-3. Treatment with NT-3, but not with NGF, enhanced 
the survival of mitotically active sympathetic neuroblasts prepared from E l  5 .5 
rat SCG, or from the paravertebral sympathetic chains of E l4.5 rat embryos 
(Birren et al. , 1993; DiCicco-Bloom et al. , 1 993). These results provide support 
for the general belief that sympathetic progenitor cells are not responsive to 
NGF, and that this neurotrophin acts on the survival of postmitotic sympa
thetic neurons. These results were confirmed in vivo by the phenotype of mice 
lacking NT-3 gene function. Null NT-3 mice display a reduced number of 
proliferating neuroblasts when compared to their normal counterparts. This 
effect, observed between E l l and E l  7 in the mutant mice, was suggested to 
result from increased apoptosis of the proliferating cell population (Elshamy et 
al. , 1996). 

Furthermore, treatment of cultured sympathetic cells with doses of NT-3 
higher than required for supporting their survival (more than 10 ng/ml) was 
shown to induce mitotic arrest and expression of trkA mRNA, resulting in 
responsiveness to NGF, a characteristic which normally appears later in devel
opment. In fact, several antimitotic agents, including aphidicolin and mitomy
cin C, were shown to induce trkA better than high doses of NT-3, suggesting 
that synthesis of trkA is primarily induced by withdrawal from the cell cycle 
(Verdi and Anderson, 1994). Interestingly, NGF itself was reported to up
regulate the synthesis of p75 NTR, the common neurotrophin receptor, thus 
completing the molecular repertoire required for maintaining a full responsive 
state to NGF (Verdi and Anderson, 1 994). Consistent with the above results, 
the level of expression of trkC mRNA was found to decrease in rat ganglia, 
while that of trkA mRNA increased between E l4.5 and the time of birth 
(Birren et al. , 1 993; DiCicco-Bloom et al. , 1993; Verdi and Anderson, 1 994). 
In avian embryos trkC mRNA was also found to be expresssed in primary 
sympathetic ganglia but not in cells that constitute the secondary, definitive 
chains which are, instead, responsive to NGF (Kahane and Kalcheim, 1 994). 
These observations suggest that the switch in trophic dependence observed in 
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vitro is likely to reflect a normal sequence evolving during development. Thus, 
sympathetic precursor cells undergo a stage-dependent change in their needs 
for exogenous factors, which ultimately leads them to respond to NGF. 

What is the source of NT-3 that affects sympathetic neuroblasts prior to 
target innervation? Verdi et al. ( 1 996) have reported that NT-3 is synthesized 
by the non-neuronal cells adjacent to the sympathetic ganglia of E 1 3.5  and 
E l 4.5  mouse embryos, but not by the sympathetic neuroblasts. Moreover, in 
vitro, the levels of NT-3 mRNA in non-neuronal cells can be upregulated by 
the neuroblasts themselves, by CNTF, PDGF, or by neuregulins such as glial 
growth factor-2 (GGF-2). To further test the effect of GGF-2 on NT-3 pro
duction, cultures composed of both neuroblasts and non-neuronal cells were 
treated with blocking antibodies to GGF-2. This treatment was shown to 
attenuate the effect of the neuroblasts on NT-3 production by the non
neuronal cells, suggesting a role for endogenous GGF-2 in the synthesis of 
NT-3. The notion was then put forward that reciprocal cell-cell interactions 
exist, whereby neuroblast-derived neuregulins promote NT-3 production by 
neighboring non-neuronal cells, and that these cells in turn promote neuroblast 
survival and further differentiation into a NGF-dependent neuron (Verdi et al. , 
1 996). 

5.4.3.2 FGF and CNTF. An additional in vitro system, by means of which it 
was attempted to characterize the factors involved in neuronal development, is 
an immortalized cell line developed by Birren and Anderson ( 1990). Embryonic 
rat adrenomedullary cells expressing the HNK-1 marker were isolated and 
immortalized with the v-myc oncogene to produce a stable cell line, MAH. 
The MAH cells were shown to have retained the ability to differentiate into 
sympathetic-like neurons. They do so under FGF2 treatment, which also has a 
mitogenic action on this cell line, as it has on primary chromaffin cells (Stemple 
et al. , 1988). Although FGF induces an initial neuronal differentiation 
response in the majority of MAH cells, only a minute proportion of the 
FGF-treated cells gain NGF responsiveness and undergo terminal differentia
tion into postmitotic neurons. Therefore, additional signals were postulated to 
be required for full differentiation to take place. Ip et al. ( 1 994) found that 
CNTF, a factor that inhibits the proliferation of sympathetic progenitors (see 
previous section), and triggers an intracellular pathway different from that of 
both FGF and NGF, can collaborate with FGF to promote the terminal 
differentiation of MAH cells into an NGF-dependent state that closely resem
bles that of postmitotic sympathetic neurons. Furthermore, NGF dependence 
of MAH cells could be experimentally induced by overexpressing a trkA recep
tor cDNA construct followed by treatment with NGF (Verdi et al. , 1 994). 
These results indicate that signal transduction elicited by the recombinant 
trkA receptor can override the need for an initial treatment with FGF and 
CNTF. The possible involvement of NT-3, that was found critical during early 
stages for survival of proliferating primary precursor cells and for induction of 
trkA mRNA, was not tested in this cell line. 
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Primary chromaffin cells obtained from adult rats were considered to repre
sent another model system to study signals involved in neuronal differentia
tion. In this system, the NGF-dependent switch into sympathetic neurons has 
been known for a long time to be potentiated by medium conditioned by heart 
cells (Doupe et al. , 1 985a). Since this medium was found to contain LIF, a 
cholinergic-inducing factor which closely resembles CNTF in its spectrum of 
responsive populations (Yamamori et al., 1 989; see also Section 5.3 .3 and 
Table 5.2), and in elements of the signal transduction cascade (Ip and 
Yancopoulos, 1994, 1 996), the possibility was then tested whether CNTF or 
LIF mediates the chromaffin cell-neuron conversion promoted by the heart 
cell conditioned medium. It was found that CNTF or LIF in combination with 
FGF2 enhances the ability of NGF to induce transdifferentiation of postnatal 
chromaffin cells into neurons (Ip et al., 1994). The synergistic effects of the 
growth factors observed both in the immortalized MAH cell line and in chro
maffin cells have been found difficult to demonstrate for the embryonic pri
mary sympathetic precursors. Therefore, the validity of these models to gain 
insight into the signals that regulate the initial steps of differentiation of the 
primary sympathetic neuroblasts remains uncertain. 

5.4.3.3 GDNF and c-ret. New insights from embryonic mutant mice lacking 
the tyrosine kinase receptor gene ret have revealed the complete absence of 
SCG in 1 2.5-day-old embryos (E12.5), but no abnormalities could be detected 
in the sympathetic ganglia located more caudally along the axis. These results 
clearly show that the SCG has certain distinct requirements for differentiation 
and/or survival from the sympathetic ganglia located more caudally in the 
chain. Since the neural crest progenitors were found to migrate normally to 
the ganglionic rudiment in the null mutants, it was proposed that ret activity is 
necessary either for the survival or for the differentiation of the sympathetic 
progenitors that form the SCG (Table 5 . 1 ;  Durbec et al., 1 996a). Glial cell line 
derived neurotrophic factor (GDNF) was recently found to act as a ligand of 
ret (Treanor et al. , 1996; Trupp et al. , 1 996), but a mutation in this gene caused 
only a limited reduction in the volume of the SCG (20%,  Sanchez et al. , 1996; 
35%, Moore et al., 1 996) when compared to the dramatic phenotype apparent 
in the ret mutation. These results suggest: firstly, that the GDNF/ret complex 
participates in the early development of the rostralmost sympathetic ganglion, 
the SCG, and, secondly, that the ret receptor can be activated by factors other 
than GDNF. The identity of these putative molecules and the possibility that 
they act on distinct ganglionic subpopulations remain to be established. 

5.4.4 Requirements for chroma/fin cell differentiation 

When neural crest progenitors colonize the adrenal anlagen, they become 
associated with mesodermal cells that constitute the adrenal cortex. In the 
environment of the adrenal gland, precursor cells that synthesize noradrenaline 
convert into adrenaline-producing endocrine chromaffin cells. The enzyme 
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responsible for this conversion is PNMT. The induction of PNMT is believed 
to be triggered specifically by glucocorticoid hormones produced by the adre
nal cortex. 

In fact, a pivotal role for glucocorticoid hormones in the normal function of 
the adult adrenal gland was already suggested years ago in classical experi
ments by Wurtman and Axelrod ( 1 965), Margolis et al. ( 1 966), and Wurtman 
and Axelrod ( 1 966). They showed that hypophysectomy of adult rats results in 
a dramatic decrease in the activity of the adrenal enzyme PNMT, and that 
replacement therapy with the synthetic hormone dexamethasone can prevent 
this loss. Furthermore, experimental manipulations that raise the levels of 
prenatal glucocorticoids in the embryo cause a concomitant increase in 
PNMT activity and adrenaline content in newborn adrenal glands (Parker 
and Noble, 1 967). 

Seidl and Unsicker ( 1 989) precisely defined the onset of differentiation of 
chromaffin cells in rat embryos. While adrenaline and PNMT activity were 
present in the E l 7  adrenal glands, they were undetectable at E l 6. This shift 
occurring between E l 6  and E l  7 was found to parallel a rise in the levels of 
adrenal and plasma glucocorticoids, and in the expression of glucocorticoid 
receptors. Culturing cells from E l 6  rat adrenals in the absence of adrenal 
cortical input revealed no expression of either adrenaline or PNMT. 
Treatment of these cultures with glucocorticoids induced adrenaline biosyn
thesis, and also promoted the survival of the young chromaffin cells. These 
results suggested an influence of glucocorticoids on the differentation of endo
crine cells at a time following the initial establishment of the receptor machin
ery that confers responsiveness to glucocorticoid signaling. In another study 
(Anderson and Axel, 1 986), some response to dexamethasone could be detected 
as early as E l4.5, suggesting that functional receptors are already present at 
this age on a subpopulation of precursor cells. Alternatively, it is possible that 
the culture conditions had a stimulatory effect on the synthesis of glucocorti
coid receptors in response to the ligand. 

While glucocorticoids exert a positive influence on the expression of adrenal 
chromaffin-specific markers, they were shown to repress in vitro the expression 
of several neuron-specific proteins, including peripherin, SCG 10 and GAP-43 
in PC1 2  cells, and to inhibit neuronal differentiation induced by NGF or FGF 
(reviewed in Anderson, 1 993a). Moreover, the extinction of neuronal markers 
in vivo precedes the onset of PNMT expression in the chromaffin progenitors 
(Anderson and Axel, 1 986; Vogel and Weston, 1990). Based on these results, 
Anderson ( 1993b) has proposed that chromaffin cell development arises as a 
result of two sequential and interdependent steps. First neuronal commitment 
is inhibited. This inhibition is a prerequisite for a later secondary decision to 
express PNMT and to differentiate into a chromaffin phenotype. 

The role of glucocorticoid receptors in the development of the chromaffin 
cells was subjected to further examination following the production of mouse 
embryos carrying a targeted disruption of the glucocorticoid receptor gene 
(Cole et al. , 1995). Wild-type mice with normal adrenal glands showed strong 
immunostaining for synaptophysin, TH, and PNMT. In contrast, mice homo-
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zygous for the glycocorticoid receptor mutation showed enlarged adrenal 
glands with no detectable PNMT or adrenaline at any stage examined (from 
E l 3.5, shortly after colonization of the adrenal medulla, until early postnatal 
stages). Cole et al. ( 1995) have assigned the lack of characteristic chromaffin 
markers to the virtual absence of TH-positive adrenergic cells. In a later study, 
Unsicker and colleagues found no decrease in the number of cells immuno
reactive for the enzyme TH in the homozygous mutants when compared to 
wild-type mice. Moreover, they found that the adrenomedullary cells that 
developed in the mutants are true chromaffin cells as they have characteristic 
dense-cored vesicles that distinguish them from sympathetic neurons 
(Unsicker, personal communication). As a result of the absence of PNMT 
expression, however, chromaffin cells in the mutant embryos express noradre
nergic features but do not synthesize adrenaline. The results of mutant mice are 
therefore consistent with the notion that glucocorticoid signaling is important 
for modulating the expression of PNMT and the consequent acquisition of 
adrenergic properties, but is not required for regulation of other processes 
such as cell survival or proliferation, and for the differentiation of another 
important feature typical of chromaffin cells, the presence of large chromaffin 
granules. 

5.5 The relationship between sympathetic, adrenomedullary, 
and enteric progenitor cells 

Sympathetic neurons, adrenal chromaffin cells and catecholaminergic SIF cells 
were proposed to arise from neural crest cells that initially localize in the 
primary sympathetic chains of the embryo (Rau and Johnson, 1923; Willier, 
1930; Cochard et al., 1979; Anderson and Axel, 1986). These progenitors 
express a variety of neuron-specific markers. Moreover, chromaffin and SIF 
cells are able to convert phenotypically into sympathetic neurons. These initial 
findings led Anderson and Axel ( 1986) to propose the notion that sympathetic 
neurons and chromaffin cells develop from a common progenitor cell, the 
sympathoadrenal precursor, that segregates from the neural crest "as a sepa
rate lineage," and which is restricted in its developmental potential to give rise 
to these cell types. A decade later, many results have accumulated that allow a 
reevaluation of that hypothesis; they are reviewed below. 

It should be stressed, at this point, that postulating a true lineage relation
ship between distinct cell types requires a direct demonstration of a common 
ancestor. This can only be achieved by clonal analysis with appropriate lineage 
tracers (see Chapter 7). Such experiments were not performed for the putative 
sympathoadrenal precursors, perhaps because of technical difficulties involved 
in marking individual neural crest cells. Thus, although the idea of the sym
pathoadrenal precursor is consistent with the proven existence in the neural 
crest lineage of restricted intermediate progenitors, a formal proof for a lineage 
relation of the autonomic precursors is still lacking. 
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5.5.1 Expression in common of neuronal and chromaffin-specific 

markers 

Progenitors of sympathetic neurons and adrenomedullary cells coexpress mar
kers specific to each cell type before final diversification occurs. In the rat 
embryo, these cells are first recognizable at E l  1 .5 at para-aortic locations, 
and express neuronal markers such as TH, catecholamine storage, release, 
and high-affinity uptake mechanisms (Grillo, 1 966; Gabella, 1 976), SCG 10, 
and neurofilament proteins as well as the chromaffin-specific markers SAI-5 
(Carnahan and Patterson, 199 l a,b). Subsequent to E l  1 .5, the expression of the 
chromaffin markers is extinguished in the sympathetic ganglia but is retained in 
the adrenal medulla. Concomitant with the loss of SAI-5, sympathetic neuro
blasts acquire the B2 neuronal marker. However, B2-positive neuroblasts are 
unable to respond to signals that induce chromaffin cell differentiation and 
thereby do not convert into chromaffin cells. Thus, appearance of this marker 
was interpreted to be the expression of a commitment to a neuronal fate 
(Anderson et al., 199 1 ). During chromaffin cell differentiation, the reverse 
situation occurs. The acquisition of endocrine characteristics and of PNMT 
activity leading to adrenaline production is a late event that follows the loss of 
neuronal traits (Anderson and Axel, 1 986; Vogel and Weston, 1990; see also 
Patterson, 1 990). It should be noted that the transition from one cell type to 
another is not readily complete since some B2-positive cells appear in the 
adrenal gland, and SA i-containing cells can be detected in sympathetic 
ganglia. 

5.5.2 The problem of a common lineage for adrenomedullary cells, 

sympathetic progenitors, and the enteric neurons 

The results discussed above based on the analysis of marker expression suggest 
that the neural crest diversification pathway includes a subset of progenitors 
giving rise, at least, to sympathetic neurons and chromaffin cells. On the one 
hand, the observations that not all cells show the transient coexpression of dual 
markers and that other cells express the markers in inappropriate locations, 
raise the possibility that subsets of both sympathetic neurons as well as chro
maffin cells arise from precursors other than the proposed sympathoadrenal 
progenitor. On the other hand, this line of evidence does not rule out the 
possibility that sympathoadrenal cells have additional fates during normal 
development. For instance, Durbec et al. ( 1996a) have followed the migration 
and fate of populations of neural crest cells from levels posterior to somite 6, 
and found that these cells give rise not only to sympathetic ganglia (with the 
exception of the SCG) and adrenomedullary cells, but also to a significant 
proportion of the foregut enteric nervous system. The existence of a close 
relationship between sympathoadrenal and enteric precursors was previously 
suggested by Carnahan et al. ( 199 1 ), based on previous observations that 
migrating enteric neuroblasts transiently express several markers also found 
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in the sympathetic and adrenal precursors (Gershon et al., I 984; Baetge and 
Gershon, I 989; Baetge et al., I 990). Thus, because it is also capable of gen
erating a subset of enteric ganglia, the putative sympathoadrenal progenitor 
could be considered to be, at least, a tripotent intermediate progenitor. 

Another finding of extreme interest is that the murine SCG, along with the 
enteric nervous system at midgut and hindgut levels, are formed from crest cells 
of somitic levels I-5 of the axis, and they degenerate in the absence of ret 
receptor activity, whereas the sympathetic ganglia posterior to somite 6, the 
chromaffin cells, and the foregut enteric ganglia do not depend upon ret gene 
function (Schuchardt et al., I994; Durbec et al., 1996a). These results suggest 
that not all the enteric neurons are lineally related to the sympathoadrenal cells 
(see below). Furthermore, they stress the involvement of axial-specific cues in 
the segregation of neural crest-derived cells. Along this line, it was never pre
cisely determined whether, in the avian embryo, the location of progenitors 
with postulated sympathoadrenal characteristics is restricted to somitic levels 
I 8-24 of the axis, that give rise to the adrenomedullary cells, or whether 
progenitors coexpressing sympathetic and chromaffin-specific markers extend 
along the entire sympathetic chain including the SCG. 

5.5.2.I The MASH-I transcription factor. A most productive approach for 
investigating the mechanisms that underlie the development of the nervous 
system in higher vertebrates consists in searching for putative developmental 
control genes based on their homology with invertebrate systems, where a 
function for these gene products has already been established. In Drosophila, 
the achaete-scute complex of basic helix-loop-helix transcription factors was 
found to be necessary for the determination of particular neuronal subsets 
(reviewed by Ghysen and Dambly-Chaudiere, 1988). With the idea of identify
ing homologous genes involved in the determination of the sympathoadrenal 
lineage in mammals, Johnson et al. ( I 990) have performed a PCR amplification 
with achaete-scute gene degenerate primers, using as a template cDNA from 
the MAH cell line (Birren and Anderson, I990; see previous sections). This 
search led to the cloning of the rat achaete-scute homologue MASH- I .  

Subsequent antibody staining and in situ hybridization revealed that Mash-I 
is transiently expressed in neural crest cells after they colonize the anlage of the 
sympathetic ganglia. Double labeling immunocytochemistry with MASH- I 
antibodies and either TH or SCG I O  antibodies revealed that Mash-I expres
sion precedes that of the other markers. MASH- I was also detected in the 
adrenal medulla, in subsets of enteric precursors, and in parasympathetic 
neurons located in the mesenchyme surrounding major blood vessels. By 
contrast, Mash-I expression was not detected in sensory ganglia, Schwann 
cells, or putative melanoblasts, suggesting that, in the PNS, this transcription 
factor is a specific marker for autonomic progenitors (Lo et al., I99 I  b; 
Guillemot and Joyner, 1 993). A similar spatiotemporal pattern of expression 
was reported for Cash-I, the avian homologue of Mash-I, during development 
of the sympathetic ganglia in chick embryos (Jasoni et al., I 994; Ernsberger et 
al., I 995). 
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These interesting localization patterns raised the question as to whether 
Mash-I is involved either in determining the segregation of a putative sym
pathoadrenal lineage from other neural crest derivatives, or is acting at later 
stages of the cascade leading to differentiation of neuronal and/or endocrine 
derivatives. It was therefore of interest to establish what is the state of commit
ment of the MASH- I -positive precursors, and if they are restricted to become 
neurons or have the ability to develop both into neuronal as well as glial cell 
types. To answer these questions, Guillemot et al. ( 1 993) generated mutant 
mice carrying a deletion in the Mash-I gene. Mash -I- mice revealed no impair
ment in the homing of neural crest cells to para-aortic sites, but showed severe 
deficits in subsequent development of the sympathetic ganglia. A lack of stain
ing for multiple markers (TH, SCG 1 0) was observed, suggesting that lack 
of MASH-I blocked cell differentiation, or, alternatively, that the cells were 
actually missing in the mutants. In contrast to neurons, ganglionic glial cells 
were apparently unaffected as determined by expression of the glial marker F
spondin. These results raise the question of whether Mash-I is expressed by 
precursors able to develop both into neurons and glia but is important only for 
neurogenesis, or, alternatively, whether Mash-I is expressed by already com
mitted neuroblasts. 

In the gut, MASH- I is expressed by a subset of transient catecholaminergic 
cells. Mutation in the Mash-I locus, which eliminates sympathetic neurons, 
was also shown to prevent the development of enteric serotoninergic neurons. 
In contrast, another identified population of enteric neurons that expresses 
CGRP developed normally (Blaugrund et al., 1 996). This suggests that 
Mash-I is required for the development (differentiation or survival) of the 
population of catecholaminergic progenitors which later on gives rise to 
serotoninergic neurons in the gut, but not for lineage determination, as origin
ally postulated (Anderson, l 993b ) . 

In further support of such an interpretation, it was found that the adre
nomedullary cells thought to arise from MASH-I -positive sympathoadrenal 
precursors were not affected by the lack of this factor. The adrenal medullae 
of mutant mice were only slightly smaller than the normal wild-type organs, 
and their component chromaffin cells exhibited PNMT activity. Two alter
native possibilities might account for the results observed. First, another 
source of chromaffin precursors never expressing Mash-I exists in the 
embryo. If this were true, then only subsets of chromaffin cells could be 
postulated to derive from a common sympathoadrenal precursor. An alter
native view could be that chromaffin cells develop entirely from a separate 
progenitor sublineage, a feature that does not necessarily disclaim the ability 
of chromaffin cells to transdifferentiate into neurons. If Mash-I were indeed 
critical for neurogenesis, then chromaffin cells from Mash-I null mutants 
would be expected to fail to convert into sympathetic neurons even if given 
the appropriate conditions (CNTF, FGF, and NGF), in contrast to the 
observed conversion of chromaffin cells to neurons that can be triggered in 
normal chromaffin cells (see below). 
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5.5.2.2 The conversion of chroma/fin cells to sympathetic neurons. A second 
line of evidence that led to the postulation of the existence of a restricted 
sympathoadrenal precursor is that chromaffin cells and SIF cells have the 
ability to interconvert phenotypically into sympathetic neurons if supplied 
with appropriate conditions. A striking example of chromaffin to neuronal 
conversion is back-transplantation of embryonic adrenal cells from quail 
embryos into the migratory pathways of neural crest cells of chick hosts, 
which yields neurons in the sympathetic ganglia (Vogel and Weston, 1990). 
Even more remarkable, grafting of postnatal adrenal medullary tissue into the 
anterior chamber of the eye produces neurite outgrowth from the grafts 
(Olson, 1970). Also, treatment of dissociated chromaffin cells with NGF has 
a similar effect (Unsicker et al., 1987). Moreover, injections of NGF into rat 
embryos results in a replacement of chromaffin cells by neurons (Aloe and 
Levi-Montalcini, 1979). NGF also promotes neurite outgrowth from the 
PC1 2  cell line, a tumor derived from rat adrenomedullary cells (Greene and 
Tischler, 1976). Where are the SIF cells localized in this transition? While 
converting into neurons, chromaffin cells transiently adopted SIF cell-like 
characteristics (Doupe et al., 1 985a,b ). Taken together, the ability of chromaf
fin cells and SIF cells to convert into sympathetic neurons are excellent exam
ples of phenotypic plasticity. 

5.5.2.3 The reverse conversion from a sympathetic neuron to a chroma/fin cell 
or SIF cell is not attainable. Although sympathetic neurons can switch neuro
transmitter phenotype, they are unable to convert into either SIF or adreno
medullary cells, implying that commitment to a neuronal fate is a relatively 
irreversible process. Therefore, the chromaffin phenotype may represent a 
more primitive or even a constitutive pathway of differentiation. This idea is 
consistent with recent results showing that formation of chromaffin cells 
(though not adrenaline biosynthesis) is practically independent of glucocorti
coid signalling (Section 5 .4.4). 

The immortalized MAH cell line, obtained from rat adrenal glands (Section 
5.4.3 .2) was considered to represent a restricted sympathoadrenal progenitor. 
However, while these cells are able to convert into neurons under appropriate 
conditions, treatment with glucocorticoids fails to induce them to express 
PNMT (Birren and Anderson, 1990). These observations suggest several pos
sibilities. First, that this potentiality was abolished by immortalization. Second, 
that the MAH cell derives from a population of progenitors with noradrenergic 
properties present in the adrenal gland environment that would lack the ability 
to develop into PNMT and adrenaline-producing chromaffin cells. This pos
sibility is strengthened by the fact that, in normal adrenal glands of rat and 
mice, about 20% of the chromaffin cells never acquire PNMT expression (see, 
e.g., Verhofstad et al., 1989). If MAH cells indeed belong to this subpopu
lation, then one can assume that more than one type of adrenal precursors do 
exist and account for the phenotypic heterogeneity observed within the adrenal 
medulla. 
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5.6 Regulation of the survival of sympathetic and 
parasympathetic neurons 

5.6.J Differential roles of neurotrophins 

Whereas recent evidence has established a requirement for NT-3, FGF, and 
CNTF /LIF during the early stages of sympathetic neuron development, it has 
been known for a long time that differentiated sympathetic neurons in culture 
respond to NGF. The first unambiguous demonstration for a physiological 
role of endogenous NGF arose from experiments in which anti-NGF anti
bodies were injected into early postnatal mice where they caused the virtual 
elimination of the paravertebral sympathetic chains (reviewed by Levi
Montalcini, 1 987; Rohrer et al. , 1 988b). Conversely, injection of pharmaco
logical doses of NGF into avian embryos around the period of programmed 
death of sympathetic neurons was shown to rescue a significant amount of 
cells, suggesting that this molecule has a survival-promoting activity in vivo, 
and that the amounts of NGF are limiting (reviewed in Oppenheim et al., 
1 992a). Further substantiation for a role of NGF as a target-derived factor 
in the sympathetic nervous system is the demonstration that both NGF mRNA 
and protein are expressed in the targets of sympathetic neurons, and that their 
levels are correlated with the density of sympathetic innervation (Korsching 
and Thoenen, 1 983a; Heumann et al. , 1 984; Shelton and Reichardt, 1 984). In 
addition, interruption of retrograde transport of NGF has the same effect as 
antibody treatment, suggesting that the physiologically relevant factor has to 
be transported from the target tissues to the neuronal soma (Hendry et al., 
1 974; Johnson et al., 1 978). Full support for the role of NGF in survival of 
sympathetic neurons was obtained in mice carrying deletions in the NGF 
(Crowley et al., 1 994) or the trkA genes (Smeyne et al., 1 994), whose pheno
types closely resemble that of animals deprived of NGF (Table 4.3). In both 
types of mutants, the number of pycnotic cells is increased in the perinatal 
period corresponding to the peak of programmed cell death, a process that 
accounts for the virtual absence of sympathetic chains and of the SCG appar
ent at somewhat later stages. 

Is the response to NGF uniquely transduced by the trkA receptor? As 
already discussed, NGF also binds to the p75 low-affinity receptor which 
acts in some systems by modulating NGF binding to trkA (Barker and 
Shooter, 1994). To investigate the possible involvement of p75, mutant mice 
carrying a deletion in the p75 gene were created. Analysis of the embryos 
homozygous for the mutation revealed no apparent change in neuronal num
bers, suggesting either that p75 is not required for neurotrophin-mediated 
survival or that it is involved in other aspects of neurotrophin signaling. To 
test this idea, SCG from postnatal day 3 mice devoid of the p75 gene were 
cultured in the presence of NGF. A 2-3-fold decreased sensitivity to the exo
genous factor was apparent in the mutants when compared to wild-type mice, 
suggesting that p75 gene modulates neurotrophin sensitivity in SCG neurons 
(Lee et al. , 1 994). 
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Like NGF, NT-3 promotes the survival of postmitotic embryonic and neo
natal sympathetic neuronal populations grown in culture, but higher concen
trations of NT-3 are required compared with NGF (Dechant et al., 1 993; Lee et 
al. , 1994). In agreement with the studies performed in vitro, only half of the 
normal number of sympathetic neurons are present postnatally in the SCG of 
NT-3+ mice compared to wild-types (Table 4.3). Since NT-3 is known to 
affect the survival of sympathetic neuroblasts (see Section 5.4.3 . l ), the amount 
of cell loss detected postnatally may result from its early effects. During the 
period of programmed cell death, NT-3 was suggested instead to participate in 
neuritic branching in specific targets (Elshamy et al., 1 996). In contrast to NGF 
and NT-3, neither BDNF nor NT-4/5 promote the survival of cultured sympa
thetic neurons. Accordingly, no differences in neuronal number or size were 
detected in sympathetic ganglia of BDNF-/- or trkB-/- mice (Tables 4.2 and 
4.3). 

5.6.2 Ciliary neurons and CNTF 

Ciliary neurons are derived from the mesencephalic neural crest (Le Douarin 
and Teillet, 1 974; Landmesser and Pilar, 1 974). In the chick embryo, the pro
liferative phase of ciliary ganglion progenitors is completed by E5, and target 
innervation by the ciliary neurons occurs by E6. Between ES and E l 2, about 
50% of the ciliary neurons degenerate. Removal of the eye before target inner
vation results in over 90% neuronal death. Conversely, transplantation of an 
additional eye was shown to reduce significantly the extent of neuronal death 
(Landmesser and Pilar, 1974; Narayanan and Narayanan, 1 978b). In addition, 
interruption of one of the three nerve branches from the ciliary ganglion to the 
eye results in increased survival of neurons projecting in the remaining two 
branches (Pilar et al., 1 980). Altogether, these results are consistent with a role 
for the target in survival of ciliary neurons. 

Cultured ciliary neurons served as a model system to screen for survival 
activities. Ciliary neurons were found to survive when cocultured with chick 
skeletal muscle cells (Nishi and Berg, 1977), rat eye tissue (Ebendal et al., 
1980), and sciatic nerve fragments (Richardson and Ebendal, 1 982). The eye 
was found to be the richest source of survival activity, which was given the 
name of ciliary neurotrophic factor (CNTF). CNTF was partially purified by 
Varon and colleagues (Barbin et al., 1 984), and the cDNAs for rabbit, rat and 
human CNTF were cloned a few years later (reviewed in Sendtner et al., 1994). 
CNTF was found to rescue many neuronal types from cell death in vitro in 
addition to ciliary neurons, including sensory, sympathetic, and motor neurons 
(Table 4.2). To assess whether CNTF is active in vivo during programmed cell 
death, the factor was administered to chick embryos. Whereas a significant 
rescue of spinal motor neurons was obtained, none of the other putative 
neuronal targets was affected by CNTF treatment (Oppenheim et al., 199 1 ). 
Surprisingly, mice bearing null mutations in the CNTF gene did not reveal any 
apparent abnormality during embryonic life, but atrophy and loss of motor 
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neurons could be observed after birth (Masu et al., 1 993). These results suggest 
that, unlike the situation in vitro, CNTF does not play any crucial role in 
survival of the peripheral neurons in vivo. Alternatively, the lack of CNTF is 
fully compensated by other factors. 

5. 7 The enteric nervous system 

The enteric nervous system is composed of neurons and glia aggregated into 
ganglia connected by nerve plexuses that innervate the bowel along its entire 
length. It contains a vast number of neurons and is endowed with an extremely 
complex network of neurons that act under the regulation of central inputs, but 
are also able to mediate reflex activity in their absence. These features place the 
enteric nervous system as a separate entity of the ANS that is distinct from the 
sympathetic and parasympathetic divisions. 

The embryonic source of the enteric neurons and glia from the neural crest, 
the axial levels of origin, and the migratory routes followed by the enteric 
progenitor cells as well as the relationship with other components of the 
ANS have been presented earlier in this chapter. In this section, we will discuss 
the progress made toward elucidating the molecular basis of cell differentiation 
during normal development, and its implications in the understanding of the 
etiology of the megacolon phenotype, known as Hirschsprung's disease in 
humans. 

5.7.1 Factors affecting the differentiation of enteric neurons: 
neurotrophin-3 

NT-3, a neurotrophin with multiple activities on proliferation of multipotent 
neural crest cells and differentiation of sensory and sympathetic progenitors 
(reviewed in Kalcheim, 1 996), was also found to influence the development of 
neural crest-derived cells in the gut. A system of enriched neural crest-derived 
cells was prepared from E l 4  fetal rat gut fragments by immunoselection with 
the NC l /HNK- 1 antibody. Treatment of these cells with NT-3 was shown to 
stimulate a concentration-dependent increase in the proportion of both 
neurons and glial cells developing in the cultures (Chalazonitis et al., 1 994). 
Although NT-3 treatment did not affect the proliferation of these cells, the 
question of whether NT-3 acts on progenitor cell differentiation or survival 
remains open. In addition, NT-3 was found to stimulate neurite outgrowth of 
the immunoselected rat cells, as well as of cells that constitute the Remak 
ganglion in avian embryos (Ernfors et al., 1 990). 

These in vitro results may reflect a paracrine interaction between NT-3 and 
trkC, as NT-3 mRNA can be found in the gut mesenchyme (Kahane and 
Kalcheim, unpublished data), while trkC mRNA is present along the whole 
gut in neural crest-derived cells (Chalazonitis et al., 1 994). Furthermore, NT-3 
was found to be the unique neurotrophin with activity in this system, since 
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neither NGF, BDNF, nor NT-4/5 had any significant effect on neuronal num
bers. It is relevant in this context to stress that BDNF transcripts as well as 
BDNF-immunoreactive protein were found to be expressed in the rostral por
tion of the foregut mesenchyme in chick embryos (Fig. 5. 7; Brill, Kahane and 
Kalcheim, unpublished data), suggesting that BDNF may exert a restricted 
effect on enteric progenitors that colonize the esophageal anlage. This possi
bility remains to be tested. 

Surprisingly, analysis of mice bearing a deletion in the NT-3 gene revealed 
no apparent defect in gut innervation (Farinas et al., 1 994). Although ruling 
out a generalized effect on the development of the enteric innervation, these 
data leave open the possibility of impaired development of specific cell types 
within a system characterized by such a rich variety of neuronal phenotypes. 
Likewise, it would be important to determine whether in vitro NT-3 acts as a 
general growth factor for all types of enteric neurons and glia, or only affects 
specific cellular subsets. 

5.7.2 The molecular basis of the megacolon phenotype: the lethal 
spotted and piebald lethal mouse mutants as models for aneural 
hindgut 

Aganglionic megacolon is a congenital disease of mammals which can be either 
sporadic or familial in humans and is characterized by the absence of enteric 
ganglion cells. In man, it is known as Hirschsprung's disease and affects 1 in 
5000 live births. It is characterized by the absence of enteric ganglia in the 
rectum and in a variable length of the distal colon. In some cases the histo
pathological abnormalities also involve the proximal colon and even the distal 
small intestine (Passarge, 1973; Meier-Ruge, 1 974). Total gut aganglionosis 
associated with sensorineural deafness and pigmentary defects has also been 
described (Hofstra et al., 1996). Absence of ganglia in the bowel could be the 
result of a primary defect in the neural crest cells that give rise to these ganglia, 
either in their migration to the hindgut, or in their survival following an initi
ally normal colonization of the bowel. Alternatively, a local abnormality in the 
splanchnopleural mesenchyme that encloses the gut epithelium and that serves 
the crest cells as substrate for migration could as well impair normal migration 
of the crest progenitors and colonization of the different segments of the gut. It 
is, of course, possible that both mechanisms may be operative, either simulta
neously or under different sets of circumstances. 

Animal models revealing a phenotype of aneural megacolon have been 
extensively exploited to investigate the etiology of this disease and to discrimi
nate between the above possibilities. For example, lethal spotted mice (ls/ls) 
carry an autosomal recessive mutation associated with colonic aganglionosis 
(Lane, 1966). Rothman et al. ( 1 993a), constructed interspecies chimeras in 
which fragments of hindgut derived from either normal or ls/ls mice were 
grafted between the neural tube and somites of quail embryos. Whereas the 
host quail cells successfully migrated into the grafted bowel that derived from 
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Figure 5.7 Expression of BDNF mRNA and protein in the smooth muscle of the 
developing avian foregut.  Transverse sections through a 7-day-old quail embryo at the 
level of the foregut, showing: (A) the expression of BDNF immunoreactivity in the 
enteric smooth muscle; (B) the expression of BDNF immunoreactivity (arrow) 
combined with HNK-1 immunolabeling of enteric neural crest-derived cells 
(arrowhead); (C) the corresponding localization of BDNF mRNA to the 
splanchnopleural-derived gut muscle. (From Brill, Kahane, and Kalcheim, 
unpublished). 

normal mice, they failed to enter the bowel fragments derived from the ls/ls 
mutants. In agreement with the in situ results, in vitro studies showed that 
primary cultures of hind gut from ls/ ls embryos would not support colonization 
and differentiation by wild-type or mutant neuroblasts, in contrast to similar 
cultures of wild-type hindgut that would support colonization by either type of 
neuroblasts (Jacobs-Cohen et al., 1 987). These results suggested that the agan
glionic megacolon phenotype in ls/ ls mutants is due to a primary defect in the 
mesenchyme. This conclusion was additionally supported by the observation 
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that crest-derived cells with an ls/ls genotype give rise to enteric neurons, even 
in the terminal colon of ls/ls C3H chimeric mice, as long as 5% of the non
neuronal cells were of C3H origin. 

Further support for a possible defect in the environment of the embryonic 
gut was provided in a study by Kapur et al. ( 1 992, 1995). These authors 
generated transgenic mice bearing a DBH promoter that in the gut drives 
the expression of the reporter gene product ,B-galactosidase to a subpopulation 
of enteric neurons that express serotonin. Breeding these transgenic animals 
with mice bearing the lethal spotted allele enabled the establishment of a line of 
mice homozygous at both the ls and the transgene loci. The pattern of trans
gene expression in ls/ls mice was identical to wild-types and heterozygotes until 
E l 2.5.  At that stage, cells expressing the transgene extended into the proximal 
colon of wild-type embryos. In striking contrast, expression of the transgene in 
the ls/ls embryos ended abruptly at the ileocecal valve, and the subsequent 
colonization of the proximal and midcolon was retarded and irregular. 
Moreover, the terminal portion of the gut was never colonized. These findings 
imply that the aneural colon phenotype arises as a consequence of an impair
ment in de novo gut colonization rather than as a consequence of cell death 
following an initial normal colonization of the gut. Since the initial stages of 
migration of crest cells appear, nevertheless, normal in the mutant embryos, 
Kapur and colleagues proposed that impaired neuroblast migration to the 
distal portion of the gut results from a local defect in the mesenchyme sur
rounding the gut epithelium rather than from a primary defect in the migrating 
cells. 

What molecules are responsible for impaired hindgut colonization in the 
ls/ls mutants? Gershon and colleagues have documented an overabundance of 
extracellular matrix (ECM) components, in particular laminin, in the agangli
onic guts of ls/ls mice (Tennyson et al., 1 986; Payette et al. , 1988; Rothman et 
al. , 1 996). Similar increases have been documented in humans with 
Hirschsprung's disease (Parikh et al., 1992). Neural crest-derived cells in the 
gut were shown to express a 1 1 0-kDa laminin-binding protein (Pomeranz et al., 
199 l b; Tennyson et al., 199 1 ), and to respond to laminin by enhanced neuronal 
differentiation in vitro (Pomeranz et al., 1 993; Chalazonitis et al., 1 997). Based 
on these results, it was proposed that a regional overproduction of laminin in 
the hindgut of ls/ls mutants would signal neural crest progenitors to stop their 
migration prior to complete colonization of the gut and to differentiate pre
maturely into neurons. The homeobox-containing gene Hoxl.4 was also impli
cated in the development of the megacolon phenotype. Mice in which a 
transgene bearing Hoxl.4 was overexpressed revealed an inherited abnormal 
megacolon phenotype (Wolgemuth et al., 1989). This phenotype was correlated 
with an increased level of expression of Hoxl .4 transcripts in the gut mesen
chyme of the transgenic animals when compared to wild-type embryos. 
Though these data indicate as well that defects in the mesenchyme may lead 
to lack of enteric innervation, it is unknown at present whether abnormal levels 
and activity of this gene exist in the ls/ls mutants. 
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In addition to the lethal spotted mutation, another autosomal recessive 
mutation was found that produces aganglionosis in mice and was named pie
bald lethal (sf) (Lane and Liu, 1 984). A striking similarity was reported to exist 
between these two types of mutations in both the dynamics and the pattern of 
gut colonization (compare for details Kapur et al. , 1 992 and 1 995). 

5.7.3 The endothelin-3 peptide and the endothelin-B receptor are 
encoded respectively by the genes mutated in the lethal spotted and 
piebald lethal mice 

A breakthrough in our understanding of the molecular basis of these mutations 
came recently, when it was found that the lethal spotted and the piebald lethal 
loci encode for the endothelin-3 (EDN3) peptide, and for its receptor (endo
thelin receptor B, EDNRB) (Greenstein-Baynash et al., 1 994; Hosoda et al., 
1 994), respectively. The lethal spotted allele is a mutation that prevents con
version of the inactive precursor of EDN3 to its active form, and thereby leads 
to undetectable levels of functional peptide in the mutants. The piebald lethal 
mutation represents a complete deletion in the EDNRB gene (for discussion on 
EDN3 and EDNRB see Chapter 6). 

To further understand the exact role mediated by interactions between 
EDN3 and its receptor, it is necessary to determine which cell types synthesize 
the two molecules. If the primary defect in the ls/ls mutants is indeed in the 
mesenchyme and not in the neural crest cells as proposed by grafting and in 
vitro data, then EDN3 would be expected to be expressed in the mesenchyme 
and the receptor in those neural crest-derived cells affected in the mutants. As 
far as the receptor is concerned, Nataf et al. ( 1 996) have shown that most avian 
neural crest cells express receptor transcripts before and at the onset of their 
migration at all axial levels. In the gut, EDNRB mRNA signal was restricted to 
the neural crest cells as they progressively colonize the entire bowel, and no 
message was detected in the gut mesenchyme or endoderm. These results sug
gest that, in the avian gut, ENDRB acts in a cell autonomous manner. In 
contrast to avians, Inagaki et al. ( 199 1 )  reported the expression of both 
EDNl (but not EDN3) and EDNRB to enteric neuroblasts, indicative of 
autocrine- or paracrine-type interactions between the peptide and its receptor 
in neural crest-derived cells. In addition, EDNRB was also found to be 
expressed by smooth muscle cells from postnatal guinea pig cecum, suggesting 
that these molecules could also mediate neuroblast-mesenchymal interactions 
(Okabe et al. , 1995) were the receptor also to be found in the embryonic rodent 
mesenchyme at the time of neural crest migration. More recent data confirmed 
this view as EDN3 was found to be expressed in the gut mesenchyme of mice 
and its receptor in both neural crest cells along the axis and in the mesenchyme 
of the gut, regardless of the presence or absence of neural crest cells (Gershon, 
personal communication). These results suggest that, in mammals, the cell 
interactions mediated by these two molecules may be more complicated than 
originally assumed. 
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Based on the distinct expression patterns observed at least for the receptor 
between avians and rodents, one can assume the existence of species differences 
in the activity of the EDN3/EDNRB complex. Recent results report a dual 
activity for EDN3 on cultured mouse cells. On the one hand, this peptide was 
found to regulate the development of the smooth muscle of the bowel, assessed 
by the expression of actin. By doing so, the levels of laminin were found to 
decrease. On the other hand, EDN3 was found to directly inhibit the in vitro 
differentiation of neural crest cells into neurons. It would be interesting to 
examine whether EDN3 might act as a mitogen for murine neural crest cells, 
as it was found to be for the avian counterparts (Lahav et al., 1 996), thereby 
inhibiting neuronal differentiation. Based on the previously proposed role for 
laminin in precocious neuronal differentiation in the ls/ls mutants, these results 
can be reconciliated in a model in which the lack of EDN3 stimulates early 
neuronal differentiation prior to complete colonization of the gut, either by a 
direct effect on the crest progenitors or by an indirect effect on the overpro
duction of laminin which in turn causes early neurogenesis in inappropriate 
locations. Precocious differentiation would then lead to a lack of migration 
into the hindgut (Gershon, personal communication). Further experiments 
need to be done to discriminate between these possibilities. The exact cellular 
functions of EDN3 and EDNRB in normal development, and their possible 
interactions with other active factors, including laminin, Hoxl .4, genes that 
regulate pigment development (i.e., c-kit and the Steel factor, etc.), GDNF, and 
its receptors (see below), remain to be clarified. 

5.7.4 The ret receptor and glial cell line-derived neurotrophic 
factor (GDNF) 

5.7.4.1 The ret gene product is associated with Hirschsprung 's disease and 
affects development of the enteric innervation. The ret proto-oncogene encodes 
a member of the receptor tyrosine kinase superfamily. This proto-oncogene 
was originally cloned because of the transforming activity in in vitro and in vivo 
of forms of the gene in which the extracellular domain was missing, thus 
leading to a constitutive activation of the kinase domain of the molecule 
(Takahashi et al., 1985; Santoro et al., 1 990). Most importantly, somatic muta
tions of ret have been associated with a large proportion of thyroid papillary 
carcinomas, while germline mutations at the ret locus were identified in 
patients with multiple endocrine neoplasias (MEN) of types 2A and 2B. The 
2A type is characterized by the development of medullary thyroid carcinomas 
and pheochromocytomas, and type 2B also presents neuromas of the gastro
intestinal tract. Moreover, a variety of mutations in the coding region of the ret 
gene were identified in patients with congenital Hirschsprung's disease 
(reviewed by Schuchardt et al. , l 995a). These findings clearly document that 
the c-ret gene product is responsible for a series of diseases that involve neural 
crest derivatives, and also suggest the possibility that the ret gene is involved in 
their normal development. 
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To study the role of ret in normal development, the mouse, human, and 
chicken genes were cloned. Sequence analysis revealed an evolutionary con
servation of the molecule among species. For example, while the cytoplasmic 
domains of human and chicken c-ret are 9 1  % similar, the extracellular 
domains are more divergent (68% homology). The human, mouse, and chicken 
c-ret all encode two protein isoforms which differ only in the c-terminal located 
in the cytoplasmic domain, but their possible differential patterns of expression 
and function have not yet been elucidated. At the mRNA level, ret is expressed 
at specific sites of the nervous and excretory systems (see Pachnis et al., 1 993; 
Robertson and Mason, 1 995; Schuchardt et al., 1 995b). Concerning the enteric 
nervous system, ret mRNA is localized in the vagal neural tube region prior to 
the onset of neural crest migration. It is striking to see that in the chick the c
ret-positive neural fold cells correspond to the precise region of the neural axis 
from which most of the enteric ganglia are derived (i.e., somites 1-7; Le 
Douarin and Teillet, 1 973). Later, the ret message is expressed in the migratory 
neural crest cells on their way to colonize the foregut and the SCG (see 
Robertson and Mason, 1 995; Durbec et al., 1 996a), and at later stages in neural 
crest-derived neurons along the entire gut. Consistent with these expression 
patterns, mice homozygous for a mutation in the ret gene showed severe defi
ciencies in the enteric nervous system (mainly in the innervation of the midgut 
and hindgut), and renal agenesis or dysgenesis (Schuchardt et al., 1 994; Durbec 
et al., 1 996a; see also Table 5 . 1 ) .  

5.7.4.2 GDNF is required for normal innervation of the enteric nervous 
system. GDNF was initially identified in culture supernatants of a glial cell 
line by virtue of its ability to support in vitro the survival of midbrain dopa
minergic neurons (Lin et al., 1993). This discovery led to its subsequent clon
ing, expression, and initial functional characterization (Lin et al., 1993, 1 994). 
Further studies have shown that GDNF is also a potent survival factor for 
embryonic spinal motor, cranial sensory, sympathetic, and hindbrain nor
adrenergic neurons (see review by Unsicker, 1 996, and references therein). 
To test for its physiological relevance in vivo, the expression pattern of 
GDNF was studied by in situ hybridization (Hellmich et al., 1 996; Suvanto 
et al., 1996). Of relevance to enteric nervous system development was the 
localization of GDNF transcripts to the mesenchyme surrounding the gut 
endoderm and later to the muscle layers of the intestine. Demonstration of a 
role for GDNF was provided by three independent research groups which 
deleted the gene coding for GDNF and found, among various phenotypes, a 
lack of enteric innervation in the mutant mice (Fig. 5.8; see Moore et al., 1 996; 
Pichel et al., 1 996; Sanchez et al., 1 996). Although an initial colonization of the 
esophagus and stomach occurred in the mutants, these cells disappeared later 
by the time of birth (Sanchez et al., 1 996), consistent with a role of GDNF in 
cell survival. In contrast, no innervation of more distal regions of the gut could 
be detected at any stage of embryogenesis, suggestive of a primary defect in gut 
colonization (Table 5. 1 ). More recent in vitro studies on crest-derived cells 
immunoselected from fetal rat guts revealed both mitogenic and differentiative 



        
       

Table 5. 1 .  Comparison between the expression patterns and functions of GDNF and Reta 

Molecular identity 

Sites of expression 

Phenotypes of knockout 
mice 

Possible roles during 
development 

Note: 

GDNF 

Secreted factor; belongs to the TGF-.8 superfamily; 
binds to GDNFRa and to c-Ret 

Ventral midbrain, striatum, spinal cord, cerebellum, 
Schwann cells, skeletal muscle, skin, testes, heart, eye 
Gut mesenchyme (and muscle layers) throughout the 
length of the GI tract 
Metanephric mesenchyme 

Decreased neuronal numbers in petrosal nodose, 
DRG, SCG 

Lack of enteric innervation 

Renal agenesis or dysgenesis 

Proliferation, migration, differentiation, survival 

aReferences to the literature are given in the text. 

Ret 

Encodes a tyrosine kinase receptor; binds GDNF (or a 
complex between GDNF and GDNFRa) 

Autonomic precursors from migratory stages; sensory 
progenitors of cranial and dorsal root ganglia; ventral 
neural tube and later in motor neurons; neural retina 
Vagal neural tube prior to the onset of neural crest 
migration; neural crest cells at vagal levels of the axis and 
enteric ganglia 

Intermediate mesoderm and later the ureteric bud 
SCG forms normally by E I 0.5 but disappears by E l 2.5; 
SG and adrenal medulla are normal 

Lack of enteric innervation. Esophagus and stomach only 
partially affected 

Renal agenesis or dysgenesis 

Proliferation, migration, differentiation, survival 

Abbreviations: DRG, dorsal root ganglion; GI, gastrointestinal tract; SCG, superior cervical ganglion. 
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Figure 5.8 The enteric nervous system in wild-type and GDNF-/- mice. (a, b) 
Expression of GDNF mRNA in E13 .5  mouse gut as detected by in situ hybridization 
(arrows). (c-j) Whole-mounts of small intestine from PO wild-type (c, e, g, i) and GDNF 
null mutants (d, f, h, j) stained with antibodies to neuron-specific enolase (c, d) showing 
enteric (ENS) neurons in the wild-type and only sympathetic (Sym) afferents in the 
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effects of GDNF at successive stages of ontogeny (Chalazonitis et al., 1 997; 
Gershon, 1997). Taken together, the severe aganglionosis observed along both 
the midgut and hindgut, and the results of in vitro work, are consistent with 
multiple effects of GDNF on enteric progenitors. Moreover, based on the 
relative severity of the GDNF/c-ret mutations when compared to the EDN3 
mutation, one can postulate that, at least in mammals, GDNF acts earlier in 
development on a less-restricted population of target crest cells (see Gershon, 
1 997; see also Fig. 5.9). 

5. 7.4.3 GDNF is a ligand for the ret tyrosine kinase receptor. The similarity 
between the phenotypes observed in the mutant embryos lacking either ret or 
GDNF gene activity and the complementary patterns of expression of ret to the 
neural crest cells and their derivatives, and of GDNF to the mesenchyme 
adjacent to the ret-expressing cells, led to the hypothesis that the ret locus 
may encode a functional receptor for GDNF. Using biochemical, cellular, 
and molecular approaches, several independent studies have confirmed that a 
functional interaction exists between GDNF and the ret receptor (Durbec et 
al., 1996b; Treanor et al. , 1996; Trupp et al., 1996). 

In addition, Treanor et al. ( 1 996) have also shown that high-affinity binding 
of GDNF to ret and subsequent phosphorylation of tyrosine residues, requires 
an interaction between GDNF and a novel receptor protein that was subse
quently cloned and called GFR-a. The formation of a physical complex 
between the three molecules was demonstrated in a transfection system. 
Consistent with a possible role as a binding protein, GFR-a mRNA was 
shown to be expressed in GDNF-responsive tissues. Establishment of a line 
of mice lacking GFR-a gene function should provide further evidence for its 
function in embryonic development. 

5.7.5 Conclusions 

In summary, the availability and strength of genetic models and molecular 
techniques have enabled the identification of several ligands and receptors 
that mediate the development of the enteric innervation, and may be respon
sible for aneural bowel phenotypes. Together with efforts aimed at finding new 
molecules with potential activity in the enteric system, the next stage in this 
research should concentrate, firstly, on clarifying the exact roles of these mole
cules, secondly, on studying the interactions between these families of ligands 
and receptors to determine whether these represent parallel mechanisms, or, 

Figure 5.8 (cont.) 
mutant, neurofilament proteins (e, f) and peripherin (g, h). Small intestine of E l 3.5 wild
type (i) and GDNF-/- (j) embryos stained with peripherin antibodies. Myenteric (Myn) 
and submocosal (Sub) neurons, shown by arrows in the wild-type, are absent in the 
mutant mice. Bar = a,b: 65 µm; c-j : 5 µm. (Reprinted, in modified form, with 
permission, from Moore et al., Copyright ( 1996) Macmillan Magazines Limited.) 
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Figure 5.9 The origin of gut innervation and the factors affecting the development of 
murine enteric cells. (a) Schematic view of the factors affecting the development of 
enteric lineages and the location of their putative effects along the neural crest 
developmental hierarchy. Scheme based mostly on results of targeted mutations of the 
respective genes. (b) Levels of colonization of the embryonic gut by neural crest cells 
from vagal, truncal, and sacral areas of the neuraxis. See text for details. (Reproduced, 
with permission of Current Biology Ltd, in modified form, from Gershon, 1997.) 

alternatively, whether they all integrate into a sequential cascade whose hier
archy should then be established (see Gershon, 1 997; Fig. 5 .9). Thirdly, it will 
be critical to establish the validity of these results to the human disease by 
determining whether some or all the molecules in question are involved in the 
etiology of Hirschsprung's disease. 

5.8 Developmental relationships between the neural crest 
and endocrine cells 

5.8.1 Historical overview 

As mentioned above, the origin of the adrenal medulla from the neural crest 
has long been recognized (see Strudel, 1 953). 

In the 1 970s, a great deal of attention was devoted to the study of the 
production of polypeptide hormones by many cells either contained in well
recognized endocrine glands such as the pancreas or adenohypophysis, or dis
persed in various epithelia. In particular, the gut, to which only digestive 
functions had been previously assigned, became fully recognized as being 
also an endocrine organ. Moreover, a number of these secreted polypeptides 
were found in nerve cells of both the CNS and PNS where they act as neuro
mediators or neuromodulators (see reviews by Guillemin, 1978a,b). This led to 
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Table 5.2. Cytochemical characteristics of polypeptide hormone-secreting cells 
of the APUD series 

1 .  Fluorogenic amine content (catecholamine, 5-HT or other): (a) primary; 
(b) secondary uptake 

2. Amine precursor uptake (5-HTP, DOPA) 
3. Amino acid decarboxylase (AADC) 
4. High side-chain carboxyl or carboxyamide (masked metachromasia) 
5. High non-specific esterase or cholinesterase (or both) 
6. High a-GPD (a-glycerophosphate menadione reductase) 
7. Specific immunofluorescence 

Abbreviations: 5-HT, 5-hydroxytryptamine; 5-HTP, 5-hydroxytryptophan; DOPA, 3,4-
dihydroxyphenylalanine; a-GPD, a-glycerophosphate dehydrogenase. 
Source: Pearse ( 1 969). 

the idea that peptide-secreting cells should be considered as being developmen
tally related to the neural primordium in the same way as are the adrenal 
medulla and the neurohypophysis. 

Historically, the work of Feyrter is worth mentioning. In 1 938, he described 
a system of clear cells (helle Zellen) dispersed in the gut epithelium and in 
various other parts of the body. He considered that these cells constituted a 
diffuse endocrine organ, acted on their immediate neighbors, and were there
fore paracrine, rather than endocrine, in nature. As for the origin of these cells, 
he thought that they arose by a process called "endophytie" from the entero
cytes of the gastrointestinal tract. This initial conception of a diffuse endocrine 
system was later reinvestigated and developed by Pearse from 1 966 onward. On 
the basis of various cytochemical, biochemical, functional, and pathological 
observations, Pearse was led to emphasize the fact that a number of polypep
tide hormone-producing cells, located mainly in the gut and its appendages but 
also found elsewhere, possess a common set of cytochemical and ultrastruc
tural characteristics (Pearse, 1 968, 1 969). Pearse grouped these cells in the so
called APUD series, an acronym derived from the initial letters of their three 
more constant and important cytochemical properties: Amine content and/or 
Amine �recursor .!I.Ptake and Decarboxylation (Table 5.2). 

For Pearse, these features indicated closely related metabolic mechanisms 
and common synthetic storage and secretion properties. On that basis, he 
proposed that the APUD cells share a common embryological precursor 
which arises from the neural crest. The list of cells belonging to the APUD 
series, limited to 14 cell types in 1 969 (including pituitary corticotrophs and 
melanotrophs, pancreatic islet cells, calcitonin-producing cells, carotid body 
type I cells, adrenal medulla, and various endocrine cells of the gut epithelium), 
increased to 40 less than 10 years later, by which time Pearse had included the 
parathyroid and a number of cells in the gut, lung, and skin that had been 
shown to produce peptides or neuropeptides (Pearse, 1 976). The essence of 
Pearse's theory was that cells of the APUD series constituted a "diffuse 
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neuroendocrine system" (ONES), which he viewed as a third branch of the 
nervous system, "acting with the second, autonomic division in the control of 
the function of all the intestinal organs" (Pearse, 1980). 

In all these cells, according to Pearse ( 1 969), the most characteristic proper
ties can be evidenced by a simple cytochemical test. The L-isomer of one or the 
other of the two principal amino acid precursors of the fluorogenic mono
amines (3,4-dihydroxyphenylalanine (DOPA) for catecholamines or 5-hydro
xytryptophan (5-HTP) for serotonin) administered intravenously is taken up 
and decarboxylated by APUD cells. The amine is immobilized by freeze-drying 
and converted in situ to a fluorescent isoquinoline derivative by treatment with 
formaldehyde vapors at 70°C (formaldehyde-induced fluorescence (FIF) tech
nique: Falck, 1 962; Falck et al., 1 962). Radioactive amino acid precursors can 
also be used; the radioactivity appears concentrated in the cells responsible for 
the uptake (Pearse, 1969) (Table 5 .2). 

Some ultrastructural characters are shared by the APUD cells (Pearse, 
1968), such as low levels of rough (granular) endoplasmic reticulum, high levels 
of smooth endoplasmic reticulum in the form of vesicles, high content of free 
ribosomes and membrane-bound secretion vesicles with osmophilic contents 
(average diameter 1 00-200 nm). 

As far as the nature and variety of polypeptides secreted by cells of the 
diffuse endocrine organ, our knowledge has progressed considerably since 
the 1 960s, when efficient purification procedures were used to isolate and 
sequence several polypeptide hormones from the digestive tract. The first of 
these were the mammalian gastrins isolated by Gregory and Tracy ( 1 964) and 
secretin by Mutt et al. ( 1 970). 

Following Pearse's observation that endocrine and nerve cells share several 
characteristics, a number of other molecular markers were found to be present 
in both cell types. This is the case for synaptophysin, an integral membrane 
glycoprotein localized in presynaptic vesicles of neurons and in similar vesicles 
of the adrenal medulla, in pancreatic islet cells, as well as in a variety of 
epithelial tumors (including islet cells), and neuroendocrine carcinomas of 
the gastrointestinal and bronchial tracts, and medullary carcinomas of the 
thyroid (Wiedenmann et al., 1986). This is also the case for receptors for 
tetanus toxin and for the antibody A2B5, both of which bind to specific gang
liosides of nerve and glial cells (astrocytes), and pancreatic islet cells. 
Moreover, TH, the key enzyme of catecholamine synthesis, is transiently pro
duced by islet cells but not by acinar exocrine cells of the pancreas (Teitelman 
and Lee, 1 987; Alpert et al., 1 988). Finally, in culture, but not in vivo, islet cells 
extend long neurofilament-containing processes (Teitelman, 1 990). Another 
connection between the nervous system and endocrine cells secreting polypep
tide hormones is that the insulin promoter drives transgene expression in the 
neural tube as well as in the pancreas (Alpert et al., 1988; Doubet et al., 1993). 

One of the most interesting aspects of the APUD cell concept is that it 
provided a clue to explain the relationships between a number of endocrine 
disorders and syndromes. The syndromes that best fit the APUD cell concept 
are the medullary thyroid carcinoma, associated with pheochromocytoma, also 
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called familial chromaffinomatosis (Ljungberg et al., 1 967), Zollinger-Ellison 
syndrome (Zollinger and Ellison, 1955), Cushing's syndrome, the carcinoid 
syndrome, and some forms of the so-called multiple endocrine tumors. 

The APUD cell concept has found a wide acceptance due to its far-reaching 
implications in fields as various as neurobiology, endocrinology, embryology, 
and pathology. It was, however, based on very circumstantial evidence, and a 
critical appraisal of the arguments upon which it rested as well as experimental 
verification are needed. 

5.8.2 Critical appraisal of the concept of a diffuse neuroendocrine 
system 

The presence of common molecular features were presented by Pearse and 
others as evidence for the existence of a common neurectodermal ancestor 
from which emerge divergent cell types. It is a common assessment among 
developmental biologists that, when cells differentiate from a common pro
genitor, certain metabolic features are conserved and these features can be 
regarded as "markers" for a family of cell types. In fact, this assumption 
should not be considered as an established fact since many observations 
show that there are no obligatory ancestral relationships between cells expres
sing the same structural genes. One example discussed at length in this book is 
provided by the mutation at the W locus, which in mice affects primordial germ 
cells, melanocytes, and hemopoietic cells, which do not share a common line
age. In fact, after careful examination, many of the molecular markers on 
which kinship was proposed for cells of the ONES display a distribution 
wider than initially stressed. The most characteristic common property of 
APUD cells, as stressed by Pearse, is the uptake and decarboxylation of 
amino acid precursors of fluorogenic monoamines and the presence of 
AADC (amino acid decarboxylase). In the embryo, however, this reaction is 
non-specific, since AADC is expressed, not only in neural and endocrine cells, 
but also transiently in tissues of mesodermal origin, such as notochord and 
muscles, and in pancreatic exocrine cells. 

Another proposed marker for APUD cells is a cholinesterase. In chick 
embryos, a specific acetylcholinesterase (AChE) is found in developing pan
creatic endocrine cells, in some unidentified cells in the gut groove (Drews et 
al., 1967), in the basal plate of the neural tube, and in the neural crest (Cochard 
and Coltey, 1983). At later stages, however, AChE does not remain confined to 
neural and neurendocrine cells; thus its status as a molecular marker for the 
ONES is doubtful. Neuron-specific enolase (NSE), an enzyme present in nerve 
cells (Marangos et al., 1978), is also found in some cells of the diffuse endocrine 
system, including enterochromaffin cells and the pancreatic islet cells 
(Schmechel et al., 1 978; Polak and Marangos, 1 984). However, NSE has 
been detected in other cell types, such as megakaryocytes and platelets 
(Marangos et al., 1 980). Moreover, the whole early pancreatic rudiment 
expresses AADC (Teitelman and Lee, 1987). 
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Thus, although in certain instances the presence of common molecular 
markers is suggestive that different cell types share a common lineage, defini
tive evidence can come only through the use of cell tracing techniques. 

5.8.3 Neurectodermal origin of the calcitonin-producing cells 

One of the first applications of the quail-chick chimera system to follow the 
migration of neural crest cells was to test Pearse's hypothesis of the neural crest 
origin of cells of the APUD series. 

No doubt remained about the ectodermal derivation of the adrenal medulla, 
nor about the pituitary APUD cells, since the hypophyseal placode (which later 
becomes Rathke's pouch) is closely related to the neural crest; it derives from 
the anterior neural fold (reviewed in Le Douarin et al., 1 997). The first test case 
for the APUD concept was the cell type reported by Pearse ( 1968) as respon
sible for the production of the calcium-regulating hormone, calcitonin, discov
ered by Copp et al. ( 1962). The source of calcitonin in the thyroid gland was 
identified as the parafollicular cell, which was shown later also to contain 
somatostatin and 5-HT, and sometimes CGRP. In addition, those cells were 
shown to have the APUD characteristics (Pearse, 1 966a,b); by fluorescent 
amine tracing, the mammalian parafollicular cells were demonstrated to 
arise, as in other vertebrates, from the ultimobranchial (UB) bodies (Fig. 
5 . 10) (Pearse and Carvalheira, 1 967). The calcitonin-producing cells are also 
distributed in other glandular tissues of embryonic pharyngeal derivation such 
as parathyroids, thymus, and along the large vessels of the neck. 

In birds, the calcitonin-producing cells are present in the UB body, which 
develops from the last pair of branchial pouches in the most caudal region of 
the pharynx. In chick and quail, the UB rudiment becomes separated from the 
pharynx as a small epithelial vesicle at E5. The mesenchyme surrounding it is 
of neural crest origin, as attested by its quail nature in chimeras where the chick 
neural tube was replaced by its quail counterpart at the hindbrain level. From 
E8 onward the basement membrane lining the epithelial vesicle disrupts leading 
mesenchymal and epithelial cells to mingle. Considerable cell proliferation 
takes place; the initial lumen of the epithelial vesicle disappears at E I O, a 
time point where most cells of the UB bodies contain dense secretory granules 
whose diameter varies from 60 to 1 50 nm. In some cells, larger granules (200-
270 nm) are also present. At E l 5, cells with large secretory granules prevail, 
and the cords of secretory cells are lined by epithelial-type cells containing 
glycogen and devoid of dense granules. Examination of quail-to-chick neural 
chimeras have made it possible to assign an endodermal origin (from the 
branchial pouch) to the epithelial cells, a neural crest origin to the secretory 
cells possessing dense secretory granules and exhibiting calcitonin immuno
reactivity, and a mesodermal origin to the endothelial cells lining the blood 
capillaries and sinusoids of the gland (Le Douarin and Le Lievre, 1 97 1 ,  1 976; 
Le Douarin et al., 1974; Polak et al., 1 974). 
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Figure 5.10 Relationships of avian carotid bodies and ultimobranchial glands. CB, 
carotid body; CCa, common carotid artery; NG, nodose ganglion; PT, parathyroids; T, 
thyroid; Th, thymus; UB, ultimobranchial body; VN, vagus nerve. 

In mammals, the UB bodies join the thyroid gland rudiment when the latter 
migrates caudally during neck morphogenesis (Pearse and Cavalheira, 1 967; 
Stoeke! and Porte, 1970). UB cells then invade the thyroid and become dis
tributed mainly between the follicles, where they are termed parafollicular or 
clear cells, but they are sometimes also inserted into the follicular epithelium 
itself. 

Cells with APUD characteristics have been described in the early mouse 
embryo in the vicinity of the fourth pharyngeal pouch and have been claimed 
to be C-cell precursors on their way to the UB endoderm (Pearse and Polak, 
197 1 b). This claim, however, was made without proof of their neural crest 
origin or ultimate fate. Fontaine ( 1 979) reinvestigated this question. Since 
the neural transplant technique used in avian embryo is not applicable to 
mammals, another experimental approach was devised. The pharyngeal region 
of 1 8-45-somite mouse embryos was dissected, yielding the thyroid rudiment 
isolated (Table 5.3, series A), or associated with the last pharyngeal pouches 
(Table 5.3, series B-D). It was then transplanted for about 14 days onto the 
chorioallantoic membrane of chick embryos which was used as a culture "med
ium." In series B, the endoderm and mesenchyme of the thyroid and branchial 
pouches were included in the explants, while in series C the mesenchyme was 
removed at the level of the branchial pouches; finally, in series D the mesen
chyme was present, but the endoderm of the last pouch was removed. 



        
       

Table 5.3 .  Different types of exp/ants and the presence of C cells in the thyroid gland after 14 days in graft on the 
choriallantoic membrane of 6-day-old chick embryosa 

Series 

,,, . .. . .. . .. . .. 
C::'.) , - , o ·. 

B ,?_•0 !..�::· 
0 <:) ... 0 � bi  
t;;) , - , o ·. 

c .,?_•0 !._�.: 
0 <:) •: 0 � � 

..C•'. • ', • '. • ', 
� , - , o ·.' 

D ..?-'O !..�:-: 
0 <:) ... 0 � I� 

Type of e xp lant  

-

� - � -
, . .. . .. . .. . .. .• 

Endoderm D Mesenchyme [] BP, branchial pouch 

S t a g e s  of  o p e rat io n 
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:::::. 7�---------
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• Ni.nierals indicate rl..llltJer of cases throughout 

R e s u lt s  

C-Ce l l  d iffe re ntiat ion 
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23 
(100%) 

4 
(24%) 

39 
(1 00%) 

41 
(86%) 

5 
(49%) 

25 
(1 00 %) 

1 3  
(76%) 

7 
(14%) 

6 
(51%) 

8 
(1 00%) 
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Calcitonin-producing cells, identified either by their ability to take up L
DOPA and to convert it into dopamine, or by their content of dense secretory 
granules in electron micrographs, were never present in thyroid rudiments 
explanted alone. They were present, however, in every case when the complete 
UB primordium was included in the graft. Series C and D indicated, in addi
tion, that the precursor C cells were mainly distributed in the mesenchymal 
component of the branchial arch until 28ss. Thereafter, and during a short 
period of time corresponding to 28-30ss, the presumptive C cells invaded the 
endoderm of the last pouch, where they remained until the UB body became 
confluent with the thyroid. Since the branchial arch mesenchyme has been 
shown to originate mostly from the neural crest in mammals as well as in 
birds (Johnston, 1966), one can assume from these experiments that the final 
localization of C cells in the thyroid gland involves a multistep migration, first 
from the neural primordium to the branchial arch mesenchyme, then from the 
latter to the endoderm of the UB rudiment, and finally from the UB body itself 
to the developing thyroid. 

Interestingly, Barasch et al. ( 1 987) have shown that cultured C cells from 
adult sheep thyroid respond to the f3 subunit of NGF by extending neurites 
and switching expression from calcitonin to calcitonin gene-related peptide 
(CGRP), a peptide also found in a number of neuronal cell types in both the 
CNS and PNS. C cells therefore share with adrenomedullary cells a common 
origin from the neural crest, and a common response to NGF. In coculture 
with aganglionic chick gut, the sheep parafollicular cells invade the bowel, 
find their way between the muscle layers, and form a rudimentary myenteric 
plexus. 

5.8.4 Origin of the carotid body 

The carotid body (also called carotid glomus), the main function of which is 
chemoreception, is a paired glandular structure located close to the carotid 
artery and parathyroid glands on both sides and near the UB body on the 
left side. The diameter of the carotid body at hatching is 200 µm in the quail 
and 250 µm in the chick. 

Investigations on the origin of the carotid body, based mainly on the classi
cal techniques of descriptive embryology, have produced controversial results. 
Some authors (Rabi, 1922; Boyd, 1 937) regarded it as a mesodermal derivative, 
while others (De Winiwarter, 1 939; Celestino Da Costa, 1 955) considered it to 
arise from the spinal or sympathetic ganglia or from ectobranchial placodes 
(Murillo-Ferro!, 1967). According to Rogers ( 1965), "the first visible sign of the 
developing carotid body is a primary condensation of cells of unknown origin, 
on the third aortic arch." 

Ultrastructural observations of the carotid body make it possible to distin
guish two main types of cells: the chemoreceptor cells (type I) more or less 
completely surrounded by supporting cells (type II) (Biscoe, 1971 ). Type I cells 
are characterized by secretory dense granules which, in the chick (Stoeckel and 
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Porte, 1 969) and quail (Pearse et al., 1 973), measure about 50 nm in diameter 
and are separated by a clear halo from their limiting membrane. From an early 
developmental stage (8 days in chick and 6 days in quail embryos; Fontaine, 
1 973), type I cells are fluorescent if subjected to the FIF procedure. The fluor
escence is yellowish in the chicken, and greenish in the quail. Emission spectra 
from the normal chicken carotid body cells are characteristic of 5-HT, with a 
peak at 540 nm. In the quail, the emission maximum was found at 480 nm, 
indicating the presence of catecholamines, which were shown to be mainly 
dopamine with some noradrenaline (Pearse et al., 1973). 

When a quail rhombencephalon was grafted into a 6-1 0-somite chick, the 
carotid body of the host was almost entirely made up of quail cells which 
emitted the same bright green fluorescence as the glomic cells of the normal 
quail after treatment by Falk's technique (Le Douarin et al., 1972). 
Microspectrofluorometric analysis of the biogenic amine content of the carotid 
body type I cells of the chimeras revealed the presence of dopamine and the 
absence of 5-HT, as in the normal quail carotid body (Pearse et al., 1 973). 
Groups of cells similar to type I cells are present also in the wall of the large 
arteries arising from the heart. These also appear to derive from the neural 
crest in these experimental embryos as does the musculoconnective wall of 
these arteries (Le Lievre and Le Douarin, 1975). 

5.8.5 Embryological analysis of the origin of the pancreatic islet 
cells and of the APUD cells of the gut epithelium 

Before the quail-chick marker system was applied to the problem of the 
embryonic origin of the APUD cells, Andrew ( 1963) presented convincing 
evidence that the differentiation of enterochromaffin cells of the gut epithelium 
was independent of an emigration of extrinsically derived cells. By explanting 
chick blastoderms deprived of the neural primordium (including the neural 
crest) onto the chorio-allantoic membrane, Andrew demonstrated that the 
gut which differentiated in the explants was devoid of innervation, but not 
of enterochromaffin cells. The same type of experiment was performed later 
on rat embryos and yielded similar results regarding several cell types of the 
APUD series, most notably the pancreatic islet cells (Pictet et al., 1 976). 
Moreover, aganglionic gut of the lethal spotting (ls/ls) mice also contains 
enterochromaffin cells (Gershon, personal communication). 

The quail-chick chimera system, in which definite regions of the neural 
primordium of the chick embryo were substituted by their quail counterpart 
before the onset of neural crest cell emigration, was systematically applied to 
all the levels of the neuraxis (Le Douarin and Teillet, 1 973). This allowed the 
contribution of the neural crest to the various cell types constituting the gut 
and its appendages to be established. As already mentioned, the gut was found 
to receive crest cells from two well-defined levels of the neuraxis: the vagal, and 
(to a lt'sser extent) lumbosacral levels. These cells build up the intrinsic enteric 
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innervation but do not reach the gut epithelium where the endocrine and 
paracrine cells of the APUD series differentiate from the host's progenitors. 

Regarding the pancreatic islet cells, Andrew ( 1 976a) used a similar experi
mental approach to compare the results of the xenografts of neural epithelium 
with those grafts involving neural tubes of the same species (quail or chick 
according to the host) labeled by [3H]TdR. She reached similar conclusions: 
regardless of the technique applied, no cells from the neural crest contributed 
to the pancreatic islets. However, some neural crest cells may colonize the 
pancreas, where they aggregate in small groups distinct from the endocrine 
islets. Fontaine et al. ( 1 977) studied the type of differentiation expressed by 
these cells and observed that the clusters of quail cells were always separated 
from both exocrine and endocrine stuctures. The cells were subjected to the 
FIF technique after L-DOPA injection, and their affinity for lead hematoxylin 
was investigated. The cells originating from the neural crest, identified by the 
nuclear marker, did not exhibit the cytochemical properties of pancreatic endo
crine islets. In fact, the crest cells that had migrated into the pancreas differ
entiated into parasympathetic ganglia. These pancreatic ganglia were shown to 
form by secondary migration from the gut in rat and mouse (Kirchgessner et 
al., 1992). 

Antisera directed against glucagon, insulin, and somatostatin, marking A, 
B, and D cells respectively, were applied to the chimeric pancreas. As in the 
previous assays, the cells identified as being endocrine did not carry the quail 
marker (Fontaine-Perus et al., 1 980). 

The possibility that these cells may be derived from the neurectoderm at a 
stage preceding the onset of neural crest formation was then tested experi
mentally (Fontaine and Le Douarin, 1 977). The endomesoderm of chick 
embryos has been associated with the ectodermal germ layer of quail blas
toderms at various stages, including the formation of the primitive streak, the 
head process and the neural plate, ranging from 1 2  to 24 hours of incubation. 
The recombined embryos were either cultured in vitro or on the chorioallan
toic membrane. The intestinal structure which developed in the explants was 
analyzed for chimerism using various cytochemical techniques: FIF technique 
after L-DOPA injection, lead hematoxylin, and silver staining to indicate 
argentaffinity and argyrophily, all combined with the Feulgen-Rossenbeck 
reaction. In all the cases the enteric ganglia originated from the quail ecto
derm, but the enterochromaffin cells, as well as the APUD cells, which 
developed normally in the epithelium, were always of the chick type. It there
fore seems likely that no migration of cells from the ectoderm into the 
endoderm occurred before the formation of the neural crest. Thus a neur
ectodermal origin for the endocrine or paracrine cells of gastrointestinal tract 
epithelium had to be excluded. 

More recent lineage studies have involved the production of transgenic 
mice, or of mice carrying a targeted mutation of genes expressed in the 
developing pancreas. In the first case, a promoter for one of the four 
principal endocrine hormones is used to drive a modifying gene or a 
toxin. These hormones are: insulin produced by f3 (or B) cells which 
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make up the majority of cells of the islets; glucagon produced by the a (or 
A or A2) cells; somatostatin secreted by 8 (or D or A 1 )  cells; and pancreatic 
polypeptide (PP) secreted by F cells. PP islets are mainly derived from the 
ventral pancreatic buds in the mouse. A proportion of the adult islet cells 
make peptide YY in addition to their principal product (Ali-Rachedi et al., 
1984). Alpert et al. ( 1988) used the rat insulin promoter to drive SV40T 
antigen, the transforming effect of which is essentially efficient after birth. In 
the embryo, most of the endocrine cells expressed T antigen while post
natally only the fJ cells do so. Similarly, Upchurch et al. ( l  994) utilized 
the peptide YY promoter to drive expression of T antigen, and the latter 
was found to be expressed by cells producing one of each of the four 
principal endocrine hormones. This supports the idea that an early endo
crine progenitor exists in which several or all the hormones are produced. 

Experiments were also performed using the diphtheria toxin A chain. This 
toxin is a potent enzyme causing adenoribosylation of elongation factor 2, 
hence blockage of protein synthesis, and cell death. When the elastase promo
ter was used, the result was the absence of an exocrine pancreas and a reduced 
complement of ductal tissue, and islets (Palmiter et al., 1 987). 

Recently, transcription factors of the Pax family have been found to play a 
key role in islet cell development. On the basis of targeted mutations by homo
logous recombination, Pax4 and Pax6 were shown to be involved in determin
ing the fate of endocrine islet cells during development. According to St-Onge 
et al. ( 1997) and Sosa-Pineda et al. ( 1997), once the endodermal cells have 
acquired the potential to form the pancreas, Pax gene expression defines the 
lineage of the different endocrine cells. Thus Pax4 mutants lack fJ cells but have 
a larger than normal population of a cells. Deletion of Pax6 eliminates the a 
cell lineage, or diverts a cell to the fJ cell phenotype. Initially, cells expressing 
both Pax4 and Pax6 differentiate into {J, y, and 8 cells, and cells expressing 
only Pax6 differentiate into a cells. 

On the other hand, there are transcription factors which are expressed in the 
early pancreatic rudiment and condition the development of both the endo
crine and exocrine cell lineages. This is the case of the homeobox gene IPFJ 
(otherwise known as IDXJ, STF-1, or PDX: Ohlsson et al., 1 993; Miller et al., 
1995; Guz et al., 1995). When this gene is removed, the embryos lack a pan
creas (Jonsson et al., 1994). In the adult this gene continues to be expressed in 
the fJ cells only. 

An additional reason to attribute an endodermal origin to enteroendocrine 
cells is the demonstration that they produce a-fetoprotein, a reliable marker of 
endodermal derivatives. Further proof on the endodermal origin of the gastric 
endocrine cells was provided in an elegant series of experiments performed by 
Thompson et al. ( 1 990). They used XX-XY tetraparental chimeric mice to 
show that the Y sex chromosome, as evidenced by in situ hybridization, was 
present or absent in the gut epithelium in groups of cells comprising endocrine 
and other epithelial cells. This strongly suggests that all these cell types are 
derived from a common endodermal stem cell. 
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We have, in this book, devoted a certain amount of space to the story of the 
"APUD cell hypothesis," which is now essentially only of historical interest for 
the following reasons. First, it was an ingenious and unifying view, which was 
put forward at the time of the discovery that many secreted peptides are 
commonly produced by endocrine-paracrine cells, and by neurons where 
they act as neuromediators or neuromodulators. The idea that these cells 
could have a common embryological origin was particularly attractive, since 
it led to the proposal that mutations in one of their progenitors could be 
responsible for tumors appearing simultaneously in several developmentally 
related cell types. The second reason is that Pearse's hypothesis has stimulated 
a large amount of research and speculation. For example, in the early 1970s, it 
appeared attractive to use the recently devised quail-chick chimera system to 
test Pearse's hypothesis, because it could provide the long-term lineage marker 
required for such a study. Le Douarin and coworkers, together with other 
groups, were able to confirm Pearse's hypothesis of a neural crest origin of 
the calcitonin producing cells, and of the carotid body type I cells, but showed 
that it was not tenable for the endocrine cells of the gut and its appendages. 
The clear-cut embryological demonstrations just described were confirmed by a 
number of other approaches as discussed above. 

Andrew, one of the most active proponents of the endodermal origin of the 
pancreatic islet cells and whose work has largely contributed to clarifying this 
question, concluded in 1976 that "the factor sought in the genesis of the APUD 
cell, and in the tumors (the so-called APUDomas), may be the biochemical, 
rather than the embryological, relationship(s) of the progenitor cell types." 
Modern research amply proved that she was right. The case of the c-Ret/ 
GDNF receptor-ligand system beautifully illustrated her view: in the MEN 
type 2 syndrome, several neural crest derivatives are affected and can be related 
to definite types of mutations of the ret gene. However, Ret and GDNF are as 
crucial for the development of the kidney as they are for that of certain neural 
crest derivatives (see Section 5.7.4), showing once more that the sharing of gene 
activities is not restricted to lineally related cell types. 



        
       

The Neural Crest: Source of 

the Pigment Cells 

The bright colors and the striking variety of patterns that characterize the skin 
and coat of many vertebrate species have long been a subject of interest and 
wonder. It seems that the first scientific studies of animal coloration started in 
the middle of the nineteenth century about the color changes of the African 
chameleon (see Bagnara and Hadley, 1973). Pertinent questions were raised 
concerning the physiological mechanisms underlying animal pigmentation, 
while chemists and physicists became interested in the nature of pigments. It 
was understood that some colorations resulted from the structural state of the 
biological material. Thus, it became apparent that the spectacular iridescent 
properties of certain insects and birds are not due to the presence of blue or 
green pigments but rather are the result of physical phenomena. Iridescent 
colors are produced when biological structures, such as fibrils and lamellae, 
are orderly arranged to generate light diffraction. Another phenomenon 
responsible for "structural coloration" results from differential scattering of 
light, which provides the basis for much of the blue colors seen in eyes, 
feathers, and skins of certain vertebrates. 

By analyzing extracts of colored tissues, chemists discovered that lipid
soluble yellow, orange or red pigments of animals are carotenoids, while 
guanine deposits are responsible for the whitish reflecting surfaces of fishes 
and frogs. Most importantly, melanins, flavins, pteridines, and porphyrins 
were recognized as essential compounds in animal pigmentation. 

The discovery that many of the diverse animal pigments are contained in 
specialized cells, designated chromatophores, stimulated research in this area. 
Rapid changes in the intensity of pigmentation in certain animals was first 
attributed to the capacity of chromatophores to change their form and to 
assume either an "expanded" or a "contracted" state. In the latter case, the 
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amount of the pigmented skin surface is reduced, thus making the color lighter. 
With more sophisticated techniques of investigation, it became obvious that 
these changes resulted from either dispersion or aggregation of pigment gran
ules inside the cell rather than in actual changes in cell shape. 

A considerable impetus to the study of pigment cell development and dif
ferentiation followed the discovery that amphibian chromatophores originate 
from the neural crest (Du Shane, 1 935). In fact, all the pigment cells of the 
body except those belonging to the CNS (i.e., the pigmented retina, and certain 
CNS neurons as those of the substantia nigra) are derived from the neural 
crest. These cells constitute a quantitatively and physiologically important 
derivative of the crest, owing to their function in protection against UV irra
diation, the capacity they confer to certain species to undergo adaptive color 
changes, and the role that they play in sexual behavior. Moreover, melanocytes 
are the site of malignant transformation, leading to highly invasive melanomas 
which constitute an important problem in human pathology. 

The physiology and pathology of pigment cells, as well as the chemical 
nature of the compounds which are responsible for their coloration, has 
been and still is the subject of intensive investigations. Of particular interest 
is the question of the mechanisms that control the pattern of skin pigmenta
tion. Pigment patterns in vertebrates can be classified generally into two 
groups: dorsal-ventral pigment patterns, in which the ventrum is generally 
less pigmented than the back, and various pigment patterns such as spots, 
stripes, or mottlings. Many reports have been published on their developmen
tal biology (see reviews by Bagnara and Hadley, 1 973; Bagnara, 1 987). The 
molecular mechanisms underlying pigment pattern formation are, however, 
still poorly understood. It was proposed in the past that the pigment cell 
precursors were already determined while in the neural crest, so that the pat
tern they generated was preordained before they started to migrate (see Volpe, 
1964, and Bagnara, 1987, for a review). In fact, it appeared later on that the 
fate of neural crest derivatives, including that of chromatoblasts, was strongly 
influenced by the environment (Bagnara, 1 972, 1987; Bagnara et al., l 979b ). 
Thus, pattern formation appeared to be an interplay between the neural crest
derived cells and environmental influences, among which growth and survival 
factors, and components of the extracellular matrix play an important role 
(Bagnara, 1982; Ohsugi and Ide, 1983; Perris and Lofberg, 1 986; Tucker and 
Erickson, 1 986b; Fukuzawa and Ide, 1988; Richardson et al., 1990; Erickson, 
l 993a; Frost-Mason et al., 1 994, and references therein). This chapter will 
focus on the segregation of the pigment cell lineage during neural crest onto
geny. The various types of pigment cells recorded in vertebrates and the nature 
of the pigment they produce will be considered first. Then the problem of the 
transition from the neural crest to the melanocytic lineage as revealed in the 
embryo in vivo and in vitro through the use of various markers will be 
addressed. Migration pathways, homing of melanoblasts to their sites of dif
ferentiation, determination of the neural crest cells to the melanocytic differ
entiation pathway will be considered. It will appear that novel data resulting 
from the identification of several genes whose mutations produce anomalies in 
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coat color pigmentation in the mouse open new avenues in the identification of 
growth factors involved in the development of pigment cells, and on some 
aspects of pattern formation. 

6.1 The various types of pigment cells 

Pigment cells, also called chromatophores, are branched, migratory cells found 
in both epidermal and dermal layers, and also, particularly in lower verte
brates, in internal organs: perineum! and perivascular tissues, as well as in 
the celomic wall. 

Coloration is conferred to the skin by chromatophores, and the various 
color changes that many animals (essentially poikilotherm vertebrates) 
undergo in response to their environment result from movement of pigment 
granules within these cells. 

The various types of pigment cells found in vertebrates will be described, 
together with the nature of the pigment that they contain. 

6.1.I Melanophores, melanocytes, and melanins 

6. 1 . 1 . 1  Different types of melanin-producing cells. According to the nomen
clature established at the Third Conference on the Biology of Normal and 
Atypical Pigment Cell Growth (Gordon, 1 953) the term "melanophore" is 
essentially used to designate the melanin-containing pigment cells of lower 
vertebrates. The term "melanocyte" is more often used for the mature 
melanin-producing and melanin-containing cells of higher vertebrates. 
Melanophores are generally stellate cells responsible for color changes in rep
tiles, amphibians, and fishes. Pigment granules may be either dispersed 
throughout the cell or concentrated in its center, depending upon the physio
logical state of the animal or the color of the background (Fig. 6. 1 ) . 

Both melanocytes and melanophores have the same type of progenitor, the 
melanoblast, which, although itself unpigmented, has the potentiality to pro
duce melanin. These cells must be distinguished from macrophages which 
contain phagocytized melanin and are sometimes wrongly called melano
phores. 

Among vertebrates, there exist two types of melanogenic pigment cells 
which differ markedly by their location and their differential response to 
hormones. 

A. DERMAL MELANOPHORES. These are involved in rapid color changes, and 
are prevalent in poikilotherms. They may be very large cells several hundred 
micrometers in diameter. They are generally more abundant in dorsal than in 
ventral skin, which partly explains why the ventral surface of most lower 
vertebrates is light-colored. Melanophores quite similar to those found in the 
dermis are also distributed in the internal organs, and on nerve and blood 
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Figure 6. 1 Dispersed (A) and aggregated (8) melanophores in scales of the goldfish 
( Carassius auratus). Bar = 294 µm. (Kindly provided by J. Bagnara; reproduced, with 
permission, from Bagnara and Hadley, 1973.) 

vessels. Color changes due to movements of pigment granules within dermal 
melanophores have been recently shown to result from a direct response of the 
cells to light. This response is mediated by melanopsin, and opsin discovered in 
Xenopus laevis by Provencio et al. ( 1 998), and whose deduced amino-acid 
sequence shares greatest homology with cephalopod opsins. 

B. EPIDERMAL MELANOPHORES. These are elongated "spindle-shaped" cells 
with long dendritic processes which under hormonal stimulation may become 
highly branched. In cold-blooded vertebrates they are distributed rather uni
formly above the germinative layer but, as are their dermal counterparts, they 
are less abundant in the ventral than in the dorsal skin area. Dendrites from 
epidermal melanophores are responsible for deposition of melanin granules in 
other epidermal cells by their particular cytocrine activity. In birds and mam
mals coloration of the skin, feathers, and hair is due to pigment transfer from 
melanocytes into epithelial cells, the keratinocytes (Fig. 6.2). This deposition of 
pigment is a relatively slow process, and explains why epidermal melanophores 
are not involved in the rapid color changes in poikilotherms, although pro
longed stimulation increases cytocrine activity with consequent darkening of 
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Figure 6.2 Section through the bill of a male sparrow showing epidermal melanocytes 
with cytocrine activity resulting in pigment transfer to keratinocytes. (Reproduced, 
with permission, from Bagnara and Hadley, 1973.) 

the animal. Since each melanocyte delivers its melanosomes to a given pool of 
epithelial cells, the notion of "epidermal melanin unit" was put forward 
by Fitzpatrick and Breathnach ( 1963) for mammals (see also Hadley and 
Quevedo, 1966, for amphibians). Environmental (e.g., UV light stimulation) 
and hormonal stimuli, acting on epidermal melanocytes, determine the number 
of epidermal cells which are recipients of cytocrine melanin donation from the 
melanocytes. 

6. 1 . 1 .2 Melanins and melanogenesis. Pigments contained in melanophores 
and melanocytes are, like catecholamines, derived from phenylalanine and 
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tyrosine. Generally black or brown in color, they are called eumelanins; the 
yellow and orange melanins are termed pheomelanins. 

The distribution of these two basic types of tyrosine-derived pigments deter
mines the color pattern in higher vertebrates. They differ by their biochemical 
composition and ultrastructural appearance in intracellular organelles (see 
Prota, 1992). Pheomelanosomes are spherical, lack internal structure, and 
contain a relatively soluble cysteine-rich material; eumelanosomes are elliptical, 
and contain a highly organized matrix with an insoluble cysteine-poor 
material. In humans, the highest amounts of pheomelanin are found in "fire 
red" hair. In black, grey, and blond hair the pigment is mostly composed of 
eumelanin. In mice, pelage pigmentation due to pheomelanin in animals 
homozygous for the recessive yellow mutation is colored rather like that of 
blond-haired humans. 

The general metabolic scheme of melanogenesis is represented in Fig. 6.3. 
Tyrosinase is the rate-limiting enzyme involved in synthesis of both 

melanins, and, when low levels of tyrosinase are present in the murine 
melanocyte, the majority of tyrosine is converted, via 3,4-dihydroxyphenyl
alanine (DOPA) and DOPAquinone, into cysteinylDOPA, which leads 
exclusively to pheomelanins (for reviews see Hearing and Tsukamoto, 199 1 ,  
and Furumura et al., 1996). At higher tyrosinase levels, excess DOPA and 
DOPAquinone may be diverted along a separate pathway leading specifically 
to synthesis of eumelanins from derivatives of DOPAchrome. Tyrosinase
related protein-2 (TRP2), also called DOPAchrome tautomerase (Oct or 
DT), converts DOPAchrome to 5,6-dihydroxyindole (DHI) instead of to the 
carboxylated derivative termed DHI-2-carboxylic acid (DHICA) (Tsukamoto 
et al., 1992). DHICA has been shown to be a relatively stable intermediate 
which is present in coated vesicles in transit to melanosomes (see Kobayashi et 
al., l 994b, and references therein). 

6. 1 . 1.3 Mutations affecting the melanin synthetic pathway. Many different loci 
have been identified in the mouse that regulate melanin production at different 
levels of its biosynthetic pathway. Several of those genes have been cloned. 
Thus silver (Kwon et al., 1987, 199 1 ;  Kobayashi et al., 1 994a; Zhou et al. , 1994; 
Lee et al., 1996; Chakraborty et al. , 1996) and pink-eyed dilution (Gardner et 
al., 1992; Brilliant, 1992; Rinchik et al., 1993) encode proteins involved in the 
structure or function of melanosomes. Others such as albino (c) and slaty (sit) 
encode enzymes of the melanogenic pathway: tyrosinase for the albino locus 
and TRP2 for the slaty gene. Tyrosinase is a trifunctional and rate-limiting 
enzyme for melanogenesis (see Fig. 6.3) and mutations in the albino locus 
prevent melanin production (Halaban et al., 1988; King et al., 1 995) and 
alter the viability of the melanocyte which remains unpigmented. 

The brown locus (b) was chronologically the first member of the tyrosinase 
gene family to be cloned (Shibahara et al., 1986; Jackson, 1988). It encodes an 
enzyme TRPI which functions as a DHICA oxidase in melanin biosynthesis, 
an essential step to the further metabolism of DHICA to a high molecular 
weight pigmented biopolymer (Kobayashi et al., 1994b). Mutations of TRP I 
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result in formation of a light brown melanin of the hair (e.g., brown, b/b, or 
brown cordovan, b'/b'). 

6.1.2 Iridophores 

Iridophores a:re pigment cells that often appear iridescent and contain orga
nelles orientated in such a way as to reflect the light. Localization of irido
phores seems to be primarily restricted to the integument and, more precisely, 
to the dermis. Pigments of iridophores are contained in flat platelets usually 
arranged in highly orientated stacks. They are basically made of purines (pri
marily guanine), with also hypoxanthine, adenine, and uric acid entering into 
pigment composition. Iridophores are common in poikilotherms, but rare in 
homeotherms, with the possible exception of their presence in the irises of some 
birds (Bagnara and Ferris, 197 1 ). 

6.1.3 Xanthophores and erythrophores 

Xanthophores and erythrophores are colored bright yellow, orange or red. 
They are often involved in color patterns in vertebrates but not as importantly 
as melanophores in color changes. Carotenoids are major pigments of the 
xanthophores and erythrophores of fishes, amphibians, and reptiles. This 
explains the old term "lipophores" used to designate these cells, which is 
related to the fat-soluble nature of carotenoids. Pteridines (concentrated in 
organelles called "pterinosomes") also play a major role in pigmentation of 
lower vertebrates, some species of which actually utilize pteridines almost 
exclusively as yellow and red pigments (Obika, 1 963; Obika and Bagnara, 
1964). 

6.2 Development of pigment cells 

6.2.1 A common precursor for all types of pigment cells 

The various types of pigment cells are characterized by different organelles, the 
structure of which has been extensively revealed by electron microscopy. The 
melanosomes of both dermal and epidermal melanophores are electron-opaque 
ellipsoidal structures contammg black-brown insoluble eumelanins. 
Melanosomes found in epidermal melanophores in the integument of some 
birds and mammals, including human red hair, may contain pheomelanin, a 
lighter-colored sulfur-bearing melanin. The pigmentary organelles of xantho
phores and erythrophores, called pterinosomes, are spherical and contain con
centric lamellae. The precise localization of the pteridines found in these 
organelles is not known. In the iridophores, the reflecting platelets are filled 
with purine crystals which usually disappear during staining and sectioning 
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leaving empty spaces in their place. Their purine constituents, notably guanine, 
hypoxanthine, adenine, and uric acid, are not true pigments, but are involved 
in imparting structural colors. Although the various fully differentiated pig
mentary organelles are different from one another, the early steps of their 
formation are similar since they are derived from the endoplasmic reticulum 
(Bagnara et al., 1 979a). 

According to Bagnara et al. ( 1 979b), the various types of pigment cells 
originate from a common neural crest precursor whose commitment towards 
a definite type of chromatophore is not established before its localization in a 
specific area of the body. External cues from the environment determine the 
final phenotype. This hypothesis is based on the existence of mosaic pigment 
cells containing more than one type of pigment. Many examples have been 
reported by Bagnara and his group, including the presence of melanosomes, 
reflecting platelets, and pterinosomes in erythrophores of the central red stripe 
area of the snake Thamnophis proximus. Organellogenesis in dermal chroma
tophores of the leaf frog Agalychnis dacnicolor during metamorphosis also 
offers a striking example of mosaicism. Melanophores in adults of this species 
possess large melanosomes made up of a eumelanin core surrounded by a 
fibrous mass (Bagnara et al., 1 973). This fibrous material is a pteridine pig
ment, pterorhodin (Misuraca et al., 1 977). The adult melanosome forms at 
metamorphosis from the transformation of the larval dermal melanosome by 
deposition of pterorhodin fibers on its surface (Bagnara et al. , 1 978). In experi
ments involving premature metamorphosis induced by thyroxine-cholesterol 
pellets implanted under the skin in Agalychnis, electron microscopy revealed 
the presence of mosaic pigment cells containing reflecting platelets, pterino
somes, and carotenoid vesicles. 

Although such an extreme case of mosaicism was never observed in normal 
chromatophores of this species at any stage of development, it reveals, along 
with the other examples mentioned, the close relationships between the various 
organelles found in different cell types. These observations led Bagnara et al. 
( l  979b) to propose a model for pigment cell differentiation, according to 
which, in a common progenitor cell, a primordial organelle originating from 
the endoplasmic reticulum is able to differentiate into any of the known pig
mentary organelles. 

6.2.2 Neural crest origin of pigment cells 

Extirpation and explantation of the neural crest have revealed that it is the sole 
source of all pigment cells of the body, except those which differentiate in the 
retina and are therefore derived from the optic cup. 

The neural crest origin of pigment cells was first established by Du Shane 
( 1 934, 1 935, 1 936, 1 938) in experiments with amphibians in which he removed 
the trunk crest and found that not only were the dorsal fin, spinal ganglia, and 
Rohon-Beard cells lacking in the operated region, but pigment cells were 
also absent. On the other hand, grafting pieces of neural folds to the ventral 



        
       

THE NEURAL CREST: SOURCE OF THE PIGMENT CELLS 261 

side of an embryo or explanting them in vitro resulted in the appearance of 
melanophores. 

Shortly before Du Shane's work, Mangold ( 1 929) and Holtfreter ( 1 929, 
1933) had brought forward some other evidence of a neural crest origin of 
melanophores: grafted or explanted presumptive neural plate gave rise not only 
to nervous tissues but also to pigment cells, whilst grafted presumptive epider
mis developed without pigment. 

Later, other workers (Raven, 1 936; Twitty, 1936; Twitty and Bodenstein, 
1939) confirmed these results through grafting experiments between different 
species. In the host, pigment cells were found to be of the donor type, and 
implantation of neural crest from frog to urodele showed that, also in anurans, 
not only the melanophores but also the other types of pigment cells have the 
same origin (Bytinsky-Salz, 1938; Baltzer, 1 941) .  

In birds, the first experimental evidence that melanocytes are of neural crest 
origin is due to Dorris ( 1 936, 1938, 1939), who found that ex plants of neural 
folds of the chick produced amoeboid, branched pigment cells, whereas pieces 
of the whole embryo lacking the neural fold gave no pigment. In addition, she 
showed that pieces of neural crest grafted into limb buds of 3-day-old embryos 
produced coloration of extensive areas of the epidermis in the host. A further 
proof of the migration of melanocyte precursors was given by Eastlick ( 1939), 
who transplanted limb buds from a pigmented strain of chick into the body 
wall of an unpigmented host. Pigmentation of the transplanted limb depended 
on whether or not neural crest cells were included in the graft. By cutting the 
limb bud at various distances from the neural primordium at different stages of 
development, Eastlick could follow the position of the advancing front of the 
migrating promelanocytes from the neural crest. 

The source of the pigment cells has been traced back to earlier stages of 
development by grafting small areas of the blastoderm at the primitive streak 
and head-fold stages. The area capable of giving rise to pigment cells has been 
found to correspond to the whole presumptive neural plate at the earliest stages 
and to become restricted later on to the neural crest alone (Rawles, 1940a). 

Equivalence of peritoneal and skin melanoblasts was demonstrated by 
Rawles ( 1945) in an experiment where a White Leghorn chick limb bud was 
grafted into the celomic cavity of Barred Rock embryos. Melanoblasts from 
the peritoneal wall invaded the graft and differentiated into epidermal mela
nocytes, although their normal fate would not have led them to contribute to 
the external color pattern. 

Proof that melanocytes also originate from the crest in mammals was 
acquired later. An interesting experiment is due to Rawles ( 1 947, 1948), who 
relied on the fact that mouse embryonic tissues transplanted into the celomic 
cavity of chick embryos are viable and develop for several days. Explants that 
included the neural crest were taken from black mouse embryos and trans
planted into the celom of unpigmented White Leghorn chicks. During the 
following days, melanoblasts grew out of the crest material and invaded the 
mouse epidermis, whereas in control explants, which did not include the crest, 
no pigmentation appeared. Rawles was able to show that mouse embryos up to 
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23ss still possessed melanoblasts in their neural tubes anterior to the level of 
somite 6. However, neural tubes from 25ss embryos lost their pigment-forming 
capacity at the anterior levels. 

In fish, removal of brain pieces in the groundling (Misgurnusfossilis) led to a 
total absence of pigment cells or to a reduction of their number. In the lam
prey, Newth ( 1 956) demonstrated clearly that the neural crest is the source of 
melanophores. As the embryonic zebrafish has become an important model for 
studies of early events in vertebrate development, many data have been gath
ered on neural crest cell migration in this species (see Eisen and Weston, 1993, 
for a review). 

6.3 Migration, homing, and differentiation of presumptive 
pigment cells 

Precursors of pigment cells move relatively long distances before reaching the 
sites of the embryo to which they home and differentiate. These sites include 
essentially the skin, but also internal organs such as the peritoneal epithelium 
in certain species, and the inner ear, where melanocytes play an important 
functional role in hearing. The production of melanocytes is not uniform in 
all parts of the neural crest. Niu ( 1947) stated that fragments of cranial neural 
crest transplanted in vitro or to pigment-free areas of the flank gave rise to 
fewer pigment cells than their truncal counterparts. The higher capacity of 
trunk than cephalic crest to produce pigment cells has also been found in 
heterotopic transplantation experiments of quail neural crest into White 
Leghorn chick embryos (Smith et al. , 1977). 

The migration pathways of melanoblasts have for long been unknown, as 
the cells at this stage have not yet formed pigments and cannot be distinguished 
from other mesenchymal cells. Cell markers were to solve this question. Most 
of the knowledge we have about the dispersion of melanocytic precursors has 
been acquired by descriptive and experimental studies carried out in the avian 
embryo, which is particularly suitable for investigating the early stages of 
histogenesis and organogenesis. Results obtained in the avian embryos have 
recently been extended to the mouse through the use of Oil (Serbedzija et al., 
1990, 1992). Moreover, the discovery of several specific molecular markers of 
melanoblasts in mammals has contributed considerably to our present under
standing of the successive steps of melanocytic development. 

6.3.J Migration of the pigment cell precursors in the avian 
embryo 

During the 1 930s and 1 940s, pioneer studies established the timing of the 
invasion of the skin by neural crest cells along the dorsoventral axis of the 
chick embryo. This was achieved by examining the ability of different embry
onic regions to produce pigments when isolated in ectopic positions at different 
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developmental stages (Watterson, 1938; Eastlick, 1 939; Willier and Rawles, 
1940; Ris, 1941 ). Thus, wing buds begin to be colonized by pigment cell pre
cursors by embryonic day 3.5 (E3.5) and leg buds at E.4.5, just after the lateral 
regions of the somites have been reached by these cells at the corresponding 
transverse levels. Weston ( 1963) was the first to use a cell marker to identify the 
migrating cells in the chick embryo. As indicated earlier, he implanted pieces of 
the neural primordium from [3H]TdR-labeled chick embryos into unlabeled 
hosts and found labeled cells in the ectoderm of the host soon after grafting, 
and few or no cells in the infraepidermal mesenchyme. Weston concluded that 
the melanoblasts undergo their primary migration in the ectoderm. These 
results could not be confirmed in studies based on the use of the quail-chick 
marker system (Teillet and Le Douarin, 1970; Teillet, 1971  a,b ). From serial 
observations made at regular intervals following isotopic and isochronic grafts 
of quail neural primordium into White Leghorn chick embryos, it was shown 
that, in fact, prospective melanocytes migrated essentially (or totally) through 
the mesenchyme and not within the ectoderm. Only rarely were quail cells 
found localized in the ectoderm during the early stages of neural crest cell 
dispersion. Melanoblasts that seed the skin in the truncal area are derived 
from the stream of neural crest cells that migrate between the dermomyotome 
and the ectoderm. The pigment cells seeding the internal organs and the peri
toneal wall follow the same dorsoventral migration route as the precursor cells 
of the peripheral nervous system. The most active migration in the skin takes 
place before the sixth day of incubation. Seeding of the epidermis by melano
blasts can be followed in chimeric embryos. It occurs massively at the end of ES 
and during E6. However, certain cells remain much later in the dermal 
mesenchyme where they can be encountered even as late as at E l  I .  Similar 
results were obtained more recently by Hulley et al. ( 1 99 1 ). It should be noted 
that penetration of melanoblasts into the skin occurs first in dorsal regions and 
progresses ventrally, as do both the colonization process and the formation of 
the feather buds. 

Melanocyte differentiation, evidenced by pigment deposition, takes place 
from E9 in chick. It is preceded by a period where epidermal melanoblasts 
of the developing feather buds divide actively. Nuclear and cytoplasmic 
volumes obviously increase dramatically soon before pigmentation appears. 
Only melanoblasts localized in the feather germ epidermis differentiate. 
Neural crest cells that have seeded the epidermis between the feather buds or 
have remained in the dermis do not acquire pigment. It is likely that they will 
function later as stem cells and contribute to the pigmentation of the further 
generations of feathers emerging after birth and during adulthood. The reason 
for the fact that melanocytic differentiation takes place only in the feather germ 
will be considered later in this chapter. 

Grafting fragments of quail neural primordia into White Leghorn chick 
embryos results in the formation of a transverse stripe of quail-like pigmented 
feathers, whose position varies according to the level of the graft. However, the 
anterior and posterior limits of the neural tube implant and of the pigmented 
area do not coincide. The latter always projects beyond the former in the way 
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Figure 6.4 Extension of the migration of the skin melanocytes after graft of fragments 
of the quail neural primordium into a chick embryo at various levels of the somitic 
axis. AL and PL, anterior and posterior limits of pigmentation. The vertebrae are 
taken as references to determine the transverse limits of migration of the melanocytes 
of the graft into the host skins. c, th, 1, s, co, cervical, thoracic, lumbar, sacral, coccygial 
vertebrae. (From Teillet, 197 la.) 

represented in Fig. 6.4. Moreover, when only a hemineural tube is grafted, the 
pigmented transverse stripe extends to both sides of the host embryo. Thus, 
from each particular point of the neural crest, the population of melanoblasts 
extends radially in all directions within the plane of the skin (see Fig. 1 .8), even 
if the resulting dispersion of melanoblasts is predominantly dorsoventral and 
occurs in a direction perpendicular to the embryonic axis. 

The problem of the cues responsible for generating the pigmentation pattern 
was addressed in experiments involving the graft of quail neural crest cells into 
non-pigmented White Leghorn chick embryos. 

On the basis of previous grafting experiments by Rawles ( 1 948), it was 
thought that the pigment pattern of chimeras is determined by the genotype 
of the donor melanocyte. This led Wolpert ( 1981)  to suggest that melanoblasts 
from the donor bird can read the positional value of the ectoderm of the 
feather papillae of the recipient. In quail-chick combinations, neither posi
tional information nor a prepattern that would exist in the feathers and 
could determine the pigment pattern can account for the results observed. In 
fact, migration of melanoblasts seems to lead them to invade all skin areas, 
even those which in the quail, or in quail-chick chimeras, remain unpigmented. 
Local cues, of still unknown nature, further influence positively or negatively 
the differentiation of melanocytes. In experiments where a supernumerary zone 
of polarizing activity was grafted to the anterior margin of the wing bud, a 
duplication not only of the skeletal elements but also of the pattern of feather 
papillae and of the feather pigment pattern was induced. This suggests that the 
same mechanism might be responsible for specifying these three characters 
(Richardson et al., 1989, 1 990). 

The invasiveness of melanoblasts and melanocytes and their capacity to 
cross blood vessel walls and basement membranes have been demonstrated 
in several types of experiments. For example, the work performed by Weiss 
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and Andres ( 1 952) is worth mentioning. Heterogeneous cell suspensions from a 
colored strain of chicken were injected intravascularly into blood vessels of 
White Leghorn embryos. This resulted in the appearance of colored patches in 
the plumage of the host, indicating that the injected pigment cells crossed the 
wall of the blood vessels, migrated, and homed to the skin. Similar results were 
obtained by injecting a variety of cell types from quail embryos into the blood 
vessels of the chick (Cudennec, 1 977). The quail-chick marker system allowed 
the localization of injected cells to be recognized in the host and showed that 
quail melanoblasts were able to reach the chick epidermis and to differentiate 
there into pigment cells, while the other injected cell types made little colonies 
in internal organs apparently without any kind of specificity. The main factor 
which seemed to control the position of all cells except melanocytes in the host 
was the diameter of the blood vessels: the smaller the diameter, the higher the 
frequency of quail cell clusters. Interestingly, matching between host and donor 
tissues influenced the size of the quail cell colonies. Thus, injected quail liver 
cells developed larger colonies when they homed to the liver or to the yolk sac 
than elsewhere (Cudennec, 1977). 

Our knowledge of the precise timing of migration of neural crest cells along 
the dorsolateral pathway has benefited from more recent studies carried out on 
intact embryos and using either the HNK l /NCl Mab or the vital dye, Oil. 

Despite the fact that the HNK l /NC l epitope disappears rapidly in these 
cells, particularly in the quail and to a lesser extent in the chick embryo, it was 
used by Erickson et al. ( 1992) in studies on the latter. As expected (see Chapter 
3), the cells which are to take the dorsolateral pathway exit uniformly (and not 
segmentally) from the neural tube and remain "stuck" for a while (about 24 
hours) close to the dorsolateral side of the neural tube in the so-called "staging 
area" (Wehrle-Haller and Weston, 1995). From about E3 to E3.5 according to 
the transverse level considered, the subectodermal pathway seems to "open 
up" since it is rapidly invaded by the neural crest cells. When the cells have 
reached the level of the lateral edge of the dermomyotome they start to lose 
their HNK l epitope and cannot be further visualized by this method. 

The problem is then raised of the nature of the molecular changes that make 
the dorsolateral pathway available for migration. If the dermatome is ablated 
prior to neural crest cell emigration, penetration of migratory cells in the 
subectodermal area takes place prematurely, suggesting that the state of devel
opment of the dermatome is critical in this process (Erickson et al., 1992). 
Molecules to which an inhibitory role in the migration process has been attrib
uted (see Chapter 2), such as chondroitin 6-sulfate proteoglycan, identified by 
their ability to bind peanut agglutinin (PNA), are present in this area before 
crest cell invasion. They fail to appear in the subectodermal pathway in the 
dermatome-deprived areas (Erickson, l 993b ). 

A chemoattractive function for neural crest cells has also been attributed to 
the dermatome, particularly at the time its cells are in the dispersing phase 
(Tosney, 1992). This observation may provide an explanation for the homing 
of melanocytes to the skin when they are injected into the bloodstream as 
mentioned before (Weiss and Andres, 1952; Cudennec, 1 977). 
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Some ECM (extracellular matrix) components may also support migration 
of neural crest cells in the dorsolateral pathway. Molecules like laminin 
(Rogers et al., 1 986; Duband and Thiery, 1 987), fibronectin (Newgreen and 
Thiery, 1 980; Thiery et al. , 1 982), collagens type I, III, and IV (Perris et al., 
1 99 1 a,b), and tenascin (Tan et al., 1 987; Mackie et al. , 1 988) that favor neural 
crest cell adhesion and migration in culture (e.g., Erickson and Turley, 1 983; 
Rovasio et al., 1 983; Newgreen, 1 984; Tucker and Erickson, 1 984; Halfter et 
al., 1 989; Perris et al., 1 989; Lallier and Bronner-Fraser, 1 99 1 )  have been found 
between the ectoderm and the dermatome. 

The fact that the dorsolateral pathway is invaded by late-emigrating neural 
crest cells which have to wait until the pathway acquires the molecular char
acteristics appropriate for migration has long been noticed (Weston, 1 963; 
Tosney, 1 978; Serbedzija et al., 1 989) and was fully confirmed by more recent 
observations (see Erickson, 1 993b). Thus, by injecting the lipophilic vital dye 
Oil into the lumen of the neural tube of chick embryos at different stages of the 
migration process, Serbedzija et al. ( 1 989) showed that injection of the dye at 
HH 1 2  at the trunk level resulted in the labeling of all types of neural crest 
derivatives. In contrast, after injection at HH 1 9  or HH2 1 ,  respectively, only 
melanoblasts and DRG or melanoblasts alone were carrying the marker. Thus, 
it appears that the late-migrating neural crest cells generate only melanocytes. 
Whether this corresponds to an early commitment of this lineage has been 
answered by the following experiment: neural crest cells from E6 quail embryos 
differentiate into melanocytes, but also into glial and nerve cells (Nataf and Le 
Douarin, unpublished; Richardson and Sieber-Blum, 1 993). Therefore, cells 
endowed with developmental potentialities pertaining to various lineages 
take the dorsolateral pathway. 

6.3.2 Migration of melanocytic precursors in non-avian vertebrate 

species 

The recent interest in zebrafish, in which mutants can be generated and 
analyzed on a large scale, together with the fact that the study of embryonic 
development can also be done at the cellular level by intracellular injection of 
the vital dye LRD (lysinated rhodamine dextran; see Chapter 1 ), has per
mitted the gathering of information about pigment cell development. In fish, 
neurulation proceeds by formation of an initially compact rod of neuroepi
thelial cells, the neural keel. Compared to avian embryos, zebrafish have 
many fewer crest cells at a given axial level (Raible et al., 1 992). As in 
avian embryos, trunk crest cells of zebrafish migrate on a ventral pathway 
between the neural tube and the somite, and on a lateral pathway between 
ectodermal epithelium and the somite-derived dermomyotome. Neural crest 
cells also take the lateral pathway later than the medial one. Direct observa
tion of crest cells in live embryos revealed that they seem to probe the 
entrance of both pathways before selecting which one to follow. Thus, 
some cells still enter the dorsoventral direction even after migration has 
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begun on the lateral pathway (Raible et al., 1992). This means that the 
temporal segregation of the two pathways described in the avian embryo 
(see Erickson et al., 1992) is not as strict in zebrafish. As in avian and 
mammalian embryos (Weston, 199 1  ), zebrafish neural crest cells that migrate 
along the two different pathways have different fates (Raible et al., 1992). 
Cells migrating along the dorsoventral pathway yield sensory and sympa
thetic ganglia as well as pigment cells; those taking the mediolateral pathway 
give rise to pigment cells only. Whether these cell fate differences correspond 
to an early commitment of neural crest cells cannot be inferred from these 
observations. Lineage analysis of individual trunk crest cells suggest that the 
early migrating crest cells produce multiple phenotypes in their progeny. 
These progenitors then generate restricted precursors able to yield only a 
single type of derivative (Raible and Eisen, 1994). 

The establishment of certain aspects of the pigment pattern in the zebrafish 
embryo could be related to definite gene activities. Thus, analysis of defects in 
pigment pattern development caused by sparse (spa), rose (ros), and leopard 
(leo) single and double mutant combinations suggests that spa+ and ros + 
functions are required for development of separate populations of pigment 
cells in the adult. The role of leo is to control assembly of melanocytes into 
stripes. Thus, a first migration wave of melanoblasts takes place between 2 and 
3 weeks of zebrafish development and is dependent for its dispersion and 
differentiation in the spa gene. These cells become further arranged into stripes 
under the influence of the leo gene. From 3 weeks of development, a distinct 
ros-dependent population of melanocytes differentiates in the stripe. Both early 
and late differentiating melanocytes then cooperate for the formation of the 
silver stripes, ensuring expression of melanocyte and iridophore stripes 
(Johnson et al., 1995). 

Recently the large-scale mutation screen for embryonic/early larval muta
tions in zebrafish has led to the defining of 94 genes affecting all aspects of 
larval pigmentation: specification, patterning, proliferation, survival and dif
ferentiation. Several genes are strong candidates for controling pigment cell 
specification and proliferation. As examples, the genes salz (sat) and pfeffer 
(pfe) seem to be involved in xanthophore specification, while shady (shd) and 
colourless (els) may be necessary for the specification of iridophores and mel
anophores, respectively (Kelsh et al., 1996). 

Further studies revealed that 17 genes are specifically required for the devel
opment of xanthophores. Apart from sat and pfe, mentioned above, that are 
required for xanthophore formation and migration, others control pigment 
synthesis (edison, yobo, yocca, and brie) or pigment translocation (esrom, ti/sit, 
and tofu) (Odenthal et al., 1996). 

In amphibians, Lofberg et al. ( 1 980) have studied the migration of neural 
crest cells in the axolotl and seen that it is into the dorsolateral pathway that 
the cells enter first as they leave the neural primordium. In the naturally occur
ring white mutant (Dalton, 1949; Keller et al., 1982), neural crest cells take this 
pathway after a significant delay compared to wild-type embryos. The fact 
that, in the wild-type, the ECM is rich in chondroitin 6-sulfate proteoglycans 
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while these compounds are missing in the mutants was proposed to account for 
this delay (Lofberg et al., 1 989; Perris et al., 1 990; Olsson et al., 1 996a,b). 
Further studies of the white mutants of axolotl involved the construction of 
chimeras between embryos belonging to the white (d/d) and the albino (a/a) 
strains and showed that white melanoblasts can migrate into the Albino skin 
where they differentiate into melanocytes (Houillon and Bagnara, 1 996). The 
interpretation favored by these authors is that the skin of the white mutant 
does not provide a favorable "milieu" for melanocyte differentiation because it 
either contains a melanocyte inhibitory factor (MIF) or does not provide these 
cells with the appropriate stimulating factor (MSF) (see Houillon and Bagnara, 
1 996, for discussion and references). 

In Xenopus, cells of the melanocytic lineage are abundant not only in the 
dorsolateral pathway but also in the dorsoventral pathway (Sadaghiani and 
Thiebaud, 1987; Krotoski et al., 1988; Epperlein and Lofberg, 1 990; Collazo et 
al., 1993) (Fig. 6.5). 

In the mouse, dispersion of presumptive melanoblasts takes place 
between 8.5 and 12 .5  dpc. This was deduced from experiments in which 
the capacity of isolated fragments of embryonic skin to differentiate into 
melanocytes in culture was tested. After 1 2.5 dpc, the precursors proliferate 
massively in the dermis and then invade the epidermis where they become 
incorporated into the hair follicles and differentiate into pigment cells 
(Rawles, 1940b, 1947; Mayer, 1 965, 1973). The presence of two, dorsoven
tral and mediolateral, migration pathways for the trunk neural crest cells, 
as is the case in birds, was also evidenced in the mouse by DiI injection 
inside the lumen of the neural tube (Serbedzija et al., 1 990). Cells were 
seen taking the dorsolateral pathway following dye injection from the onset 
of (E8 .5) and throughout (up to E l 0.5) the crest cell emigration process. 
Therefore, in contrast to the observations made in birds, the mouse crest 
cells do not seem to remain in the "staging area" before invading the 
subectodermal pathway of migration. 

The critical stage at which the melanoblasts enter the epidermis was deter
mined by Mayer ( 1 973). Ectoderm-mesoderm recombination experiments 
were carried out in which pieces of dorsolateral skin from albino (c/c) and 
pigmented (black) (C/C) mouse embryos were separated into their two initial 
tissue components. Ectoderm and mesoderm were recombined and grown in 
the chick embryo celom for a sufficient period to allow melanin formation. 
Recombined skin from 1 1 -day-old embryos formed pigment only when the 
mesodermal component was from the black strain. "Black ectoderm-albino 
mesoderm" associations failed to produce pigment in all cases. Combinations 
made with tissues taken from 1 2- and 1 3-day embryos produced pigmented 
hair in both types of association. This shows that ectoderm had already 
begun to be invaded by melanoblasts which were present in both components 
of the skin. In recombinations of skin from 14-day embryos, the "albino 
ectoderm-black mesoderm" grafts had only white hair. The reverse associa
tions ("black ectoderm-albino mesoderm") possessed melanocytes in the hair 
as well as in the dermis, and in the chick celom around the graft. The latter 
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Figure 6.5 Summary of the derivatives to which the neural crest contributes and the 
paths of migration taken by neural crest cells in Xenopus laevis embryo. D, dorsal 
pathway; L, lateral pathway; V, ventral pathway; e, enteric region. Pigment cells migrate 
along pathways L and V. (Reproduced, with permission of Company of Biologists Ltd, 
from Collazo et al., 1 993.) 

localization is seen in all types of combinations. These results can be inter
preted by assuming that the presumptive amelanotic melanocytes of the 
albino strain already present in the epidermis at 14 days of gestation prevent 
melanoblasts of the wild-strain from entering it. Thus, it seems that the skin 
can receive a definite number of presumptive pigment cells, beyond which the 
seeding process is blocked. This suggests that the epidermis of the developing 
hair follicle exhibits a constant ratio of melanoblasts to epidermal cells and 
that this ratio is established at 14 days in the mouse, a notion that can be 
related to that of the "epidermal melanin unit" mentioned earlier. 

That more than one pigment cell precursor can colonize a hair follicle has 
been demonstrated in tetraparental mice 1 obtained by combining pigmented 
and non-pigmented strains. These mice displayed hair of the parental types 

1Tetraparental mice result from aggregation of two cleaving mouse embryos. Embryos aggregate, 
form a single blastocyst in culture and, after transplantation to the uterus of a foster-mother, 
develop into fetuses of normal size and morphology (Tarkowski, 196 1 ,  1 963, 1964; Mintz, I 962a,b, 
1 964). They are also called aggregation chimeras (Tarkowski, 196 1 )  or allophenic mice (Mintz, 
1 967). 
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(i .e., either fully pigmented or totally devoid of pigment) and in addition 
possessed many chimeric hairs with adjacent septa differing widely in the 
amount of pigment they contained (McLaren and Bowman, 1 969; Mintz and 
Silvers, 1970; Cattanach et al., 1972). 

An interesting experimental system to study the migratory capacities of 
melanocytic precursors in the mouse was designed by Jaenisch ( 1 985) and 
also used later for rat embryos (Kajiwara et al., 1 988). Cultured mouse neural 
crest cells were microinjected in utero into mouse embryos at 9 dpc. The cells 
are mostly deposited in the amniotic cavity and enter the embryo via the 
anterior and posterior neuropores. The donor cells can migrate over consider
able distances to the skin where they participate in hair pigmentation (Jaenicsh, 
1 985; Huszar et al., 199 1 )  and also to certain internal organs like the inner ear. 
This was shown in cases where the recipient belonged to a mutant strain 
( Wv/ Wv) which exhibits a large or total deficit in melanocytes (see below) 
(Cable et al., 1 994). 

6.3.2.1 Colonization of the inner ear by melanocytes. Particular attention has 
been paid in recent years to the colonization of the inner ear by melanoblasts, 
and to the role played by these cells in auditory function. Melanocytes are 
abundant within the cochlea, especially in the stria vascularis. The stria, 
which lines the lateral wall of the cochlea, contains two types of melanocytes, 
called light and dark intermediate cells (Cable and Steel, 199 1 ). The stria! 
epithelium produces the potassium-rich endolymph in the cochlea which has 
a resting or endocochlear potential (EP) of about 1 00 mV in the mouse (Cable 
and Steel, 199 1 ). 

As described below, Dominant White Spotting mutations ( W)  affect (to 
various degrees according to the allele considered) the gene encoding the 
tyrosine kinase receptor c-kit which is involved in a signaling pathway essen
tial for melanocyte survival. Drastic impairment, more or less complete, of 
this pathway leads to the formation of white skin areas where melanocytes 
are missing, and to various degrees of deafness. In mice affected with the 
Viable Dominant Spotting ( Wv/ Wv) mutation (see below), inner ear 
melanocytes are missing and the EP is close to zero. Such mice have elevated 
thresholds for evoked cochlear activity. These functional impairments 
have been related to the absence of melanocytes to which a role was assigned 
in generating the endocochlear potential (Deol, 1970a,b; Schrott and 
Spoendlin, 1987; Steel et al., 1987; Steel and Barkway, 1 989; Cable et al., 
1 994). 

White spotting patterns associated with congenital deafness are common in 
many mammal species, including man (e.g., Deol, 1970a; Searle, l 968a; Steel, 
1 99 1 ). One example is the Dalmatian dog, which has a spotted coat with a high 
incidence of deafness associated with deficiencies in pigmentation of the stria of 
the inner ear (Cable et al., 1994). On the other hand, human piebaldism, caused 
by a mutated KIT gene (Giebel and Spritz, 1 99 1 )  in the homozygote state, was 
reported to involve deafness (Hulten et al., 1 987). 
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6.3.3 Clonal model of melanohlast development deduced from the 
pigment pattern of tetraparental mice 

Tetraparental mouse chimeras have proved to be of great interest in the ana
lysis of cell lineages, particularly in cases where suitable cell markers such as 
pigments were available. The first analysis of the coat color patterns of mouse 
chimeras was done by Mintz ( 1967). In a number of albino-colored or black 
(B/B)-brown (b/b) strain combinations, she observed a high incidence of pat
terns with transverse bands of the two colors on the head, body, and tail. On 
the borders of the bands, adjacent colors were mingled to various degrees, and 
in some cases mingling extended throughout the band. At the mid-dorsal line 
there was a sharp discontinuity, and the pattern of the two sides of the animal 
seemed to be established independently. 

According to Mintz, the entire coat pigmentary system is determined early 
in embryonic life. She postulated that, from the neural crest, 1 7  pairs of cells 
are set aside as clonal initiators of melanoblasts which then proliferate and 
migrate laterally, forming transverse bands. At clonal boundaries, cells of 
adjacent clones are admixed. Adjacent descendants of identical precursors 
give rise to clones that cannot be distinguished. Therefore, the number of initial 
clones had to be inferred from the maximum number of bands found in a single 
allophenic mouse. This has been evaluated at 1 7  melanoblast clones on each 
side, including the tail (i.e., 34 clonal initiator cells for the whole body). Such a 
disposition corresponds, according to Mintz, to an "archetypal or standard 
pattern" around which variations are attributed to what she terms "develop
mental noise." This may be due to several factors such as cell mingling 
(McLaren and Bowman, 1969), cell death, and differential rates of prolifera
tion (Mintz, 1971 ). From her initial observations, Mintz thought that in the 
allophenic mice the two genetically different clones (e.g., black and white) 
occupy "alternating rather than random positions in the chains" of melanocyte 
precursors (Mintz, 1967). In fact, a non-random arrangement seemed implau
sible, and a much larger study led her to conclude there was a random dis
tribution of the initial melanoblasts of both types. Then, the "standard 
pattern" is only established when clones of different colors happen to alternate, 
making individual clone identification possible (Mintz, 1970, 1971  ) .  

Support for Mintz's model has been provied by the pigmentation patterns of 
mice heterozygous for X-linked color genes (Cattanach et al., 1972). 

Another experimental approach to study this problem was to generate single 
genotype mosaic animals by labeling single cells in the embryo in utero. This 
was acheived by microinjection of replication defective retroviral vectors 
(Compere et al., l 989a,b) into neurulating mouse embryos. A retroviral vector 
(MLV-HuTyr) bearing a human tyrosinase cDNA under the transcriptional 
control of ML V L TR (murine leukemia virus long terminally repeated) was 
microinjected into midgestation albino embryos. The retrovirus rescues the 
defect of the white melanocytes of the recipient albino strain mouse and clonal 
progenies of these infected cells were pigmented. The pigmented bands gener
ated by this approach were very similar to the "standard" stripes observed in 
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aggregation chimeras. These results thus support the notion that the unit bands 
seen in aggregation chimeras are clonal in origin and confirm Mintz's ( 1 967) 
contention that coat pigmentation is generated by a few melanoblast precur
sors (Huszar et al., 1 99 1 ). 

6.4 The differentiation of pigment cell precursors 

As for the other derivatives of the neural crest, the problem is raised as to when 
the pigment cell lineage becomes segregated during ontogeny. This question 
will be treated in depth in Chapter 7, but some specific points related to pig
ment cells will be alluded to here. A significant amount of the work aimed at 
elucidating the problem of the commitment of neural crest cells toward the 
melanocytic differentiation pathway, as well as the requirement of melano
blasts for differentiation, was done in culture. The most important break
through in the latter respect was, however, provided by the molecular 
cloning of genes whose mutations affect pigmentation in the mouse. This 
novel avenue of research will be discussed in Sections 6.5 and 6.6 (see also 
Section 6. 1 . 1 .3).  One of the requirements for deciphering the sequential mole
cular events leading from the undifferentiated neural crest cell to the fully 
differentiated melanocyte is to discover the molecular markers that character
ize the successive steps of melanocyte development. 

6.4.1 Molecular markers of melanocytic precursor cells 

Apart from the molecular markers which are shared by other neural crest cells 
(see Chapter I ), some are specific for pigment cell lineage. 

A number of these markers have been produced in the last decade either 
through the use of Mab (monoclonal antibody) technology or after the cloning 
of genes expressed in these cells. 

The human marker of prepigment cells recognized by the Mab HMB-45 
(Gown et al., 1 986) detects melanoblasts in the embryo as early as at 40-50 
days of gestation. The antigenic epitope it binds is carried by the glycoprotein 
pmel l 7  (Kwon et al., 1991 ), which turned out to be recognized also by two 
other reagents obtained independently by Adema et al. ( 1993). pmel17 expres
sion disappears during late gestation but reappears in melanomas. 

In mouse embryos, melanoblasts can be detected as early as at 10 dpc by an 
antibody directed against the product of the slaty locus, the enzyme tyrosinase
related protein-2 (TRP2), which belongs to the melanin synthesis catalytic 
cascade (Jackson et al., 1992; Steel et al., 1 992; Pavan and Tilghman, 1994). 
This enzyme is also designated DOPAchrome tautomerase (Oct) (see Fig. 6.3). 

In quail and chick embryos several markers are also available to follow the 
early steps of melanocyte differentiation. MEBL- 1 ,  discovered by means of 
immunological methods by Kitamura et al. ( 1992), is present in chick melano-



        
       

THE NEURAL CREST: SOURCE OF THE PIGMENT CELLS 273 

blasts from E3 when crest cells begin to emigrate from the neural tube along 
the dorsolateral pathway. 

Nataf et al. ( 1 993) obtained several Mabs which recognize antigenic deter
minants carried by cells of the melanocytic lineage of chick and quail by 
immunizing a mouse with a crude preparation of membranes of quail neural 
crest cells cultured in conditions (i .e., with high concentration of chick embryo 
extract) which favor melanocyte differentiation. Mel l and Mel2 Mabs detect 
antigens present in melanosomes from ES onward in the quail, after pigmenta
tion has begun. More interesting, owing to its more precocious expression 
which takes place prior to the appearance of pigments, is the antigen 
Me!EM (melanoblast early marker) (Fig. 2 .3), which turned out to be an a 

subunit of the enzyme glutathione S-transferase (Nataf et al., 1995). This 
particular form of the enzyme is specific to neural crest-derived melanocytes 
since it is not present in the pigmented retina. Moreover, it is not present in any 
other derivative of the neural crest, but is abundant in liver cells. 

6.4.2 In vitro studies of melanocyte differentiation from neural 

crest progenitors 

The first attempts to culture neural crest cells were those of Cohen and 
Konigsberg ( 1 975). These authors took advantage of the tendency of neural 
crest cells to spread around the explanted neural primordium to devise a simple 
technique for the isolation of neural crest cells. 

Quail neural tubes isolated at E2 yield cells which exit from the neural folds 
and migrate around the explant on the substrate provided by the Petri dish. If 
the neural tube itself is removed after 1 or 2 days, the remaining cells are 
predominantly of crest origin with some possible contaminatior of cells of 
neural tube origin. After a period of growth the cells can be replated at low 
density to establish clones. 

Three types of clones were obtained in these conditions: in some of them all 
cells were pigmented, others were entirely unpigmented and some contained a 
mixture of both types (Cohen and Konigsberg, 1975; Sieber-Blum and Cohen, 
1980). The plating efficiency of pigmented clones was two or three times higher 
that of unpigmented or mixed colonies. In the last two types, histoftuorescence 
for catecholamines (CA) revealed a small proportion of clones containing CA 
cells. Interestingly, the number of clones with CA fluorescence depended on the 
nature of the culture substrate. Thus, ECM (extracellular matrix) produced by 
somites or skin fibroblasts enhanced the percentage of CA-positive clones from 
0.9% to 6.9% (Sieber-Blum and Cohen, 1980). Certain CA-positive colonies 
also had a pigmented component, showing that a common precursor derived 
from the neural crest is capable of giving rise to both melanocytes and CA
producing cells. By transplanting mixed clones, which had first developed in 
vitro, into the lumen of trunk somites, Bronner-Fraser and Cohen ( 1 980) 
obtained the survival of both CA-containing and pigmented cell populations. 
The quail nuclear marker allowed their identification in the host tissues. 
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Clonal analysis of quail neural crest cells in vitro was also pursued by seed
ing single cephalic neural crest cells from 10-1 3ss quail embryos directly (i.e., 
without a primary step of "mass" culture), under the control of a microscope, 
on to a feeder layer of growth-inhibited 3T3 cells (Baroffio et al., 1988, 199 1 ;  
Dupin et al., 1990; Dupin and Le Douarin, 1995). These experiments showed 
that, at the time of their migration, the neural crest cells are highly hetero
geneous with respect to their capacity to proliferate and to differentiate. Most 
crest cells are pluripotent, whereas a few are already committed toward a 
definite phenotype as attested by the fact that they yield colonies containing 
only a single phenotype (Fig. 6.6). The culture conditions on the 3T3 fibro
blastic feeder layer turned out not to be favorable to melanocytic differentia
tion since the numbers of pigmented cells in the clones were generally modest. 
However, it appeared clearly that, during their migratory phase, the several 
types of neural crest progenitors could be evidenced by the phenotypes 
recorded in the colonies they produced: the capacity to produce melanocytes 
was found in a variety of progenitors to be associated with that of producing 
glial cells and/or no TH-containing neurons, and/or TH-containing cells, and/ 
or cartilage (i .e., mesectoderm). These potentialities can be found in bipotent 
or pluripotent precursors as indicated in Fig. 6.6. If quail trunk neural crest is 
cultured directly on plastic in non-clonal ("mass" culture) conditions (Dupin 
and Le Douarin, 1 993, 1 995), TH-positive cells and melanocytes begin to 
differentiate after 4 days of culture in permissive conditions [i.e., in the 
presence of 10% of chick embryo extract (CEE) + 10% fetal calf serum 
(FCS) in Dulbecco's modified Eagle's medium (DMEM)], whereas with 2% 
of  CEE, pigment cells appear in  smaller numbers and virtually no  TH-positive 
cells developed in the culture. Retinoic acid (RA) at a concentration of 100 nM 
increased by 44-fold the number of TH-positive cells and by 2.4-fold that of 
pigment cells in a 2% CEE-containing medium. Moreover, while the effect of 
RA on TH activity has to take place from the onset of the culture to be 
effective, it seems to act on pigment cell differentiation at later stages: from 
day 3 to day 6 of culture. 

The strong stimulation of CEE on melanogenesis and catecholaminergic cell 
differentiation was also observed by Howard and Bronner-Fraser ( 1985), and 
Howard and Gershon ( 1993). Whether RA is one of the factors present in CEE 
which is responsible for the stimulation of adrenergic and melanogenic differ
entiation is a possibility. Other factors like endothelin-3 (see below) have 
recently been shown to be potent inducers of melanogenesis in cultured quail 
neural crest (Lahav et al., 1996). 

The important related question eventually concerns the role of RA in NC 
cell development in vivo. Is RA (or related retinoids) available to crest cells at 
the correct differentiation sites and developmental times and, if so, does RA 
actually influence the normal differentiation of crest-derived cells? Several lines 
of evidence argue for the presence of retinoids in the skin. The fetal ectoderm in 
mouse coexpresses alcohol dehydrogenase 1 ,  the enzyme responsible for con
version of retinol into RA (Vonesh et al., 1994), and CRBPl which functions as 
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Figure 6.6 Diagram illustrating the different types of progenitors from quail cephalic 
neural crest cells as revealed by the phenotypic analysis of the colonies generated by 
cloned cells. The cell types recorded in the clones were cartilage (C), neuron (N), glial 
cell (G), adrenergic cell (A), and melanocyte (M). The putative progenitors have been 
classified according to the number of these distinct cell types in their progeny; the 
combinations of phenotypes corresponding to the progenitors actually recorded in the 
experiments are shown in full circles. The results are thus consistent with the generation 
of unipotent progenitors from a "totipotent" neural crest stem-like cell through several 
intermediate oligopotent precursors. Filiations between precursors are only 
hypothetical. The precursors endowed with melanogenic potencies are shaded. 
(Reproduced, with permission of Current Biology Ltd, in modified form, from Le 
Douarin et al., 1 994.) 

a substrate carrier in local RA synthesis (Gustafson et al., 1993), suggesting 
that melanoblasts very likely receive ectodermally derived RA. 

Clonal analysis by the limit dilution method provided further evidence that 
pluripotent precursors endowed with the capacity to yield sensory and auto
nomic neuroblasts together with melanocytes are present in the quail trunk 
neural crest (Sieber-Blum, 1989c; Ito and Sieber-Blum, 1 99 1  ) .  

Pigment cell precursors were found to differentiate in cultures of various 
types of ganglia such as DRG from E5 chick embryos (Cowell and Weston, 
1970; Nichols and Weston, 1977; Nichols et al., 1977). These melanocytes are 
likely to be derived from remaining pluripotent precursors. 

In fact, Sieber-Blum et al. ( 1993) demonstrated by their cloning technique 
that pluripotent progenitor crest cells still exist in several sites of the embryo at 
advanced stages of migration. Thus, some progenitors that had colonized the 
skin could, in clonal cultures, give rise to pigment cells associated with sensory 
and adrenergic neurons. Also of interest in the present context is the fact that 
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neuron/pigment cell progenitors were found at stage 29 of Zacchei ( 1 96 1 )  in the 
DRG and sympathetic ganglion anlagen. In contrast, neural crest cells which 
migrate from the rhombencephalon to the branchial arches rapidly lose their 
ability to differentiate into pigment cells. This means that survival of pluri
potent precursors depends on the target site where neural crest cells migrate. 

A prolonged association with the neural tube that can be obtained in certain 
culture conditions was shown to favor the engagement of the just emigrating 
pluripotent crest cells toward the melanocytic differentiation pathway. In con
ditions that prevent cell dispersal (i .e., a non-adhesive substrate containing 
agar) and promote cell proliferation (i.e., with high levels of FCS (20%) and 
CEE (8%), Glimelius and Weston ( 198 1 )  obtained practically one single 
phenotype in crest cultures from quail embryos. Forty-eight hours after 
plating, crest cells formed clusters which remained at the surface of the neural 
tube, each containing several thousand cells. Most of these cells differentiated 
into melanocytes upon cultivation for another 3-5 days. 

If such clusters were subjected to the influence of TGF,B, there was a 
dramatic decrease in the number of melanocytes arising in culture, regardless 
of the onset or duration of TGF,B treatment. 

In contrast, some neural crest-derived cells from quail DRG and peripheral 
nerves (Schwann cells) treated in culture with 1 2-0-tetradecanoylphorbol 
1 3-acetate (TPA) are able to differentiate into melanocytes (Ciment et al., 
1 986; Kanno et al. , 1987; Stocker et al., 1 99 1 ). Similarly FGF2-induced 
pigmentation in about 20% of such cultures. TPA and FGF2 can act 
synergistically on pigmentation of glial cell cultures, an effect which is 
antagonized by TGF,Bl (Stocker et al., 1 99 1 )  and was later shown to be 
mediated via an autocrine pathway (Sherman et al., 1 993; also see discussion 
in Chapter 7). 

6.5 Spotting mutants in mouse reveal the nature of growth 
and survival factors for melanocytic precursors 

Mutations affecting the development of integumental melanocytes while hav
ing no effect on eye pigmentation are generally referred to as "spotting 
mutants." The loci responsible for these mutations act on melanocytic precur
sors early in their developmental history and their dysfunction results in either 
local or global loss of skin pigmentation. According to Silvers ( 1979), these loci 
include Lethal spotting, Belted, Dominant spotting, Patch, Rump-white, Steel, 
Flexed tailed, Splotch, Varitint-waddler, Mottled, Microphthalmia, Fleck, and 
Belly spot and tail. Some have been characterized to some extent at the mole
cular level while for others no molecular data are available (Chabot et al. , 1 988; 
Geissler et al., 1 988; Copeland et al., 1990; Huang et al., 1 990; Zsebo et al., 
1990a,b; Epstein et al., 1 99 1 ;  Stephenson et al., 199 1 ;  Hodgkinson et al., 1993; 
Greenstein-Baynash et al., 1 994; Hosoda et al., 1 994; Levinson et al., 1994; 
Nagle et al., 1 994). Some of the mutants, which are particularly relevant for 
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understanding the development of pigment cells, will be discussed in this 
chapter. 

6.5.1 Dominant spotting (W) and Steel (SI) mutants 

Among the many mutations known in the mouse that interfere with the normal 
sequence of pigment cell development (see Deal, 1 973), Dominant spotting ( W), 
identified by Little ( 1 9 1 5), and Steel (Sf), first described by Sarvella and Russell 
( 1956), are of particular interest because of the association of the pigment 
defect with macrocytic anemia and deficiency of primordial germ cells. It has 
been shown that the failure in melanocyte development and the anemia in the 
W mutants result from a defect affecting the melanoblast and the hemopoietic 
cells themselves. In the case of SI, in contrast, it is the tissue environment into 
which both presumptive pigment and blood cells have to home in order to 
differentiate that is responsible for producing the abnormalities (see Russell, 
1 979, and Silvers, 1 979). 

Twenty-seven independent alleles of W (located on chromosome 5) and at 
least 50 of the SI (on chromosome 10) loci have been recognized (see Lyon and 
Searle, 1 990). 

Pigmentation and inner ear colonization by melanocytes are affected in 
animals carrying alleles at the W locus. The characteristic spotting pattern of 
W heterozygotes varies in the extent and locations of the white areas, which in 
all cases are limited by clear-cut boundaries between pigmented and non
pigmented regions (Geissler et al. , 1 98 1 ). In contrast, in SI heterozygotes the 
coat color shows a slight dilution of the pigment with, however, unpigmented 
feet and tail tip (Sarvella and Russell, 1956). Severely affected, but viable, 
mutants of either strain (e.g., W/ W and Sl/Sr1) are not distinguishable with 
completely white coat and black eyes in which the retina is pigmented, while 
the choroid and the skin are totally devoid of pigment cells (Bennett, 1 956; 
Market and Silvers, 1 956). 

The fact that in W mutants the defects observed reside in the three affected 
cell types (melanoblasts, primordial germ cells, and hemopoietic stem cells), 
whereas in SI mutants it is the microenvironment in which these cells differ
entiate which is affected, suggested that the genes of these loci respectively 
encode a receptor and its ligand (Russell, 1979). 

6.5.1 .1  W encodes a tyrosine kinase receptor. The discovery that W encodes a 
tyrosine kinase receptor was made possible thanks to the isolation of the v-kit 
oncogene as the transforming gene in a new strain of feline sarcoma virus 
(Besmer et al. , 1986). The human c-kit proto-oncogene was thereafter cloned 
and characterized by sequence homology. The deduced amino-acid sequence of 
c-kit reveals a transmembrane receptor molecule structurally related to the 
receptors for CSF- 1 and PDGF, with a tyrosine kinase cytoplasmic domain 
and an extracellular region containing five immunoglobulin (Ig)-like domains 
(Yarden et al., 1987; Qiu et al., 1988). 
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It was then found that c-kit is the product of W (Chabot et al., 1 988; 
Geissler et al., 1988). The distinct W phenotypes, related to all the examined 
W alleles, result from a deficiency in c-kit-associated kinase activity due to 
various types of mutations. The latter can be due either to the disruption of 
the gene by genomic rearrangements or missense mutations that replace one 
amino acid in the c-kit protein product (Reith et al., 1 990; Tan et al., 1 990). 
Mutations that confer reduced levels of an apparently normal protein produce 
wild phenotypes in the heterozygotes. In contrast, mutations that impair the 
kinase activity of c-kit give more strongly dominant heterozygous phenotypes. 
This suggested that coexpression in the same cell of normal and defective c-kit 
proteins alters signal transduction by the normal protein. This can be 
accounted for by the fact that the c-kit receptor functions in a homodimeric 
form and that heterodimers of a wild-type and a functionally inactive receptor 
are unable to transduce the signal. 

Further studies revealed that the c-kit gene is also present in all the other 
vertebrate species where it was looked for (e.g., rat, chick, quail, etc.; 
Tsujimura et al. , 1 99 1 ;  Sasaki et al., 1993; Lecoin et al., 1995). 

6.5 .1 .2 Identification of the SI gene. The gene of the SI locus was cloned 
simultaneously by several groups using different approaches based on the 
various biological activities of the protein it encodes (Anderson et al., 1 990; 
Huang et al. , 1 990; Martin et al., 1990; Williams et al., 1 990; Zsebo et al., 
1 990a). The murine gene is located on chromosome 10, where the SI locus 
has been assigned by genetic analysis. 

The protein encoded by the SI gene has been identified as a transmembrane 
molecule and as a secreted factor which consists of the first 1 64 or 1 65 amino 
acids of the extracellular domain encoded by the cDNA (Flanagan and Leder, 
1990; Nocka et al., 1990a; Williams et al., 1990; Zsebo et al., 1 990a,b). 
Alternative splicing and proteolytic cleavage of the transmembrane protein 
have been found to be responsible for generating the soluble factor 
(Flanagan et al. , 1 99 1 ;  Huang et al., 1 992; Majumdar et al., 1 994). Several 
names have been coined to designate the secreted factor: stem cell factor (SCF), 
Steel factor (SF), kit ligand or mast cell growth factor (MCGF) (see Williams 
et al., 1 992, for a review). 

Mice that lack the membrane-bound form of SF are severely affected by the 
mutation (Flanagan et al., 1 99 1 ;  Brannan et al., 1 992). This suggests that short
range cell-to-cell signaling mediated by c-kit/SF is critical for the development 
of the cell types (i.e., primordial germ cells, hemopoietic stem cells and mela
noblasts) affected by the SI or W mutations. 

6.5 .1 .3 Expression pattern of SI and W genes. As expected, St and W genes 
show a complementary expression pattern during development with the cells 
affected by the mutations expressing c-kit, whereas the tissues forming the 
environment in which they differentiate express the St gene which encodes 
the kit ligand. 
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In the mouse, the first few cells expressing c-kit mRNA are detected dorsal 
to the somites within the migratory pathway of neural crest cells at E l O, 
approximately 24--36 hours after crest cells emerge from the neural tube. As 
development proceeds, c-kit-positive cells appear in more and more ventral 
locations of the dermis, and starting from E l 3 .S some are already observed 
in the epidermis. Labeled cells become more numerous in these two sites at 
E l S.S and E l 9.S .  At these stages, however, presumptive melanoblasts which 
are still devoid of pigment could not be distinguished from mast cells, known to 
express c-kit and to be located in the dermis. At birth, these labeled cells were 
frequent in the dermis, epidermis, and hair follicles (Manova and Bachvarova, 
1 99 1 ). 

SI expression is first detected in the somitic compartment that is the pre
cursor of dermis at a time preceding the influx of pigment cells. At E l 3  when 
melanoblast colonization is recently completed in the forelimb, high levels of SI 
transcripts are found in mesenchymal cells underlying the epidermis. The same 
pattern is observed at E l S .S  when melanoblasts are in the process of prolifer
ating and differentiating (Keshet et al., 199 1 ). A role for SF in melanocyte 
differentiation was further suggested by the finding that in transgenic mice SI 
regulatory sequences conferred expression of a Lacz reporter in the dermal 
papillae of hair follicles (Yoshida et al., l 996a). 

In the avian embryo, the pattern of expression of c-kit in the neural crest 
cells could be precisely defined through the joint use of in situ hybridization 
using the c-kit probe and the quail-chick chimera system to selectively labeling 
neural crest cells as they migrate and home to their various locations (Lecoin et 
al., 1 99S). 

It was first found that the neural crest cells migrating along the dorsoventral 
pathway do not express the c-kit gene. In the chick embryo the first c-kit
expressing cells are found at E4 under the superficial ectoderm in the dorsal 
mesenchyme lateral to the neural tube. They progressively invade more lateral 
areas between ectoderm and somite. By ES, the number of c-kit-positive cells 
have increased in subectodermal position while some have already migrated 
into the ectoderm itself. They reach the lateral limit of the dermomyotome at 
the end of ES. From ES on, some cells in the dorsal area of the dorsal root 
ganglion (DRG) were c-kit positive. This is in agreement with the in vitro 
studies of Carnahan et al. ( 1 994) who found that the Steel factor has a survival 
effect on mediodorsal DRG neurons. The mesenchyme of the branchial arches 
was also strongly labeled by the c-kit probe. 

In chimeric embryos in which a quail neural tube was grafted into a chick at 
the cervicotruncal level, quail neural crest cells located underneath the ecto
derm in the mediodorsal pathway of migration at E3 did not express c-kit. In 
contrast, most quail cells located in this position at E4 were c-kit-positive, thus 
confirming the observations made in the intact chick. Lecoin et al. ( 1 99S) also 
studied two pigmentation mutants: White Leghorn, a cell-associated mutant 
that involves melanocyte programmed cell death from E l 3  onward (Jimbow et 
al., 1 974), and the Silky Fowl, a strain of chickens which, in addition to the 
silky appearance of their feathers which retain the down structure in the adult, 
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also shows hyperpigmentation of the internal organs (Kuklenski, 1 9 1 5) .  Most 
tissues, including meninges, gonads, nerves, blood vessels, muscles, body wall, 
and periosteum, contain numerous melanocytes which pigment them from 
midincubation time onward. In contrast, the feathers are pigmented only tran
siently in the Silky Fowl embryo and remain white throughout life. The dermis 
and body wall are so heavily pigmented that the comb and wattles have a black 
color. Eastlick and Wortham ( 1946) showed that the internal pigmented cells 
are true neural crest-derived melanocytes and not melanin-storing macro
phages such as those encountered in certain forms of melanosis. Moreover, 
the pigment defect was shown to be due to an environmental factor and not to 
a cell-autonomous defect of melanocytes (Hallet and Ferrand, 1 984). 

The aim of this investigation was to see if the abnormalities in the pigmen
tation observed in these two mutants might be related to aberrant expression of 
c-kit and/or SI genes. Silky Fowl chick embryos were used as hosts for engraft
ing quail neural tubes at E2. Up to E5, the number and distribution of c-kit
positive cells was the same in Silky and wild-type chick embryos. From E5 
onward the number of c-kit-positive cells had increased significantly, princi
pally in chimeras (normal neural tube-grafted in Silky embryos); some of them 
had entered the ectoderm while others were still present in the underlying 
mesenchyme. In these chimeras, many c-kit-positive cells found around the 
dorsal aorta at E5 and E6 had quail-type nuclei, indicating that these c-kit
positive cells did not belong to the hemopoietic lineage but were melanoblasts 
of neural crest origin which had invaded that region of the Silky embryo at that 
stage. 

SI transcripts were first found at E3, in the notocord, the dorsal mesentery, 
the lateral plate mesoderm, the yolk sac, and amniotic mesoderm, but not in 
the embryonic ectoderm where they appear from E4 only (Fig. 6. 7). 

The complementarity of expression of c-kit and SI is particularly striking 
during development of down feathers. Down feathers start to develop in the 
chick at E8; SI mRNA is abundant in the epidermis and absent in the dermis. 
During the following days, as the feather germ elongates, SI mRNA becomes 
more abundant at the apex of the feather germ. In chimeric embryos, from 
E l 2, SI expression becomes restricted to the apical part of the feather filaments. 

In chimeric embryos the relationships between the melanoblasts (of quail 
origin) and the chick dermis and epidermis could be followed throughout 
feather development. In the dorsal pterylae, melanoblasts which have started 
to invade massively the epidermis from E5 onward are detectable in the whole 
surface of the epidermis in the E l l feather bud (Fig. 6.8). Those that are 
located at the sites where SI mRNA is the most abundant are already pigmen
ted, while those which are at the basis of the feather germs are not. When barbs 
and barbules start to develop (see Fig. 6.9) melanocytes are aligned at the basis 
of the barb ridges extending pigmented processes towards the periphery of the 
feather filaments as described by Watterson ( 1 942). Their cell bodies were 
strongly c-kit positive. While at E l l ,  the SI gene was still uniformly expressed 
by most epidermal cells, at E l 3  its expression was restricted to the outermost 
cells of the ridges (Fig. 6.9). One can propose that a concentration gradient of 
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Figure 6.7 St and c-kit expression in early chick embryos (HH24). (A, B) In situ 
hybridization with Sl probe on a normal chick. St expression is detached in the ectoderm 
and in the notochord (arrowhead). The signal is more intense in lateral than in dorsal 
ectoderm. (A) Bright-field; (B) dark-field. n, notochord; nt, neural tube; ao, aorta. (C-F) 
Comparison of c-kit expression pattern between wild-type embryos (C, D) and embryos 
of the Silky Fowl strain which is hyperpigmented (E, F). In both types of embryos, the 
c-kit-positive cells (arrowheads) are distributed in the ectoderm and the underlying 
mesenchyme (arrowheads). They are much more numerous in the Silky Fowl embryo 
where many c-kit-positive cells (arrowheads) are distributed in the ectoderm and the 
underlying mesenchyme (arrowheads). They are much more numerous in the Silky Fowl 
embryo where many c-kit-positive cells are also distributed around the dorsal aorta. (C, 
E) Bright-field; (D, F) dark-field. Bar = 24 µm. (Reproduced, with permission, from 
Lecoin et al., 1 995.) 
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Figure 6.8 SI expression associated with Feulgen-Rossenbeck staining showing quail 
cells of neural crest origin in a quail-chick chimera. SI expression in a feather bud of a 
quail-chick chimera at the beginning of melanogenesis. A quail neural tube was grafted 
in a l 5ss embryo isotopically and isochronically at level of somites 8-14. Fixation was 
performed at E l  I (HH 37). (A) In situ hybridization with a radioactive SI riboprobe on 
a feather bud of the dorsal pteryla. SI is mainly expressed in the epidermis of the top of 
the bud and is no longer expressed in the rest of the skin epidermis. (B) Adjacent 
sections were subjected to Feulgen-Rossenbeck staining. The framed areas are enlarged 
in C, D, E. At the top of the feather bud, quail cells are pigmented (arrow in C), whereas 
quail cells at the basis of the feather bud are still undifferentiated (arrowheads). 
Bar = 1 7 µm. (Reproduced, with permission, from Lecoin et al., 1995.) 

For a colored version of this figure, see www.cambridge.org/978052 JI 22252. 

Steel factor (SF) is thus created along which the differentiating melanocytes 
extend their processes. At E l  7-1 8, c-kit and SI expression were extinguished in 
the feather filaments while epidermal cells and melanocytes were dying. 

Comparison of c-kit and SI expression in normal chicken (JA57 strain) and 
mutant White Leghorn and Silky revealed that, in both strains, expression of SI 
is similar to that observed in the wild type. Cells positive for c-kit were present 
but in smaller number than in other breeds in the E9-l 1 skin. They had dis
appeared at E 14 in the White Leghorn and were, in contrast, very numerous in 
Silky embryos particularly in internal organs where they are not encountered in 
the wild-type chicken (Fig. 6.5). As a conclusion of this comparative study of 
wild-type and Silky mutant chick embryos, it appears that an abnormal 
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Figure 6.9 Top: Schematic drawing of a down feather modified from Watterson ( 1942). 
The melanocytes (m) are located at the inner side of the barb ridge (B) and deliver their 
pigment granules to the outermost barbule cells (Bbu). C, calamus. Bottom: 
Complementary expression pattern of c-kit and SI in the developing feather. In situ 
hybridization with c-kit and SI radioactive riboprobes on El3  feathers sectioned 
transversally. (A) Melanocytes expressing the c-kit gene are located at the basis of the 
barb ridge, whereas SI is expressed by the barbule cells at the periphery of the feather 
(B). It is therefore conceivable that the Steel factor attracts the melanocyte processes 
towards the outermost aspect of the barb while they deliver pigment to the barbule cells. 
Thus, the c-kit/Steel system is likely to play a role in the transfer of the melanosomes 
from the melanocyte to the keratinocyte. Bar = 26 µm. (Reproduced, with permission, 
from Lecoin et al., 1995.) 

For a colored version of this figure, see www.cambridge.org/978052 I I 22252. 

production of SF is not responsible for the increase and spreading of 
melanocytes in the Silky Fowl strain. 

6.5. 1.4 Functional studies on the Sl/c-kit signaling pathway in the melanocytic 
lineage. The role of c-kit during melanocyte development was first investigated 
in vivo in the mouse by the administration of an anti-c-kit blocking antibody 
(ACK2 Mab) to pregnant mice at different stages of pregnancy (Nishikawa et 
al., 199 1 )  and by observing the distribution of ACK2-positive cells in the skin 
of embryos at different stages (Yoshida et al., l 996a). Moreover, the blocking 
antibody supresses the c-kit/SF signaling process and eventually has a lethal 
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effect on the cells depending on this signal for their survival. This effect of 
ACK2 antibody on survival of melanoblasts could then be related to the 
defects in pigmentation pattern observed after birth for the various experimen
tal paradigms considered. Yoshida et al. ( l  996b) could demonstrate that the 
c-kit/SF signaling pathway is particularly critical for melanoblast survival 
when they proliferate actively in the dermis upon entering into the epidermis. 
Thus administration of the antibody to the mother at around 1 3 .0 dpc depletes 
melanocytes totally over the entire skin area. Thereafter, proliferation of the 
cells when they have homed to the epidermis is still dependent on a functionally 
active c-kit signaling system. In contrast, integration of melanoblasts into hair 
follicles makes them resistant to the anti-c-kit Mab. Such a resistant stage was 
also identified before melanoblasts enter the epidermis. Thus, differentiating 
melanoblasts go through alternating c-kit-dependent and c-kit-independent 
stages and SF functions as a survival factor for proliferating melanoblasts. 

Comparative studies involving normal mice and Sf/ Sf mutants in which 
membrane-bound SF is missing (Steel et al. , 1 992) were essential in delineating 
the respective role of the soluble and the membrane-bound forms of SF. The 
TRP-2 probe was used in in situ hybridization to identify melanoblasts in the 
developing inner ear. In normal mice, TRP-2 was found to detect migratory 
melanocytes and their precursors as early as E l O, while in Sf/Sf mutants 
TRP-2 expressing cells were found at E l l only and in reduced number. 
From E l 2  onwards, very few melanoblasts could be detected in the mutants 
and none after birth (Steel et al., 1 992). Wehrle-Haller and Weston ( 1 995) have 
shown that the soluble ligand for c-kit induces dispersion of the earliest mel
anoblasts into the dorsolateral pathway to the skin, while its membrane-bound 
form is necessary for supporting migration within this pathway. 

The period when cells of the melanocytic lineage require SF was further 
investigated by Morrison-Graham and Weston ( 1993) using in vitro cultures of 
murine neural crest cells. It turned out that survival of neural crest-derived 
melanoblasts requires SF for a critical period which begins only after the 
second day of cell dispersal in vitro and lasts for about 4 days, ending when 
pigment cells differentiate. It was also demonstrated that, although differentia
tion does not seem to require SF, this process may be enhanced by extended 
exposure to high levels of SF in vitro (Morrison-Graham and Weston, 1 993). 
These results are in agreement with those previously showing that SF is 
required for the maintenance of murine melanocytes (Murphy et al. , 1 992). 
The fact that the W mutation impairs the survival of melanocytes was elegantly 
confirmed by Huszar et al. ( 199 1) .  These authors showed that microinjection of 
cultured C57B16 neural crest cells into W embryos resulted in chimeras which 
displayed extensive pigmentation throughout, often exeeding 50% of the coat. 
In contrast, similar injection to Balb/c albino mice in which unpigmented 
melanocytes are present in the skin, yielded only very limited donor cell pig
ment contribution. This stresses the fact already mentioned above that only a 
definite number of melanoblasts can colonize the epidermis. Experiments car
ried out in vitro with quail neural crest cells also showed that chicken recom
binant SF has a rather modest effect on neural crest cell proliferation but 
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promotes the survival and differentiation rate of melanocytic precursors 
(Lahav et al., 1 994). Therefore, all the results available clearly indicate that 
the c-kit/SF signaling pathway is required for the survival and differentiation 
of melanocytic precursors in the embryonic skin after neural crest cell migra
tion has started. 

6.5.2 Piebald lethal (s1) and lethal-spotted (ls) mutants 

Piebald ( s locus, chromosome 14) is a recessive mouse mutation that has long 
been known. Homozygotes have dark eyes and show irregular white spotting 
of the coat, especially on the belly, sides and back. The white areas of the coat 
are completely devoid of melanocytes. There is a reduction in the number of 
melanocytes in the choroid layer of the eye. In addition, homozygotes may 
develop megacolon which is always associated with lack of ganglion cells in the 
distal portion of the colon. Mice with a more severe mutation at the piebald 
locus, piebald lethal (s1), have dark eyes and an almost completely white coat 
with pigmented hair restricted to small areas on the head and base of the tail. 
All s'/s' homozygotes develop megacolon. They usually die at about 2 weeks of 
age, but some live a year or more and may breed (Lyon and Searle, 1 990). By 
explantation of embryonic tissues, consisting in the association of neural tubes 
and skins from wild-type and s/s mice, Mayer ( 1 965) concluded that the pri
mary cause of spotting in piebald lies in the neural crest. 

Another recessive mutation with a phenotype similar to that of s1 mice is 
lethal spotting (ls locus on chromosome 2). Lethal spotting mice usually die in 
the third week of life; however, some survive and are fertile. Homozygotes have 
considerable white spotting and megacolon. As in piebald lethal, the most distal 
portion of the bowel is aganglionic in ls/ls mice. The absence of the intrinsic 
reflexes of the enteric nervous system in the terminal gut causes dilatation of 
the normally innervated bowel proximal to the aganglionic region, thus form
ing a megacolon. The colons of these mice resemble those of human patients 
with Hirschsprung's disease, in which aganglionosis also occurs (Gershon, 
1995, for a review). By tissue recombination experiments, Mayer and Maltby 
( 1964) concluded that the ls mutation exerts its effect on pigmentation 
by reducing the number of melanoblasts. Since melanoblasts and intrinsic 
ganglion cells are both neural crest derivatives, it is possible that ls acts by 
causing defective migration or function of these cells or by reducing their 
number. The possibility that the ls gene acts by causing an intrinsic abnorm
ality of the terminal 2 mm of the gut has also been proposed (Rothman and 
Gershon, 1 984; Kapur et al., 1 993; Rothman et al., 1 993a). The discovery of 
the genes involved in these mutations was a determinant factor in increasing 
the knowledge about the mechanisms involved in these abnormalities. 

6.5.2.1 The s1 and ls loci encode a receptor and its ligand. The breakthrough in 
the study of the developmental abnormalities characteristic of the s' and ls 
mutants came with the demonstration by Yanagisawa and his colleages that 
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the wild-type genes allelic to these mutations are encoding a G-coupled hepta
helical receptor: endothelin receptor type B for endothelins, EDNRB for s', 
and its ligand endothelin-3 (EDN3) for ls. Moreover, related defects referred to 
piebaldism associated with megacolon (or Waardenburg type 2 Hirschsprung 
phenotype also called Shah-Waardenburg syndrome) in humans carry muta
tions at corresponding loci (Puffenberger et al., 1 994; Edery et al., 1996; 
Hofstra et al., 1996). 

The endothelins- 1 ,  2, and 3 (EDN l ,  EDN2, and EDN3) are a family of 
2 1 -amino-acid peptides that activate one or both of the two heptahelical, G 
protein-coupled endothelin receptors A, and B (EDNRA, and EDNRB). 
EDNRA exhibits different affinities for endothelin peptides with the highest 
affinity for EDNl and very low or no affinity for EDN3 (Yanagisawa, 1 994). 
EDNRB accepts all three peptides equally (Sakurai et al., 1 990) (Fig. 6. 10). 

Endothelins are each produced from large polypeptide precursors which are 
first cleaved by furine protease(s) to yield biologically inactive intermediates 
called big endothelins. Big endothelins which contain 38-41 amino acids 
are further processed at a tryptophan residue (Trp-21 site) by endothelin
converting enzymes (ECE) (Xu et al., 1994). This second cleavage produces 
the active 2 1 -residue mature forms of endothelins (Fig. 6. 1 0). 

Targeted mutations of EDN3 and EDNRB genes in the mouse reproduced 
the phenotypes of ls and s' mutants, respectively (Greenstein-Baynash et al., 
1994; Hosoda et al., 1 994). It thus appears that both the ligand EDN3 and its 
receptor EDNRB are necessary for the development of neural crest-derived 
melanocytes and nerve cells in the terminal bowel. Moreover, the striking 
similarity of the phenotypes of mice deficient in either EDN3 or EDNRB 
suggests that the absence of EDN3 is sufficient to reproduce EDNRB null 
phenotype and that EDNl and EDN2 do not play a major role in the devel
opment of these two cell lineages. 

6.5.2.2 Functional studies on the EDN3/EDNRB signaling pathway in neural 
crest cells. In vitro culture assays and the construction of tetraparental mice 
were applied to the problem of the mechanism of action of EDN3 on pigment 
cells and enteric ganglion cell development. The well-established in vitro culture 
systems of quail neural crest cells was used by Lahav et al. ( 1 996). Addition of 
EDN3 to a basic culture medium was found to promote the increase in cell 
number per culture by a factor of 75 at day 5 of culture at a concentration of 
100 nM. The increase in cell proliferation is detectable from day 1 of cultiva
tion and accompanied by a delay in cellular differentiation as evaluated by the 
percentage of pigmented melanocytes and of cells expressing the premelano
cytic MelEM marker. In the first 3 days of culture, EDN3 inhibited the appear
ance of MelEM-labeled cells in a dose-dependent manner. By day 1 6, the 
proportion of MelEM-labeled cells (incubated with 100 nM EDN3) reached 
90%, while only 5% of the cells in control cultures were labeled (Fig. 6. 1 1 ) .  The 
same effect of EDN3 on melanogenesis was also revealed by evaluating the 
proportion of pigmented cells grown for different periods of time in culture 
(Fig. 6. 1 1 ) .  From day 10 to day 1 6  the culture containing EDN3 became 
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Figure 6.10 Endothelins and endothelin receptors. Endothelins are a family of three 
peptides (EDNI ,  EDN2, EDN3) that are cleaved from large precursors by the 
endothelin converting enzyme (ECE). The receptors (EDNR) have been identified in 
mammals: EDNRA which binds preferentially EDNI ,  and EDNRB which binds any of 
the three peptides with the same affinity. These receptors belong to the G protein
coupled seven transmembrane domain protein family. (Reproduced, in part, from 
Yanagisawa et al. , 1988, with permission.) 

progressively pigmented. Finally, fully differentiated melanocytes aggregated 
forming a reproducible pattern with a network of pigmented cells surrounding 
islets of unpigmented but mostly Me!EM-positive cells (Fig. 6. 1 2) .  
Interestingly, the presence of EDN3 did not prevent the differentiation of 
other cell types such as  neurons and glia in  the culture. Similar results were 
obtained for mouse crest cells in culture (Reid et al., 1 996). 

The expression pattern of the EDN3 receptor was first investigated in the 
avian embryo. The quail homolog of the mouse EDNRB was cloned by Nataf 
et al. ( 1996) and its expression was found to take place in the neural fold as the 
neural tube begins to close. Neural crest cells express this receptor as they take 
the dorsoventral migration pathway at E2 and E3 in both quail and chick. 
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Figure 6.1 1  Quantification of EDN3-induced changes at different time points in 
cultures of quail neural crest cells. Cultures in enriched medium with different EDN3 
concentrations were analyzed during a culture period of 16 days. (A) Total cell numbers. 
(B) Cell proliferation was determined by the proportion of cells incorporating BrdU. (C) 
Proportion of premelanocytes labeled by the MEIEM MAb. (D) Proportion of 
melanocytes. Significant differences are indicated by the presence of an asterisk at the 
top of the column. (Reproduced, with permission, from Lahav et al., 1996. Copyright 
( 1996) National Academy of Sciences, U.S.A.) 

Neural crest-derived structures such as DRG, sympathetic ganglia (SG) and 
plexuses, adrenal glands, and the enteric ganglia continue to express the 
EDNRB receptor at least up to midincubation time, the latest stage observed 
(Fig. 6 . 1 3). The cells which take the dorsolateral pathway, the fate of which is 
to give rise to the skin melanocytes, express EDNRB as long as they remain in 
close contact with the neural tube in the so-called "staging area" (Loring and 
Erickson, 1 987; Erickson et al., 1 992). In contrast, when they invade the sub
ectodermal pathway the neural crest cells, recognizable by the fact that they 
express c-kit or are labeled by the MelEM Mab or carry the quail nuclear 
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Figure 6.12 Effect of EDN3 ( 100 nM) on neural crest cells cultured for 1 1  days in 
medium supplemented with serum and chick embryo extract. (A) control; (B) EDN3-
treated culture. Note the striking pattern of pigmented and unpigmented cells in B. 
Bar = 800 µm. (Reproduced, with permission, from Lahav et al., 1 996. Copyright ( 1996) 
National Academy of Sciences, U.S.A.) 

marker in quail-to-chick neural chimeras, do not express the EDNRB gene. A 
large majority of quail neural crest cells cultivated in vitro express EDNRB as 
long as they are not engaged in the melanocytic differentiation pathway. None 
of the cells carrying pigment granules were found to contain detectable 
amounts of EDNRB mRNA (Nataf et al., 1 996). This observation was incon
sistent with the fact that EDN3 not only stimulates the proliferation of neural 
crest cells, but also strongly enhances their differentiation into melanocytes 
(Lahav et al., 1 996). This paradox was solved by the discovery by Lecoin et 
al. ( 1 998b) that, in birds, premelanocytes express a different type of EDNR, 
referred to as EDNRB2, which is strongly induced in neural crest cells cultured 
in conditions that favor melanocytic differentiation (e.g., addition of EDN3 at 
100 nM concentration or high content ( 10%) of chick embryo extract to the 
culture medium). Interestingly, EDNRB2 is expressed exclusively by the neural 
crest cells which take the dorsolateral skin migration pathway. Activation of 
the EDNRB2 gene takes place at about the time when the neural crest cells 
start to express c-kit (Fig. 6 . 14). 

The question as to whether EDNRB2 is also present in mammals has not yet 
received a response. 

6.5.3 Respective roles of c-kit/SF and EDNRB-B2/EDN3 
signaling systems on pigmentation 

The available data reviewed above indicate that EDN3 acts on neural crest 
cell expansion as they are still in the neural fold, when they migrate along the 
dorsoventral pathway, and as they invade the large field constituted by the 
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Figure 6.13 EDNRB expression in the enteric nervous system of the quail embryo. 
HNKI immunocytochemistry was combined with radioactive in situ hybridization on 
transverse sections of embryonic gut (duodenum) at E6. The bright-field view (A) shows 
the HNK l -positive plexuses; the epipolarization view (B) shows that the HNKl -positive 
cells express EDNRB whereas the gut wall mesenchyme and the endoderm do not. 
Bar = 60 µm. (Reproduced, with permission from Nataf et al., 1 996. Copyright ( 1996) 
National Academy of Sciences, U.S.A.) 

digestive tract. It is clear that a deficit in neural crest cell proliferation, 
related to the deficiency in the EDN3/EDNRB signaling pathway, leads to 
the incapacity of the precursors of the enteric nervous system to colonize the 
entire gut; hence the aganglionic/megacolon syndrome is observed in both i 
and r mice. 

The skin, like the gut, also constitutes a large field to be invaded by neural 
crest cells. Th.e important role of EDN3 in neural crest cell proliferation can 
also be invoked to explain spotting or total absence of pigmentation seen in the 
mice deficient for the EDN3/EDNRB pathway. 

As far as the c-kit/sl system is concerned, in vivo and in vitro studies point to 
the essential role of this pathway in ensuring survival of premelanocytes. 

Interestingly, the spotting patterns exhibited in the two groups of mutants 
( W and S1 on the one hand and s1 and f on the other) differ: in the former, the 
pigmented areas are scattered or diluted (with a mixture of pigmented and non
pigmented hair), while, in the latter, spotted areas have well defined margins. 
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Figure 6.14 Expression pattern of the two EDNRB subtypes identified in birds. 
Digoxygenin-labeled EDNRB (A, C, E, G) (reproduced, with permission, from Nataf et 
al. , 1996. Copyright ( 1 996) National Academy of Sciences, U.S.A.) and EDNRB2 (B, 
D, F, H) (from Lecoin et al., 1 988). Probes have been hybridized on cryostat sections of 
the same quail embryo. The results are summarized on the left. At E2, neural crest cells 
that migrate along the dorsoventral pathway ( I )  express EDNRB. There is no EDNRB 
labeling in cells taking the dorsolateral pathway (E, G). Neural crest cells migrating 
along this pathway (2) start to express EDNRB2 at E3 (F) and become more numerous 
at E4 (H). D, dermomyotome; Sc, sclerotome; NC, notochord; Ao, aorta; Mel, 
melanoblast; DRG, dorsal root ganglia; Sy.G, sympathetic ganglia; Ag, adrenal gland. 
Bar = 145 µm. 
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To explain spotting phenotypes, Mintz ( 1967) proposed that the whole coat 
pigmentation derives from 34 melanoblasts according to the maximum number 
of territories that she could observe in aggregation chimeras (see discussion 
above). Each melanoblast migrates and proliferates along the dorsolateral axis 
to populate a strip-like territory. Spots occur when the descendants of certain 
clones die, their progenitors being "preprogrammed" to die in the mutants 
(Mintz, 1 967). Since their death happens relatively late, other clones cannot 
expand to their territory and an unpigmented region occurs. 

Schaible ( 1969) examined spotting patterns in different mutants and 
observed 14 different spotting territories in the coat. He therefore suggested 
that there are 1 4  melanoblasts, each migrating to the centre of a territory and 
expanding. Spotting occurs when the early melanoblasts die or cannot expand 
to cover the depigmented area since this process is limited in time. Clones can 
expand before the tissue environment differentiates up to the point when it 
restricts pigment cell migration (Schaible, 1 969). 

To explain why spotting often takes place in selected areas of the skin, 
Mayer ( 1 977) suggested that there are natural differences in the distribution 
of melanogenesis-promoting substances in distinct tissue environments. Thus, 
in areas that are less favorable to melanogenesis, deficient melanoblasts will not 
survive, resulting in spotting. 

Assuming that in vivo EDN3 also leads to a large expansion of neural crest 
cells that will eventually differentiate into melanocytes would confirm the view 
put forward by Mintz ( 1967) and Schaible ( 1969) that very few precursors 
bearing the potentiality to give rise to melanocytes exist in the early neural 
crest cell population. These few precursors thus would need the action of the 
EDNRB/EDN3 receptor-ligand system to proliferate. Our data show that, in 
avians, between the stages at which melanoblasts require EDNRB and c-kit 
function, a large expansion in population size occurs. This conclusion agrees 
with experiments showing that murine EDNRB function is required before 
E I 0.5 .  At that stage, very few melanoblasts are detected in wild-type mice, 
and melanoblasts do not appear in the affected skin areas of SF mice which 
lack the membrane-bound form of SF (Pavan and Tilghman, 1 994). By the 
time c-kit is first needed in the mouse (El 1 .5) the dermis is already seeded with 
numerous melanoblasts (Wehrle-Haller and Weston, 1 995). 

Taken together, spotting in EDNRB or EDN3 mutant mice might occur 
according to the explanation provided by Schaible since the precursors are 
probably affected before they expand. In contrast, in mice deficient for c-kit 
or SF, the mechanisms that lead to spotting resemble more those described by 
Mintz where melanoblasts that are destined to die (either because they carry 
the mutation or because they are not provided with the SF ligand) first expand, 
but cannot survive when in the skin. These differences might result in the 
differences in the nature of spots. In EDNRB or EDN3 mutant mice, the 
spots have sharp margins since pigment cell precursors were eliminated early, 
resulting in the absence of all their descendants in a certain area of the skin. In 
contrast, in c-kit- or SF-deficient mice, melanoblasts are affected relatively late. 
At this stage, many melanoblasts are found in the dermis. Partial elimination of 
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melanoblasts would thus result in small distances among pigmented and unpig
mented hair. This corresponds of course to mutants in which penetrance of the 
mutation is not complete. In the latter case, the phenotype would be entirely 
unpigmented. 

The spotting pattern in mice bearing mutations in both endothelin and exit/ 
steel receptor-ligand system shares a similar character: in both cases it is the 
trunk region that is usually depigmented while the head and hindlimb regions 
often retain pigmentation. Interestingly, it was recently demonstrated that 
melanoblasts show an uneven distribution along the murine neuraxis. In 
early developmental stages, many more melanocytic precursors are found in 
the head and tail as compared to the trunk, consistent with the fact that those 
areas are often pigmented in spotted mice (Pavan and Tilghman, 1 994; Wehrle
Haller and Weston, 1 995). 

The different steps of melanoblast development and the result in terms of 
color pattern have therefore been fully explored in these mouse mutants. 
However, it has to be kept in mind that these processes might differ somehow 
among species. 

6.5.4 Dependence of melanocyte development on the Mitf basic 
helix-loop-helix-zipper transcription factor 

The murine microphtalmia gene (mi, now designated Mitf for microphtalmia
associated transcription factor) is a multi-allelic, classic coat-color gene that 
has been recently cloned from a transgenic insertional mutation at the micro
phtalmia locus in the mouse and human (Hodgkinson et al. , 1993; Hughes et 
al., 1 993; Hemesath et al., 1 994; Tassabehji et al., 1 994; Steingrimsson et al., 
1 994). It encodes a member of the large bHLH-Zip family of transcription 
factors which is exemplified by the proto-oncogene Myc or by proteins such 
as Mash- I and NeuroD, known as potent regulators of cell fate (Jan and Jan, 
1 993). The three conserved motifs that constitute this family are: the basic 
region, which recognizes a canonical CANNTG DNA-binding sequence, the 
HLH motif and the Zip motif. The HLH and Zip motifs participate in protein 
dimerization, a prerequisite for DNA binding. In other parts of the proteins 
there are sequences that are specific to individual members of the bHLH-Zip 
family. The Mitf gene has undergone multiple independent mutations in the 
mouse so that at least 2 1  different Mitf alleles have been identified (Mouse 
Genome Database, 1997). 

Most alleles of this gene ablate or severely reduce pigmentation and produce 
white belly spots when homozygous in mice. In addition to a role in pigmenta
tion, Mitf mutants have a number of pleiotropic phenotypes, such as small 
eyes, reduced eye pigmentation, retinal degeneration, early onset deafness, 
reduced mast and natural killer (NK) cell numbers, and osteopetrosis. 
Moreover, the human homologous gene (MITF) has been shown to be mutated 
in two families with Waardenburg's syndrome type II (WS2). Patients hetero-
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zygous for inherited WS2 show varying degrees of deafness and abnormal 
patchy hair, skin, and eye pigmentation. 

In mice homozygous for Mitf, the coat is white due to the absence of 
melanocytes. Thus, they differ from albino mice which carry a null mutation 
in the gene encoding for the enzyme tyrosinase (c), in which melanocytes are 
structurally normal except that they cannot synthesize melanins. 

Studies carried out in vivo and in vitro by Opdecamp et al. ( 1 997) have 
shown that neural crest cells located in the dorsolateral migration pathway 
express first Mitf together with a low level of the c-kit receptor. At that 
stage they are designated "melanoblast precursors." Such cells soon after 
express TRP2 and become "early melanoblasts." Finally, "late melanoblasts" 
are characterized by the following phenotype: they are MitI' , TRP2 + ,  and 
exhibit a high level of c-kit. 

In embryos homozygous for a Mitf allele encoding a non-functional Mitf 
protein, MitI' , and c-kit + cells were scarce and never acquired the TRP2 
marker. Later, the number of c-kit + cells was severely reduced. Wild-type 
neural crest cells in culture yielded rapidly Mitf, + c-kit+ cells. With time c
kit expression increased and typical melanocytes appeared in the culture. 
Addition of SF and EDN3 considerably increased the number of cells of the 
melanocytic lineage as already described in the quail by Lahav et al. ( 1 996) and 
by Reid et al. ( 1 996) for the mouse. Cultures from Mitf mutant embryos 
contained initially a number of Mitf, + c-kit + cells comparable to those of 
control cultures. However, in the mutant cultures c-kit expression did not 
increase with time and the cultures did not respond to SF and EDN3. 
Thereafter, Mift expression was lost. This suggests that the product of Mitf 
plays a crucial role in the transition between "melanoblast precursor" and 
"early melanoblast" stages. 

The fact that Trpl, Trp2, and also tyrosinase (c) genes might be targets for 
Mitf action is compatible with results of studies carried out on their promoter 
region. The pigmentation genes encoding tyrosinase (c) and tyrosinase-related 
proteins 1 and 2 (Trpl, and Trp2) both from human and from mouse have an 
1 1 -bp consensus sequence in the 5 '  promoter region, the M box, which con
tains a CATGTG bHLH factor-binding site. Cotransfection assays show that 
MITF can activate both the c (Bentley et al. , 1 994; Yasumoto et al., 1 997) and 
the Trpl (Yavuzer et al., 1 995) promoters. 

In conclusion, Mift appears to be a critical factor in melanogenesis. 

6.6 Some aspects of the hormonal control of pigmentation 

It is well established that pigmentation is regulated by several hormonal influ
ences (see Bagnara and Hadley, 1 973). Only recent data concerning this large 
physiological question will be discussed in some depth in this chapter. 

The mechanism responsible for pigment pattern formation which is largely 
under genetic control is still little understood. In amphibians, manifestation of 
adult pigmentation is regulated by thyroid hormones which, however, do not 
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determine the pattern of pigmentation itself but merely permit its expression. 
Prolactin and other steroids also act as potent regulators of pigmentation. 
Thus, prolactin has long been known to play a major role in bringing about 
the various changes occurring in second metamorphosis in newts (Grant, 
196 1 ), and sex hormones are responsible for the onset of adult bright pigmen
tation in amphibians and other vertebrates as well. They are also involved in 
the changes in pigmentation related to sexual activity. 

The major hormone regulating pigmentation is melanocyte-stimulating hor
mone (MSH). A significant contribution to its role in pigmentation in lower 
vertebrates has come essentially from work carried out in amphibians. 

6.6.1 Control of pigmentation by melanocyte-stimulating hormone 

It has long been known that pigmentation is to a certain extent under hor
monal control. One example of such an action is provided by the seasonal 
changes in fur color observed in arctic mammals, another by skin hyperpig
mentation consecutive to insufficiency of the adrenal gland in humans. The 
latter example is consecutive to increased production by the pituitary gland of 
the adrenocorticotrophic hormone (ACTH) derived by post-translational pro
cessing from a single polypeptide, proopiomelanocortin (POMC). Two other 
peptides derived from POMC are a- and y-melanocyte-stimulating hormones 
(a- and y-MSH, also designated melanocortin) (reviewed in Bertagna, 1994) 
which have a strong effect on pigmentation. 

6.6. J . 1  Regulation of pigment pattern in amphibians. One of the first indica
tions that hormone(s) of pituitary origin influence the development of pigment 
cells was provided by the fact that hypophysectomized Xenopus embryos yield 
larvae that possess many fewer melanophores than do their intact siblings. 
Moreover, such larvae have iridophores in areas of the integument where 
only melanophores normally occur. It was concluded that MSH stimulates 
melanocyte proliferation while inhibiting the differentiation of iridophores 
(Bagnara, 1957). Similarly, Pehlemann ( 1967) showed that high levels of cir
culating MSH in Xenopus larvae lead to the proliferation of melanophores and 
the darkening of the skin. Moreover, implants of pars intermedia in the nor
mally unpigmented lower jaw of Xenopus larvae induce the differentiation of 
melanophores at the vicinity of the graft (Bagnara and Fernandez, 1 993). Thus, 
it is clear that MSH exerts a positive effect on proliferation and differentiation 
of melanocyte precursors present in the skin during larval and adult stages in 
amphibians. 

The problem as to whether MSH affects early melanophore development 
was addressed directly by subjecting whole Xenopus and Pleurodeles embryos 
to MSH or cAMP during the first days of embryonic development. It was 
found that the number of melanophores in treated and untreated embryos 
was the same (Wahn et al., 1 976; Turner et al., 1 977). It was also shown that 
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MSH is not involved in the establishment of basic pigmentation patterns (e.g., 
spot patterns in Rana pipiens; Hanaoka, 1967). 

Although amphibian pigment patterns have long been studied on a number 
of different species, Xenopus laevis has recently become a widely used model 
system for such investigations. As in many vertebrates, adults of this species 
have a dorsoventral pigment pattern with a lighter pigmentation in the ven
trum than dorsally. In Xenopus laevis the back skin is darkly mottled by regions 
where melanocytes are present in high density, and a white ventrum devoid of 
melanocytes. In fact, developing melanocytes actually exist in the ventral skin 
of the larva where they can be evidenced by their dendritic morphology and 
dopa content, but they fail to differentiate (Ohsugi and Ide, 1 983; Fukuzawa 
and Ide, 1986). The ventral skin produces a melanization inhibiting factor 
(MIF) which was proposed to be responsible for the dorsoventral pattern 
(Fukuzawa and Ide, 1 988). This view was substantiated by the fact that MIF 
inhibits both outgrowth and melanization of neural crest cells cultured in vitro. 

In a continuing investigation, Fukuzawa and Bagnara ( 1989) demonstrated 
that MIF can override the stimulatory effects of MSH and of a melanizing 
factor present in the serum of frogs. They used a neural crest culture assay 
system similar to that initiated for quail neural crest cultures by Cohen and 
Konigsberg ( 1975). Based on this assay the partial purification of MIF could be 
performed from extracts of ventral skin of the Mexican leopard frog (Rana 
forreri). The partially purified MIF was used to generate an anti-MIF Mab 
with which it was revealed that MIF is localized in specific regions of the 
ventral integuments of adult frogs (Samaraweera et al., 1 99 1 ). Another inter
esting observation was that a factor present in the ventral skin (likely to be 
MIF) stimulates the differentiation of iridophores (Bagnara and Fukuzawa, 
1990). Recently Lopez-Contreras et al. ( 1996) showed that MIF has a bio
logical activity on mammalian melanocytes since it blocks the a-MSH effect 
on a mouse malignant melanoma cell line seemingly by interacting with the 
MSH receptor. It is therefore likely that MIF might be related to the Agouti 
protein (see below). This view is supported by the fact that the mammalian 
agouti protein inhibits the dispersion of melanophores in the Xenopus neural 
crest cell culture assay (Oilman and Barsh, 1 996). 

Factors which increase the melanization process have also been demon
strated in the dorsal skin, such as an intrinsic melanization-stimulating activity 
present in leopard frogs (Mangano et al., 1 992) (also found in mammalian skin, 
see below). A similar factor extracted from catfish skin has been designated 
MSF (melanization-stimulating factor) (Johnson et al., 1 992; Zuasti et al., 
1 992). Apparently MSF activity is especially concentrated in the dorsally 
located black spots of the skin of Rana pipiens (Mangano et al., 1992). A 
similar activity was found in the pigmented skin of the teleost Sparus auratus 
(Zuasti et al., 1993). 

While comparative studies on putative intrinsic pigmentary factors present 
in the skin of various vertebrates is interesting, of more immediate significance 
are recent discoveries concerning the basis for pigment pattern determination 
in mammals. Thus, important progress in our understanding of the mode of 
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action of MSH in pigment pattern was brought about by the identification of 
certain genes affecting coat color in the mouse. 

6.6.2 Coat color mutants in mice show that skin and hair 
pigmentation is regulated by endocrine and paracrine mechanisms 

In mice, nearly 100 genes that affect coat color have been identified. Many coat 
color variants have been selected in Europe and Asia by mouse fanciers who 
prize animals with unusual or striking color variations in their pelage for their 
beauty and singularity. Such is the case for color variants such as brown, silver, 
pink-eyed dilution, and yellow (see Silver, 1 995). The various colors depend on 
the distribution of the two basic pigments produced by melanocytes, eumelanin 
and pheomelanin. Fancy mice were among the initial tools used early in this 
century to create inbred strains whose development laid down the grounds for 
much of mammalian genetics. In spite of the long history of the classical 
genetics of mouse coat color, it is only in the recent years that a certain number 
of color genes have been isolated and the proteins they encode characterized. 

The relative amounts of eumelanin and pheomelanin in the melanocyte are 
controled primarily by two loci in mammals: extension and agouti. The exten
sion locus, known in many mammalian species (Searle, 1 968a,b), increases 
brown/black pigment when dominant and when recessive blocks eumelanin 
synthesis, thereby extending the incidence of red/yellow pigment. The cloning 
of the genes of the extension and agouti loci has provided an explanation for 
their interaction and has revealed that the extension encoded gene is involved in 
an hormonal control of pigmentation. In contrast, the protein product of 
agouti acts in a paracrine manner. Previous experiments had established that 
the extension locus acts on the melanocytes residing within the hair follicle, in a 
cell autonomous manner, to determine whether pheomelanin or eumelanin is 
synthesized (Geschwind, 1 966; Geschwind et al., 1972; Lamoreux and Mayer, 
1975), whereas the agouti locus acts within the cells of the hair follicle sur
rounding the melanocytes to control eumelanin synthesis both spatially and 
temporally (Silvers and Russel, 1 955). 

It has been found in the recent years that MSH activity on pigmentation is 
mediated in humans by the melanocortin-1 receptor (MC l R), a seven trans
membrane G protein-coupled receptor expressed by melanocytes. Activation of 
MC I R  produces elevated levels of intracellular cAMP (Mountjoy et al., 1 992), 
and triggers the pathway leading to melanin synthesis. Classically, POMC
derived peptides are considered as pituitary hormones. However, they have 
been shown to be produced also in the mammalian brain and in a variety of 
peripheral tissues, including the gastrointestinal tract, the reproductive organs, 
and in cells of the immune system (see Wintzen and Gilchrest, 1 996, for a 
review). More recently, POMC-derived peptides have been found in mamma
lian epidermal cells, including human keratinocytes (Slominski et al., 1992; 
Farooqui et al., 1 993), and even in melanocytes. POMC transcripts were 
detected first in human and rodent melanoma cell lines and more recently 
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also in UV-stimulated human melanocytes. All these cells were found to con
tain a-MSH peptide and ACTH immunoreactivity (reviewed by Wintzen and 
Gilchrest, 1 996). 

A great deal of interest in the MSH receptor MC I R followed the discovery 
that a loss-of-function mutation in the mouse of the the Meir gene is respon
sible for the long-known mutation recessive yellow (Robbins et al., 1 993). 
Formerly designated e, recessive yellow is one of several alleles at the extension 
locus. Recessive alleles diminish the amount of black pigment while extending 
that of yellow pigment as in the nonextension of black (e) rabbits, mice, and 
dogs (Robbins et al. , 1 993), or in the red fox (Adalsteinsson et al., 1 987). 

Mutations of the MCI R gene have been detected in red-haired human 
subjects as well as in mice with yellow hair. Eight of the nine human MCJR 
variants lie within the N-terminal domain of the protein. It is likely that the 
mutations prevent normal receptor signaling, but it is not clear whether the 
alterations in MCIR proteins affect membrane insertion, ligand binding, or 
interaction with intracellular effectors. As in the case of other G protein
coupled receptors, allelic variation of the Meir can result either in an increase 
or in a decrease in the signaling efficiency. Thus, alterations of the mouse M cl r 
have been found which lead to hyperactive or constitutively active receptors 
responsible for graded degrees of hyperpigmentation such as in mice carrying 
the sombre, sombre3-J, and tobacco alleles. Dominant extension locus alleles are 
thought to be responsible for some examples of uniform brown or black pig
mentation, such as those found in the rabbit, or in the melanic forms of cats, 
and in the black leopard, Panthera pardus (Robbins et al., 1993). 

6.6.3 Paracrine control of pigmentation 

The incidence of the "fire red" hair phenotype in human with a normal MCI R 
gene indicated that other factors interfere with eumelanin synthesis. One 
answer to this problem was provided by the discovery of the Agouti protein, 
a novel paracrine signaling molecule that inhibits the effect of melanocortin 
signaling. Thus, the most obvious color pattern in rodents which varies accord
ing to position along the dorsoventral axis results from regional expression of 
the agouti gene (reviewed by Silvers, 1979). The accumulated evidence indicates 
that the constitutive expression of the agouti gene results in yellow hairs, lack 
of expression results in black hairs, modulation of expression results in the 
switch from black to yellow to black pigment as seen in the wild-type agouti 
whose phenotype is a single subapical band of phaeomelanin on an eumelanin 
hair. In animals which carry the wild-type white bellied agouti (Aw) allele, nearly 
all the dorsal hairs are banded, but ventral hairs are entirely yellow, or cream
colored. 

In fact, the agouti gene controls the deposition of yellow and black pigment 
in developing hairs. Dominant alleles, like lethal yellow (AY), result in the 
exclusive production of yellow pigment, and inhibition of eumelanin. While 
the homozygous (AY/AY) condition is lethal, heterozygotes (AY/a) exhibit 
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pleiotropic effects including yellow coat color, insulin-resistant diabetes, a ten
dency to develop tumors, obesity, and increased somatic growth (for review see 
Herberg and Coleman, 1977). AY was the first recognized obesity gene 
(Danforth, 1927; for review see Herberg and Coleman, 1 977), and the oldest 
known embryonic lethal mutation (Cuenot, 1 908; Castle and Little, 19 10). 

About 1 9  distinct phenotypic classes of agouti mutations have been 
recorded, and alleles of several classes have arisen many times (Dickie, 1969; 
Cattanach et al. , 1987; Siracusa, 199 1 ). Besides dominant alleles, such as lethal 
yellow (AY), that are associated with excessive production of pheomelanin, 
some recessive alleles are characterized by the production of eumelanin but 
not pheomelanin: non-agouti (a), lethal non-agouti (aa),  non-agouti lethal (a1), 
and extreme non-agouti (ae). In a wild-type background, aa /a and a/a mice are 
mostly black, and a1/ae or ae/ae mice are completely black (Papaioannou and 
Mardon, 1983; Lyon et al., 1985). 

Transplantation experiments in which melanocytes from one mouse strain 
are allowed to migrate into the developing hair follicles of another have shown 
that the banded pattern is determined by the agouti genotype of the skin, and 
not of the melanocytes (Silvers and Russel, 1 955; Silvers, 1 958a,b). 

Cloning of the agouti gene (Bultman et al., 1 992; Miller et al., 1993) has 
provided the clue to the understanding of the agouti signaling pathway, and the 
pleiotropic effects caused by AY. The agouti gene codes for a 1 3 1 -amino-acid 
protein of � 16 kDa, which can be divided into three domains, as shown in Fig. 
6. 1 5  (Willard et al., 1995). 

The agouti gene is expressed in hair follicles, and increased levels of expres
sion coincide with the synthesis of pheomelanin, meaning that the banding 
pattern observed in black hairs of the homozygous A or Aw mice corresponds 
to a transient upregulation of agouti gene transcription during the growth of 
the hair follicle, and its permanent activation in hair follicles of the ventrum of 
white belly animals (Bultman et al., 1992; Miller et al., 1993). Thus, the tran
script is highly expressed in the yellow belly of black and tan ( a1) mice, but 
cannot be detected in their black backs (Bultman et al., 1 992). The transcript 
was not detected in other tissues from wild-type (A , Aw) mice, nor was it in the 
skin from neonatal mice homozygous for the classical non-agouti (a) mutation 
with mostly black coats (Bultman et al., 1992; Miller et al., 1993). 

The genomic region encoding the agouti gene initially revealed four exons. 
The first one (exon D) resides 1 8  kb upstream from the coding exons 2, 3, and 4 
(Bultman et al., 1 992; Miller et al. , 1993). Further analysis revealed that sepa
rate regulatory elements control the alternative use of two sets of untranslated 
5 ' agouti exons: one set is expressed only in the ventrum, the other set is hair
cycle-specific, and is expressed only during hair growth (Bultman et al., 1 994; 
Vrieling et al., 1 994) (Fig. 6 . 16). 

The mode of action of the agouti protein was shown to be related to an 
interaction with the melanocortin l receptor (MC l R). It was observed that the 
recessive Mclr alleles in mice mimic the pigmentary effect of dominant agouti 
alleles. This observation and others (reviewed in Siracusa, 1 994) provided the 
genetic background to the work of Lu et al. ( 1 994). 
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Figure 6.15 Depiction of the primary structure of murine agouti. The agouti sequence 
includes a secretion signal, a predominantly basic region loosely defined from His23 to 
Lys82 containing an N-linked glycosylation site, and a C-terminal cysteine-rich region 2. 
(Reprinted, with permission, from Willard et al., 1995. Copyright ( 1995) American 
Chemical Society.) 
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Figure 6.16 Genomic organization and multiple forms of wild-type Aw transcripts. The 
structure of the agouti gene is shown at the top from proximal (left) to distal (right). 
Agouti exons are shown as large shaded boxes; numbers below the boxes indicate the 
length of exons. Exons A-D are noncoding, whereas exons 2-4 contain protein-coding 
sequences. Numbers between the exons indicate the length of introns. Two different 
forms with unique 5 '  untranslated exons are expressed during hair growth (labeled hair
cycle specific); two other alternatively spliced forms are expressed continuously in the 
belly (labeled ventrum-specific). (Reproduced, with permission, from Siracusa, 1994.) 
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As described above, production of eumelanin by the hair-bulb melanocytes 
depends upon the binding of a-MSH to its receptor which is the product of the 
extension (E) locus on mouse chromosome 8. Lu et al. ( 1 994) showed that the 
Agouti protein influences or alters this process by acting as an antagonist that 
prevents a-MSH binding to the product of Mclr. 

Mice carrying any one of the hundred or more agouti mutations can range in 
color from yellow to black. Molecular analysis of the genomic region mutated 
at the A locus has provided an explanation for the high mutation rate of the 
locus. The a locus contains an I I -kb insertion in the intron between exons D 
and 2 (Fig. 6. 1 7). 

This insertion includes a 5.5-kb VL30 element, a retroviral-like structure, 
interrupted by a 5.5-kb fragment of genomic origin. This 5 .5-kb fragment is 
composed of two 526-bp direct repeats flanking the remaining 4.5 kb. 
Mutations a to a1 and a to Aw are due to homologous recombination and 
excision of sequences between either the two 526-bp direct repeats or between 
the long terminal repeats (LTRs) or the VL30 element, respectively. The dif
ferent sizes of the insertion must interfere with normal transcription and/or 
splicing since they are related with the expression pattern of the agouti gene and 
with the phenotype of the various mutants (reviewed in Siracusa, 1 994). 

Several agouti mutations result in recessive embryonic lethality. The AY and 
lethal light-bellied non-agouti (tr) mutations define two complementation 
groups at the agouti locus (Siracusa, 1 99 1 ) .  AY/ax mice are viable and com
pletely yellow. The AY mutation involves a chromosomal rearrangement that 
results in the production of a chimeric mRNA expressed in nearly every tissue 
of the body. In its 5 ' portion, this chimeric RNA contains 5 ' sequences that do 
not belong to the agouti gene, while its 3 ' portion retains the protein-coding 
potential of the non-mutant allele (Miller et al., 1 993). The first exon of the 
abnormal 1 . 1 -kb AY transcript is the first untranslated exon of an ubiquitously 
expressed gene Raly, which resides 1 20-1 70 kb upstream of a. The deletion 
removes all coding and 3 ' sequences of Raly, and leaves agouti exons in place. 
Thus, in AY mutants, the stronger Raly promoter drives expression of the 
agouti gene ubiquitously (Michaud et al., 1 994a; Siracusa, 1 994). Absence of 
Raly seems to be the cause of AY/AY embryonic lethality since treatment of 
embryos with Raly antisense mRNA causes embryonic death before blastocyte 
formation (Duhl et al., 1 994). 

Phenotypic studies and molecular analysis have shown that the agouti gene 
is conserved in most orders of mammals (Searle, 1 968a; Bultman et al., 1 992). 
The function of the gene in humans has not been related to banded hair 
pigmentation patterns which are not found in human hair. A role for agouti 
in hair coloration in humans cannot be ruled out, but most likely the gene plays 
another physiological role (Lu et al., 1 994). 

The fact that agouti may influence various biological functions when ecto
pically expressed (e.g., in AY mutants; see Siracusa, 1994) led to the assumption 
that there are receptors for the Agouti protein in cells where this gene is not 
normally expressed. Thus agouti is probably a member of a family of related 
ligands, and its abnormal presence in certain cells alters or mimics the normal 
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Figure 6.17 Genomic structure of the a, d and Aw alleles of the agouti gene reveals a 
mechanism for the high reversion rate of a to at and Aw. The wild-type Aw allele is 
shown at the top, with exons represented as large boxes. Distances between exons and 
exon sizes are not drawn to scale. The dashed lines indicate the sites of inserted 
sequences in the Aw

'
, a and a1 alleles. The a mutation is caused by insertion of an I I -kb 

fragment just distal to exon D. The insertion contains a complete 5.5-kb VL30 element 
(shown in light dotted line) interrupted by a 5.5-kb fragment of genomic origin (dark 
dotted boxes bordering a white bar). Of particular significance are two 526-bp direct 
terminal repeats (dark dotted boxes) flanking the remaining 4.5 kb of inserted sequences 
(white bar). The 526-bp repeats show strong homology to a region located between two 
T-cell receptor y variable region gene segments, whose function is unknown. Mutations 
from a to at appear to involve homologous recombination between the two 526-bp 
direct repeats, thus decreasing the 5 .5-kb part of the insertion to 526 bp between the two 
portions of tl].e VL30 element (single dark dotted box). Similarly, reverse mutations 
from a to Aw involve recombination between the long terminal repeats (light dotted 
boxes) of the VL30 element, leaving behind a single long terminal repeat. The prime 
symbol distinguishes the true wild-type Aw chromosome from the Aw'  chromosome, 
which contains only one VL30 long terminal repeat. (See Siracusa, 1 994, for details and 
references; reproduced, with permission, from Siracusa, 1 994.) 
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functions of its related family members. It may alternatively antagonize other 
members of the melanocortin receptor family produced in tissues other than 
the epidermis (Lu et al. , 1 994). These assumptions have been substantiated by 
recent results which have shown that such receptors (MC3R and MC4R) exist 
in the brain and that a recombinant agouti-related protein (ARGP) is a potent 
selective antagonist of melanocortin, the natural ligand of these receptors. 
Moreover, ubiquitous expression of ARGP cDNA in transgenic mice causes 
obesity without altering pigmentation (Ollmann et al. , 1997). Furthermore, in 
vitro, recombinant agouti protein inhibits the binding of radiolabeled melano
cortins to cells that express not only MCI R but also related receptors MC2R 
or MC3R. In addition, recent gene targeting studies indicate that animals 
lacking MC4R have metabolic defects and abnormalities in body weight reg
ulation similar to those caused by ectopic expression of agouti, in AY mice, 
suggesting that agouti-induced obesity is caused by MC4R antagonism 
(Huszar et al. , 1997). 



        
       

Cell Lineage Segregation 

During Neural Crest 

Ontogeny 

7.1 Introduction 

The large variety of neural and non-neural derivatives that arise from the 
neural crest raises the fundamental question of how cell fates become specified 
during its ontogeny. In other words, what is the relative influence of intrinsic 
cell commitment compared to cell-cell interactions in promoting differentia
tion of distinct cell types. 

Neural crest cells have long been implicitly considered as forming a 
population of homogeneous pluripotent cells that become specified to distinct 
lineages only after the arrest of migration and homing to their final 
destinations. This view would imply that local signals at the sites of homing 
play an instructive role in determining the precise cell types that develop. 
This notion has challenged investigators in the field of neural crest develop
ment to search for the existence of a stem cell from which all derivatives would 
arise. 

The extreme opposite view of the ontogeny of the neural crest is to assume 
that this structure arises as, or rapidly becomes, a sum of heterogeneous cell 
subsets already committed to differentiate along different phenotypes. This 
would mean that cell fate is lineage-determined. Consequently, progressive 
cell divisions would specify the fate of successive daughter cells by giving rise 
to limited sets of crest cells. Then, upon migration, different subsets of com
mitted cells would be expected to arrive at distinct homing sites. In this case, 
the interactions between crest cells and the microenvironment would be of a 
permissive rather than of an instructive type, allowing for the selection of 
those progenitors able to survive and differentiate in the conditions offered 
by the microenvironment. Such a view presents similarities with one of the 

304 
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models proposed to account for cell lineage segregation in the hemopoietic 
system, in which environmental factors are likely to affect the survival or 
proliferation of lineage-committed precursors that have been generated in a 
stochastic manner (Fairbairn et al., 1993; Ogawa et al., 1 993; Davis and 
Littman, 1 994). 

From research performed over the past 1 5  years, it has become 
increasingly evident that, already at the beginning of emigration from the 
neural tube, the neural crest is formed by heterogeneous populations of cells, 
some pluripotent and others already restricted to different degrees in their 
developmental potentials, including precursors committed to one particular 
fate. These results suggest that environmental signals encountered during 
migration and homing are likely to operate both by instructive and 
pennissive mechanisms on target cells with varying degrees of developmental 
restriction. 

How was this early diversification among crest progenitors unraveled? 
First, performing isotopic and isochronic grafts of neural primordia prior 
to the onset of neural crest migration between quail and chick embryos 
allowed the fate map of the neural crest to be established. Subsequently, 
heterotopic transplantations revealed that neural crest cells develop, in 
general, according to phenotypes normally encountered in the new sites 
to which they home, thus revealing a high degree of plasticity at the 
population level. Furthermore, the development of efficient culture techni
ques for neural crest cells has allowed the analysis of the effects of various 
morphogens and growth factors on their differentiation to be undertaken. 
Taken together, the above techniques have revealed the paramount influ
ence of the environment in the development of neural crest progenitors. 
Although pluripotentiality is undoubtedly a property of the neural crest 
cell population at many axial levels, the developmental potentiality of 
individual cells or of their progeny could not be established in heterotopic 
grafts or in mass cultures. More recent approaches have attempted to 
resolve this issue by examining the developmental potentials of individual 
crest cells by clonal analysis in vitro and their state of specification by in 
vivo lineage tracing. 

In vitro techniques enabled neural crest and crest-derived cells to be chal
lenged with culture conditions which virtually allowed all the potentialities of 
individual precursors to be expressed. Neural crest cells were thus cultured 
either at clonal density or as populations in which single cells were marked. 
Statistical analysis of the resulting phenotypes shed light on the developmen
tal capacities of the founder cells. On the other hand, it was possible to 
follow in vivo the actual fate of individual progenitors by injecting or 
infecting them with non-diffusable lineage tracers. Thus, the in vitro and in 
vivo clonal approaches are complementary. A third strategy was to find 
molecules whose expression within the crest population is heterogeneous, 
with the assumption that this molecular heterogeneity underlies differences 
in population composition. 
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7 .2 Heterogeneity among neural crest cells is revealed by 
differential expression of a variety of molecules 

7.2.1 Monoclonal antibodies have led to subpopulations being 
distinguished in the early migratory neural crest 

Since cell diversification is the result of the expression of different sets of genes, 
efforts were made to demonstrate gene products as early as possible within the 
migrating and differentiating neural crest cell population. With the advent of 
the Mab technology, several laboratories embarked on programs aimed at 
identifying proteins which are specific to particular neural crest-derived 
phenotypes, and which can lead, back in development, to the identification 
of the founder population. With such a purpose, the immunogen chosen was 
already differentiated cells. Barald ( 1 988) was the first to raise a Mab against 
ciliary ganglion cells which also recognized small subsets of mesencephalic 
neural crest cells. Marusich et al. ( 1986) reported an antibody directed against 
dorsal root ganglion (DRG) cells which also recognized subsets of trunk neural 
crest cells. Likewise, the E/C8 Mab raised against chicken DRG cells (Ciment 
and Weston, 1 982), and the A2B5 marker produced against neuronal plasma 
membranes (Eisenbarth et al., 1 979), have been shown to mark early sub
populations of neural crest cells ( Ciment and Weston, 1 982; Girdlestone and 
Weston, 1 985). In addition, the GLNI marker is expressed by satellite and 
Schwann cells as well as by subsets of sensory and autonomic neurons. 
Earlier in development, it is carried by a subpopulation of migrating neural 
crest cells (Barbu et al., 1 986). 

Another very interesting marker is the SSEA- 1 Mab. It was raised against 
F9 teratocarcinoma cells, and was shown to react with a cell-membrane car
bohydrate antigen on blastomeres of eight-cell stage mouse embryos (Solter 
and Knowles, 1 978). Notably, SSEA- 1 was shown to be expressed by a sub
population of primary sensory neurons in the rat where it was suggested to play 
a role in the specific innervation of the dorsal horn by binding to complemen
tary surface molecules on the target neurons (Regan et al., 1 986; Jessell et al., 
1 990). Subsequently, Sieber-Blum ( 1989a) has shown that this antigen is also 
carried specifically by quail sensory neuroblasts in spinal ganglia at all axial 
levels, and she has further explored the possibility that SSEA- 1 is expressed at 
earlier stages by quail neural crest cells. Two populations of neural crest cells 
that develop into sensory neuroblasts were observed to express SSEA- 1 in 
culture: a non-migrating/early differentiating and an early migrating/late dif
ferentiating subset of precursors. Based on these observations, it was proposed 
that SSEA- 1 may be a specific marker for the sensory neuron lineage. Implicit 
in this conclusion is that sensory neurons are established as a separate lineage 
during early ontogeny. Although enough experimental evidence points to the 
fact that this is certainly the case for a subset of early specified progenitors (Le 
Douarin, 1986; Ziller et al., 1 987; Sieber-Blum, 1989b), it is not likely to be true 
for all sensory neurons (see discussion on sensory and sympathetic lineages 
below). 
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In the search for markers of neuronal lineages, Marusich and Weston ( 1 992) 
have assessed the ability of a human autoantibody, anti-Hu, to identify crest
derived cells with neurogenic potential. Anti-Hu antibodies are found in sera of 
patients that exhibit both small cell lung carcinoma and subacute sensory 
neuropathy. This antibody was shown to recognize 34-40-kDa proteins that 
are mainly expressed in the nuclei of neurons of both the PNS and CNS (Graus 
et al. , 1986). Earlier in development, it stains neurons in peripheral ganglia, and 
back to the progenitors, it marks a subpopulation of proliferating neural crest 
cells with non-neuronal morphology that has the ability to develop into 
neurons (Marusich et al., 1994). From these observations it was inferred that 
the Hu proteins identify early neurogenic precursors within the neural crest. 
This view was substantiated by the finding that Hu proteins share homology 
with the elav gene of Drosophila, a neuronal-specific RNA-binding protein that 
plays a role in maintenance of the fly nervous system (Yao et al., 1993). 

Attempts were also made to find molecular markers using still undifferen
tiated neural crest cells to immunize the mice. This approach proved in most 
cases unsuccessful, perhaps because the routine methods of immunization were 
not adapted to the small numbers of cells available for injection. Using a direct 
intrasplenic injection of a neural crest cell suspension, Heath et al. ( 1 992) raised 
Mabs against premigratory neural crest cells, and isolated several clones. These 
clones recognized a heterogeneity among early migrating crest cells in culture 
( 1 5  hours), but they behaved in a totally homogeneous manner (either all cells 
stained or none of them stained with the different markers tested) on the 
premigratory population that served as immunogen. These observations led 
the authors to suggest that the premigratory crest is formed by homogeneous 
populations of cells that begin diversifying following the onset of migration. 

Phenotypic heterogeneity defined by antigen expression does not necessarily 
imply differences in the state of commitment or in the developmental potential 
of progenitor cells. To demonstrate directly that the expression of a differential 
trait by subsets of neural crest cells is relevant to the selection of a subsequent 
developmental fate, the progenitors expressing a specific marker should be 
positively or negatively selected. Showing that the fate of the selected progeni
tors is different from that of their siblings that do not express the marker would 
provide evidence that this molecular heterogeneity has also a functional mean
ing. Such a strategy can, however, be applied only in the case of cell-surface 
markers, in which case the progenitors can be isolated by fluorescence
activated cell sorting and further analyzed (Maxwell et al., 1988), or 
alternatively, negatively selected by complement-mediated lysis (Vogel and 
Weston, 1988). Positive immunoselection can also be employed to enrich 
selected populations of neural crest-derived cells from the cells in their close 
vicinity. For example, Gershon et al. ( 1993) have incubated suspensions of 
embryonic gut either with the NC- I antibody or with an antibody to the 
1 1 0-kDa laminin-binding protein, both expressed on the surface of crest
derived cells in the bowel. Immunopositive cells were then isolated using a 
secondary antibody coupled to magnetic beads. Their reactivity to identified 
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growth factors could then be assessed without any further influence of the non
crest cells present in the gut microenvironment. 

7.2.2 The presence of various transcription factors allows 
recognition of different subpopulations of neural crest cells 

About 1 0  years ago, we began witnessing what was soon to become a major 
contribution in the field of molecular biology to our understanding of neural 
crest development. A number of transcription factors have been described with 
interesting expression patterns in neural crest subsets and/or in specific neural 
crest derivatives. These data suggested the notion that they are intermediate 
signaling molecules in early processes such as lineage specification, or in later 
events of cell differentiation and/or survival. The possible functions of these 
factors are being challenged by combined cell culture and molecular genetic 
approaches. 

An important step in research on transcription factors was to isolate verte
brate homologs of Drosophila genes that in the fly control early stages of 
neuronal or glial determination, with the idea that these genes would be con
served both structurally and functionally. Many genes were cloned using this 
strategy, such as MASH-1 ,  NeuroD and Neurogenin (see discussion on 
neuronal lineages). Other sets of vertebrate genes that were cloned based on 
this homology belong to the engrailed family. Engrailed proteins contain a 
homeodomain region that binds to DNA, and they also localize to the cell 
nuclei where they act as transcription factors (Joyner et al. , 1 985; Joyner and 
Martin, 1 987). In the grasshopper, the engrai/ed gene product was shown to 
control, in the median neuroblast progenitor, the switch responsible for the 
generation of neurons versus glia (Condron et al. , 1 994; Condron and Zinn, 
1 995). In vertebrates, Engrailed proteins are expressed by some cultured 
mesencephalic neural crest cells (Gardner et al., 1 988). In situ localization 
revealed that engrailed-positive cells are found in the neural folds prior to 
neural tube closure, and in the pathway of migration of neural crest cells at 
cephalic regions (Darnell et al., 1 992; Gardner and Barald, 1 992). Their sig
nificance to neural crest development was examined in mouse embryos in 
which the engrailed genes were inhibited by antisense targeting, leading, 
among various defects, to a hypoplasia of neural crest-derived areas such as 
the face, the first and second pharyngeal arches, and the heart (Augustine et al. , 
1 995; Sadler et al., 1 995). Thus, the engrailed gene provides an example of an 
invertebrate nuclear factor whose function in vertebrates was apparently not 
conserved. It will be interesting to determine whether the function of other 
genes controlling the binary switch between neuronal versus glial fates in 
Drosophila, such as g/ial cells missing (Jones et al. , 1 995; Hosoya et al. , 
1 995), remain conserved throughout evolution. Various other genes encoding 
such transcription factors have been discussed in Chapter 3 since they play 
important roles in patterning neural crest derivatives in the head and face. Such 
is the case for genes of the HOM-C and of the Pax gene family. 
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7.3 Studying developmental potencies of neural crest cell 
populations 

7.3.1 The behavior of cell populations in heterotopic grafts 

Results of heterotopic transplantations of different regions of the neural crest 
provided the notion that the neural crest cell population at many axial levels is 
pluripotential at least as far as the PNS derivatives of the crest are concerned, 
with only few exceptions. Fragments of neural primordia (neural tube contain
ing premigratory neural crest) were taken from quail embryos and grafted into 
chick hosts, or vice versa. In most cases, the neural crest cells that individua
lized from the implants at ectopic sites migrated to homing sites characteristic 
of the new axial level rather than to their origin. In these anlage, the labeled 
cells differentiated according to a fate appropriate to their new environment 
(Fig. 7 . 1 ) .  

Noden ( 1975, 1 978a,b) performed grafts of  forebrain neural crest in  the 
mesencephalic/metencephalic region. Whereas forebrain-level crest cells do 
not differentiate normally into neural derivatives, they give rise to ciliary and 
trigeminal ganglia in the new location. Moreover, when the vagal neural crest 
of a chick embryo was replaced by the thoracic crest from a quail, which does 
not give rise to enteric innervation in normal development, the grafted cells 
were able to colonize the gut and differentiate there into neurons that display 
appropriate cholinergic, peptidergic, and serotonergic phenotypes (Le Douarin 
and Teillet, 1 974; Le Douarin et al., 1 975; Fontaine-Perus et al., 1 982; 
Rothman et al., 1986). Furthermore, the cephalic and vagal neural crest, 
when transplanted in the adrenomedullary level of the axis (somites 1 8-24) 
gave rise to adrenergic cells in the host sympathetic ganglia, and to adrenal 
glands (Le Douarin and Teillet, 1 974). 

Thus, heterotopic transplantations revealed that premigratory neural crest 
cells are highly plastic. This raised the question as to whether populations of 
neural crest-derived cells retain a similar plasticity. One such example will be 
discussed below concerning neural crest-derived cells taken from the gut fol
lowing colonization. Rothman et al. ( 1990) back-grafted pieces of E4 quail 
bowel containing recently migrated neural crest cells into the adrenomedullary 
level of young E2 chick hosts. Donor cells remigrated in the host embryos and 
colonized sensory ganglia and roots, peripheral nerves, sympathetic ganglia, 
and the adrenal medulla. Nevertheless, no melanocytes were detected. Gut
derived crest also failed to colonize the host gut when placed at an axial 
level that does not normally lead the migratory cells to the bowel. By contrast, 
if E4 foregut fragments were placed into the vagal or sacral levels of the axis of 
host embryos, successful colonization of the host's bowel was achieved, in 
addition to the development of adrenergic cells in sympathetic ganglia at sacral 
levels, but not of melanocytes at any of the levels tested (Rothman et al., 
1993b). Several conclusions were drawn from these results. First, neural crest 
cells of the gut are able to remigrate when placed in an appropriate environ
ment. Second, the targets colonized by grafted cells are determined by the 



        
       

310 THE NEURAL CREST 

lfATEl � DEVELOPMENTAL 
POTENTIALS 

S1 0 
0 
0 
0 ss o  

S7 g 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

S1 8 0 
0 

8 
0 
0 

S24 0 

8 
0 

S28 0 

PROSENCEPHALON 

MESENCEPHALON 

ANTERIOR 

RHOMBENCEPHALON � � 
0 0 

8 POSTERIOR 8 
0 0 S'�����������s 
0 0 
0 0 
0 0 
0 0 
0 CERVICAL 0 
0 0 
0 0 O SPINAL CORD O 
8 8 
0 0 
0 0 
0 0 

8 8 o THORACIC o 
0 0 8 SPINAL CORD 8 
0 0 
0 0 

LUMBOSACRAL 

SPINAL CORD 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

8 
0 
0 
0 

8 
0 
0 

Mesectoderm 
Parasympathetic 
ganglia 

Enterlc 
ganglia I Sensory 

ganglia I Sympathetic 
ganglia 

Figure 7.1 Fate map and development potentials of the neural crest along the axis. Left: 
Fate map of the presumptive territories along the neural crest yielding the mesectoderm, 
the sensory, sympathetic and parasympathetic ganglia in normal development. Right: 
Development potentials for the same cell types as shown in the fate map are indicated. 
Results are based on isotopic and heterotopic grafting of neural primordia between 
quail and chick embryos. See text for details. (Reprinted, with permission, from Le 
Douarin, 1 986. Copyright ( 1 986) American Association for the Advancement of 
Science.) 

For a colored version of this figure, see www.cambridge.org/978052 l l 22252. 
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routes of migration characteristic of the axial level of the host embryo. Third, 
neural crest-derived cells of the gut may be largely multipotent inasmuch as 
they have the ability to develop into derivatives characteristic of the axial level 
of the host. Yet, some developmental restriction already exists, because in all 
types of transplants the grafted cells failed to develop into melanocytes. Similar 
restrictions evidenced by other types of back-transplantation experiments are 
described in Section 7.4. 1 .  Fourth, given the high plasticity of the grafted cells, 
one must assume that among the crest-derived cells that colonize the gut, there 
are still multipotent progenitors upon which the microenvironment of the new 
arrest sites induce an appropriate pattern of phenotypic differentiation. 

The plasticity revealed in the above experiments does not necessarily imply a 
complete equivalence in developmental potencies of neural crest cells along the 
entire axis. For example, unlike the cephalic crest, cells from the trunk are 
unable to form cartilage, even when transplanted in the head (Chibon, 1 967; 
Nakamura and Ayer-Le-Lievre, 1982). An additional restriction of thoracic
level crest cells is their inability to develop into mesenchyme that participates in 
septation of the truncus arteriosus of the forming heart (Kirby, 1989). These 
findings are consistent with the existence of progenitor cells in the early neural 
crest endowed with various states of commitment. 

7.3.2 A time-dependent topographical segregation of peripheral 
progenitor cells: possible significance for understanding neural crest 
plasticity 

The segregation of subpopulations of progenitors from the multipotent neural 
crest population may take place before, during, or after migration. To test 
whether all populations of crest cells emigrating from the neural tube have 
equivalent capacities to colonize different target sites, the fates of early- versus 
late-migrating neural crest cells were examined in various species. Labeling of 
neural crest cells throughout the axis at progressively later stages of develop
ment with Oil, with the quail marker, or by position relative to the tube, 
revealed that the different crest derivatives are colonized in a ventrodorsal 
order, with the last emigrating cells localized to the dorsolateral pathway 
(Weston and Butler, 1966; Serbedzija et al., 1989; Raible and Eisen, 1 996; 
Baker et al., 1997). For instance, in the mesencephalic region, early-migrating 
crest cells were found to populate both dorsal (melanocytes, ciliary neurons, 
Schwann cells along the oculomotor and trigeminal nerves, dorsal dermis, etc.) 
and ventral (skeleton of the jaws) derivatives. By contrast, late-migrating crest 
cells gave rise only to dorsally localized derivatives (Baker et al., 1997). 

This sequential order of topographical colonization was subsequently inter
preted to reflect, at least in the trunk of avian and zebrafish embryos, a pro
gressive restriction in the developmental potential of the migrating crest cell 
populations, because early-migrating cells developed into melanocytes, 
neurons, and adrenergic cells, whereas late migrating cells lost the ability to 
give rise to neurons (Raible and Eisen, 1996), or to adrenergic derivatives 
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(Artinger and Bronner-Fraser, 1 992) upon retrotransplantation into young 
hosts. In contrast to the behavior of the truncal crest, when isochronic and 
heterochronic grafts of mesencephalic crest cells were performed between quail 
and chick embryos, it was found that both early- and late-migrating cells were 
able to form melanocytes, neurons, glia, cartilage, and bone (although late 
crest cells made comparatively much less of the two last tissue types). These 
results suggest that, at the population level, both early- and late-migrating 
mesencephalic crest cells are plastic, even though their derivatives become 
topographically segregated along the ventrodorsal direction. 

In spite of the fact that late-migrating crest cells do not normally contribute 
to the cartilage of the ventral jaws, when the late crest cells were grafted into a 
late-stage host whose neural crest had previously been ablated, they succeeded 
in migrating ventrally toward the jaw (Baker et al., 1997). Similarly, in zebra
fish, late-migrating cells retained their ability to give rise to neurons if the early 
cells were ablated (Raible and Eisen, 1 996). These findings suggest that inter
actions between crest cells found in sequential migratory waves may play a role 
in fate specification. Alternatively, since there is a temporal order of coloniza
tion of the different targets by corresponding cells in the various migratory 
waves, it is likely that interactions between crest cells and the environment of 
the homing sites determine their fate. Thus, in the absence of one component, 
the normal sequence is moved to the next generation of cells so as to ensure 
that the normal pattern of target colonization is kept. 

Surprisingly, Sharma et al. ( 1995) have reported that some cells located in 
the spinal cord of stage 25-26 chick embryos, well after neural crest cell emi
gration is complete, are able to migrate afield from the CNS and populate 
selected peripheral derivatives. These progenitor cells were proposed to orig
inate near the dorsal root entry zone and to migrate out through the dorsal 
roots to colonize the DRG where they differentiate into neurons and glia. The 
presence of melanocytes was also documented, although the pathways leading 
to the colonization of the skin were not studied. Provided the procedures 
employed exclusively label neuroepithelial cells with no contamination by 
neural crest-derived cells, such as satellite or Schwann cells present along the 
dorsal roots, two important issues deserve attention. The first is related to the 
concept that the CNS is directly at the origin of some "classical" neural crest 
derivatives at a time that follows the transient lifespan of the neural crest. If 
correct, this concept is certainly relevant to our understanding of lineage 
restrictions in the nervous system. Yet, the relative significance of these findings 
is affected by quantitative considerations, such as the proportion of cells fur
nished to the various structures via this late migratory process. As for the 
DRG, cell counts revealed a very modest contribution, while the number of 
melanocytes was not determined. The second issue of relevance concerns the 
type of derivatives issued from this late migration. In agreement with the data 
discussed above, these spinal cord cells gave rise only to dorsal structures. 
However, contrary to the results discussed above, Sharma et al. ( 1 995) have 
shown that the late wave of progenitors also has a neurogenic fate. 
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7.3.3 Single-cell analysis of the neural crest 

The various in vivo and in vitro methods described above for studying the 
development of neural crest cells revealed the significant plasticity of this cell 
population along the neuraxis. At the same time, they uncovered an intrinsic 
heterogeneity within this population. These results raised critical questions as 
to the timing and mechanisms of segregation of different lineages. For exam
ple, do the multipotent progenitors directly generate differentiated phenotypes 
or do they indeed undergo a progressive restriction in their developmental 
capacities? What is the proportion of multipotent compared to more restricted 
types of neural crest progenitors at any stage in development in different 
species? What are the genes involved in lineage specification and do specific 
environmental signals act on different sublineages? What are the lineage rela
tionships among cells in different ganglia? Clearly, it is not possible to infer 
accurately the potential of cells from population studies. To this end, it became 
necessary to devise techniques that make possible the phenotypic analysis of 
the progeny of individual neural crest cells. 

Analysis of single cells can be performed either by in vivo lineage tracing or 
by in vitro cloning. In vivo lineage tracing permits the fate of individual pro
genitor cells to be assessed under apparently normal conditions. This means 
that the progenitors and their descendents whose fate is being followed are 
subjected to the same stringent selection that operates in the intact embryo, and 
that is mediated by signals distributed in a region-specific manner. Thus, this 
approach does not enable evaluation of the entire range of developmental 
potentials of neural crest cells revealing its actual state of commitment. This 
issue can be analyzed instead by in vitro cloning of individual progenitors 
challenged with environments more permissive than those encountered in the 
embryo. In vitro cloning techniques seek to establish optimal conditions for 
growth and proliferation of single cells, aimed at uncovering the largest possi
ble repertoire of sublineages inherent to a given progenitor. A complementary 
approach to those described above has been recently implemented in the neural 
crest field. It consists of growing neural crest cells in mass cultures; at defined 
times after seeding, a single cell is labeled randomly with a lineage tracer in 
each culture dish and its derivatives are monitored. The advantages and limita
tions of each of these approaches are discussed below. 

7.3.4 In vitro cloning of neural crest cells 

The in vitro analysis of the progeny deriving from single founder neural crest 
cells provides a substantial means of assessing the developmental potentialities 
of individual precursor cells. Random sampling of single progenitors was 
achieved either by direct seeding of single cells picked up from a neural crest 
suspension (Baroffio et al., 1988; Dupin et al., 1990; Dupin and Le Douarin, 
1995), or by culturing cell populations at low-density conditions, sometimes 
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followed by serial subcloning of the primary clones (Cohen and Konigsberg, 
1975; Sieber-Blum and Cohen, 1 980; Stemple and Anderson, 1 992). 

As the state of commitment of the founder cells is inferred from the number 
of resulting phenotypes, an essential requirement of the method is the avail
ability of appropriate markers that allow the sublineages developing in the 
cultures to be defined. Therefore, those cell types for which appropriate iden
tification tags are lacking cannot be unequivocally distinguished, and their 
phenotypes remain undefined. It is worth mentioning that some cells which 
remain unstained might also represent undifferentiated progenitors. Notably, 
in order to identify in a single clone as many phenotypic traits as possible, it is 
necessary to combine several stainings on single cultures. 

Another important issue that affects the reliability of in vitro cloning pro
cedures is the percentage of single cells seeded that give rise to clones (cloning 
efficiency). To determine the relative proportion of progenitors with given 
properties that exist at a given axial level of the crest and at a precise time 
point, it is crucial that the clones be a good representation of the overall 
population from which the founder cells are randomly taken. A very low 
cloning efficiency would suggest that the growth conditions employed exert 
a strong selection on particular cells over others, perhaps favoring the devel
opment of those progenitors displaying stronger adhesiveness to the sub
strate, higher proliferative capacity, or other less obvious properties. On 
the other hand, many neural crest cells might require cell-cell contacts to 
survive and further develop. Cloning on extracellular matrix substrates may 
not be sufficient for such progenitors. One way to improve cloning efficiency 
would be to seed individual cells on a cellular substrate. Baroffio et al. ( 1988) 
cultured single crest cells on a feeder layer of Swiss 3T3 fibroblasts whose 
growth was arrested by treatment with mitomycin (Fig. 7.2). This substrate 
together with the presence of a complex and rich medium greatly favored 
attachment, proliferation, and differentiation into the major crest-derived 
lineages. 

Another method for clonal analysis consists of intracellularly labeling indi
vidual neural crest cells in primary cultures with a lineage dye, and growing the 
cells under enriched medium that permits the differentiation of multiple phe
notypes (Henion and Weston, 1 997). This technique is likely to minimize the 
selection of certain progenitors over others since, while emerging as outgrowths 
from neural tubes, neural crest cells interact with each other and with the tube, 
and are known to give rise to many phenotypes. Consequently, random label
ing of single progenitors in this type of culture is likely to reflect accurately the 
proportion of progenitors with different properties within the population. 

7.3.5 Heterogeneity of neural crest cells is revealed by in vitro 
clonal analysis 

Single neural crest cells were obtained from trunk levels of quail embryos by 
the limited dilution method (Cohen and Konigsberg, 1 975; Sieber-Blum and 
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Figure 7.2 Clonal analysis of neural crest cells grown on growth-arrested 3T3 
fibroblasts. (A) Hoechst DNA staining of a JO-day clone that contained approximately 
23 000 neural crest cells (small nuclei) grown on 3T3 cells (large nuclei). Several 
types of neuronal cells are seen, containing TH (B), SP (D), or VIP (E), as well as 
numerous SMP glial cells (C). Seals bars = (A) 1 mm; (B-E) 20 µm. (From Le Douarin 
and Dupin, 1993.) 

Cohen, 1 980; Sieber-Blum, 1989b ) . Analysis of their progeny revealed the 
presence of three types of clones: ( 1 )  clones formed exclusively by pigmented 
cells; (2) unpigmented clones that contain neurons expressing SSEA- 1 and 
tyrosine hydroxylase or dopamine .B-hydroxylase immunoreactiv1ties, 
indicative of the presence of sensory neurons and autonomic cells, respectively; 
and (3) mixed clones which are formed by cells that have the capacity to 
generate neuronal as well as pigmented progenies. These results suggested 
the existence of cells with various degrees of restriction: tripotent (melanogenic, 
sensory, and autonomic), bipotent (sensory, and autonomic), and monopotent 
(melanogenic) progenitors that coexist in the trunk neural crest population 
(reviewed by Sieber-Blum, 1990). 
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This approach was further extended by Le Douarin and coworkers. In a 
series of studies, the potentialities of the migrating population of neural crest 
cells from the cephalic level of the neuraxis was analyzed. Large clones contain
ing between one and four different cell types were found (Fig. 7.2) .  Substance 
P-positive neurons were found to coexist with adrenergic cells within the same 
clone either in distinct cells or colocalizing to individual cells. Moreover, non
neuronal cells expressing the HNK- 1 marker were usually found associated 
with neurons in mixed clones. A common precursor for different neuronal 
types as well as for non-neuronal cells (cartilage cells) was thus demonstrated 
(see below for details). Furthermore, founder cells whose progeny became 
melanocytes also gave rise to adrenergic cells, and/or to cells expressing sub
stance P (Baroffio et al., 1 988). These studies, however, failed to show the 
development of clones containing only melanocytes, a clonal population pre
viously reported by Sieber-Blum. It should be noted that the proportion of 
these unipotent melanogenic precursors is reduced in rhombencephalic as com
pared to trunk neural crest (9% versus 62%, respectively; see Ito and Sieber
Blum, 1 99 1 ,  and Ito et al., 1 993, for review). However, comparison between 
these data and the results of Dupin and Le Douarin ( 1 995) for trunk levels of 
the neural crest are consistent with the assumption that 3T3 cells inhibit differ
entiation and/or survival of melanogenic monopotent progenitors. 

The large amount of clones analyzed in all the above studies enabled quan
tification of the distribution of potentialities of the different progenitors. It was 
found that about 80% of the clones were derived from multipotent progenitor 
cells with a progeny composed at least of 2--4 different cell types in various 
combinations. Furthermore, about 20% of the clones were composed of a 
single cell type, either neurons, glia, or cartilage, suggesting that these are 
derived from a committed precursor (Fig. 7.3). These results indicate that, 
although a majority of progenitors within the neural crest are pluripotent, a 
considerable proportion of cells derives from early-specified precursors. 
Cloning studies by Ito and Sieber-Blum ( 199 1 )  provided consistent results 
concerning the various potentialities of rhombencephalic-level neural crest 
cells. 

The last notion received further support in a recent line of experiments 
performed by Henion and Weston ( 1997). These authors labeled single thoracic 
neural crest cells growing in mass cultures with a lineage tracer. Individual crest 
cells were labeled immediately after leaving the neural tube and at different 
time intervals prior to overt differentiation. Under these conditions, almost 
half of the initial crest population (44.5% labeled between 1 and 6 hours 
after leaving the tube) was found to generate a single cell type such as neurons, 
glia, or melanocytes, suggesting that the early-emigrating neural crest gener
ated in culture already contains a significant proportion of fate-restricted pre
cursors (Table 7 . 1  ). Analysis of the potentialities of older crest cells revealed 
that 52.2% and 77% of the progenitors were fate-restricted at 1 3-1 6 and 30-36 
hours after explantation, respectively (Table 7 . 1  ). Furthermore, distinct neuro
genic and melanogenic precursors were present in the outgrowth population 
very soon after explantation, but melanogenic cells dispersed from the tube 
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Figure 7.3 Diagram illustrating all the types of progenitors and their frequency as 
revealed by the phenotypic analysis of neural crest clones. A total of 533 clones was 
obtained from cephalic crest and analyzed under identical medium conditions. Each 
circle corresponds to one type of progenitor, defined and classified according to the 
combinations of cell types found in the clone obtained from that progenitor. N, NF + 
cells; A, TH + cells; S, SMP� glial cells; G, SMP-/HNK-1 + non-glial cells; M, 
melanocytes; C, cartilage, u, phenotypically undefined cells that were negative for all 
markers. (G), (S), (u), presence not determined; N*, neuron-like cells carrying the 
HNK-1 epitope. The numbers in parentheses are the percentages of each type of 
progenitor. (See Baroffio et al., 199 1 ,  for details; reproduced with permission of 
Company of Biologists Ltd.) 

relatively late compared to neurogenic cells. Taken together, these results show 
that segregation of cell lineages is a progressive, and non-random process, and, 
more specifically, that melanogenic and neurogenic lineages are likely to seg
regate early from a common progenitor. 

A major finding of the in vitro clonal approach was the characterization of a 
progenitor cell that is able to give rise to the majority of neural crest-derived 
lineages such as neurons, glia, melanocytes, and cartilage. This cell appeared at 
the extremely low frequency of one out of 305 clones in cultured cephalic avian 
crest (Baroffio et al., 1 99 1 ). Because of its high multipotency it was suggested 
that this founder cell is a stem cell, in analogy to the stem cells of the hemo
poietic system (Anderson, 1989) that are both capable of self-renewal as well as 
able to give rise to all types of cells (totipotency) (Lajtha, 1979). The self
renewal capacity of these highly multipotent progenitors in the avian neural 
crest still remains to be demonstrated. More recently, Stemple and Anderson 
( l  992) have reported on the isolation of a mammalian neural crest stem cell 
based on its capacity for self-renewal through at least six to ten generations. 
Still, this progenitor cell gives rise to a rather limited set of derivatives such as 
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Table 7. 1 .  Temporally defined precursor-type composition of neural crest cell 
populations 

Percentage of total clones 

Precursor type 1-6 hours 1 3-16 hours 30-36 hours 
N 1 1 . 1  9.3 24. 1 
NG 44.4 20.4 3 .7 
NGM 1 .9 0 0 
NM 0 0 0 
G 3 1 .5 24. 1 48. 1 
GM 9.2 7.4 9.3 
M 1 .9 38.8 14.8 

Note: Labeled clonal precursors were classified (precursor type) according to the 
phenotype of cells they generated as determined by the expression of cell-type specific 
markers after 96 hours of culture. These phenotypes identify both the precursor and the 
resulting clonal descendants, as follows: N, neuronal; NG, neuron-glial; NGM, 
neuron-glial-melanocyte; NM, neuron-melanocyte; G, glial; GM, glial-melanocyte; 
M = melanocyte. The clonal descendants of 54 individual precursor cells labeled at each 
time-point were analyzed (total of 1 62 clones). The data are presented as the percentage 
of all labeled precursors represented by each precursor type at the indicated time. 
Source: Reproduced, with permission of Company of Biologists Ltd, from Henion and 
Weston ( 1997). 

neurons, Schwann cells, and smooth muscle cells (Shah et al. , 1 996). Thus, 
formal demonstration for its totipotency is still lacking. Perhaps the strongest 
analogy that can be drawn at present between the neural crest and the hemo
poietic system is that in both systems the segregation of lineages from initially 
multipotent precursors appears to involve a progressive restriction of develop
mental potencies. Clones expressing multiple lineages in variable combinations 
could be identified both in the cephalic crest and in cultures of single hemo
poietic precursors (Suda et al. , 1 983). Statistical analysis of these findings for 
the neural crest have suggested that the intermediate pluripotent progenitors 
are created by stochastic events rather than in a preexisting order (Baroffio and 
Blot, 1 992; Henion and Weston, 1 997). 

The progressive restriction in developmental capacities of neural crest cells is 
clearly reflected as a function of embryonic age. It was shown that the capacity 
for proliferation and the range of differentiation abilities of cloned DRG cells 
is inferior to that of their progenitor crest cells (Duff et al. , 199 1 ;  Sextier
Sainte-Claire Deville et al. , 1992). Likewise, neural crest-derived cells from 
E4-12  quail embryonic gut revealed that the clonal efficiency and the pheno
typic diversity obtained within individual clones were highest between E4 and 
E6 but decreased sharply by ES (Sextier-Sainte-Claire Deville et al. , 1994). In 
spite of reducing their developmental capacities, some multipotent progenitors 
still prevail in young avian sensory and sympathetic ganglia (Duff et al., 1 99 1 ;  
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Le Douarin et al., 1 99 1 )  and in other structures containing neural crest-derived 
cells such as the skin, and the visceral arches (Ito and Sieber-Blum, 1993; 
Richardson and Sieber-Blum, 1 993). 

In summary, in vitro cloning of avian (Cohen and Konigsberg, 1975; Sieber
Blum and Cohen, 1 980; Baroffio et al. , 1 988, 1 99 1 ;  Sieber-Blum, 1 989b; Dupin 
et al., 1 990; Henion and Weston, 1 997), mammalian (Lo et al., 1 99 1 a; Stemple 
and Anderson, 1 992; Ito et al. , 1 993), and amphibian (Akira and Ide, 1 987) 
neural crest cells has revealed that, in a particular developmental stage and 
axial level, pluripotent neural crest cells coexist with fully committed progeni
tors and with cells displaying intermediate developmental potentials. Although 
there is full agreement as to the heterogeneity of the crest population, the 
different cloning methods employed led to discrepancies concerning the pro
portion of multipotent compared to restricted progenitors within the popula
tion. Whereas results of clonal seeding favored the notion that the early crest 
cells are largely pluripotent, single cell labeling in mass cultures led to the view 
that many cells are already fate-restricted early during the ontogeny of the 
neural crest (see previous section for possible explanations). Clearly, clarifica
tion of this issue is required in order to further approach the question of the 
mechanisms whereby these progenitors respond to environmental cues. 

7.3.6 Single-cell lineage analysis in vivo 

As previously mentioned, in vivo lineage tracing permits the fate of individual 
progenitor cells to be assessed under apparently normal conditions because the 
labeled cells remain subjected to the selective environments of the embryo. Two 
methods are now available to label individual progenitors for lineage analysis: 
the first is iontophoretic microinjection of a vital dye, such as lysinated rho
damine dextran (LRD). LRD is a ftuorescently tagged dextran whose high 
molecular weight prevents its diffusion out of the injected cell .  Thus, the 
label is transferred exclusively by cell division. The second technique consists 
of infecting single cells with a recombinant retrovirus bearing the Escherichia 
coli {3-galactosidase ( lacZ) gene. This gene is activated only upon integration 
into the host cell DNA, and is further propagated upon cell division. Activity 
of the lacZ gene product can be monitored on tissue sections by the addition of 
the appropriate substrate. The appearance of a blue color indicates enzymatic 
activity within the cells bearing the construct. 

It is worth mentioning briefly the strengths and weaknesses of each method. 
Frank and Sanes ( 1 99 1 )  pointed to the following differences: ( I )  Dye injection 
permits targeting to more or less defined progenitors whereas viral infection is a 
random event. (2) The probability of hitting more than a single progenitor per 
event is much higher in the case of viral infection (even if using highly diluted 
virions) than after direct intracellular microinjection during which membrane 
potential is recorded; this issue is very critical in the case of neural crest cells 
that actively disperse in different embryonic sites, thus obscuring the possible 
clonal identity of the progeny. (3) The provirus is a heritable, non-diluting 
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label, whereas injected tracers are diluted as cells divide. (4) The technique of 
viral infection enables cells to be reached that would be otherwise difficult to 
attain or impale with a microelectrode. 

In spite of the differences between the techniques, similar results were 
obtained regarding labeling of premigratory and migrating neural crest cells 
(Bronner-Fraser and Fraser, 1988, 1 989; Fraser and Bronner-Fraser, 199 1 ;  
Frank and Sanes, 1 99 1 ). I t  was found that a majority of trunk neural crest 
precursors in avian embryos gave rise to multiple types of progenitors (Figs 7.4 
and 7.5). These included combinations of cells in at least two of the following 
sites: DRG, sympathetic ganglia, adrenal medulla, ventral roots (Bronner
Fraser and Fraser, 1 988, 1 989; Fraser and Bronner-Fraser, 1 99 1 ). Moreover, 
if localized to DRG only, clones were usually composed of neurons and non
neuronal cells (Figs 7.4 and 7.5), or neurons in the lateroventral and dorso
medial areas of the ganglia known to innervate different targets (Frank and 
Sanes, 199 1 ;  Fraser and Bronner-Fraser, 199 1 ). The lineage of individual 
neural crest cells was also traced in Xenopus embryos using LRD microinjec
tion (Collazo et al. , 1993). As in birds, the majority of clones had progeny in 
multiple derivatives including spinal ganglion cells, pigment cells, enteric cells, 
fin cells, and/or neural tube cells in all combinations. Taken together, these 
results suggest that most premigratory and migrating crest cells are multipo
tent. In addition, a minority of clones in all cases contained only a single type 
of derivative. Although such an outcome could be accounted for by death of 
some progenitors that homed to inappropriate sites, this result conforms with 
the notion that a certain proportion of neural crest cells is restricted in poten
tial, as suggested by data from in vitro cloning. 

In contrast to bird and Xenopus embryos, the zebrafish neural crest appears 
to be lineage-restricted to a large extent, generating progenitors that produce 
single types of derivatives. For example, 82% of the clones arising from indi
vidual LRD-injected cells were composed of single derivatives, whereas 1 1 .6% 
contained combinations of two cell types, and only 6.5% of the clones were 
composed of three cell types (Raible and Eisen, 1994). Moreover, cells that 
migrate through different pathways appear to be restricted to different extents, 
probably as a function of time from the onset of migration (Raible et al. , 1 992; 
Eisen and Weston, 1993; Raible and Eisen, 1994, 1996): i.e., the earliest cells 
migrating on the medial pathway between neural tube and somites generated 
multiple derivatives, while progenitors migrating later on the lateral pathway 
generated only pigment cells. This situation is similar to that found in avian 
embryos in which crest cells were labeled at progressively older stages and their 
fate followed both in vivo and in vitro (Weston and Butler, 1 966; Serbedzija et 
al. , 1989). 

Aside from the significant contribution of in vivo lineage tracing to our 
understanding of the fate of single neural crest cells, this methodology suffers 
from two main weaknesses. The first is that the phenotypes of the progeny of 
injected or infected cells were essentially diagnosed by their localization in the 
embryo and by their morphology (Fig. 7.6). Few markers were used to dis
criminate within a ganglion between putative neurons (neurofilament immuno-
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Figure 7.4 Lineage analysis of trunk neural crest. Neurofilament expression in lysinated 
rhodamine dextran (LRD)-labeled descendants. LRD labeling is shown in red, and 
staining with an antibody against neurofilament (NF) protein is shown in green. (A-C) 
Images from an embryo that contained LRD-labeled cells in the DRG, sympathetic 
ganglion (SG), and ventral root (VR, not shown). (A) An LRD-labeled cell (arrow) in 
the DRG has bright NF staining in its axon. Orange color indicates double NF/LRD 
staining. (B) Another cell in the DRG is NF- and has the appearance of a support cell. 
(C) The SG of the same embryo showing two NF- cells. (D) The SG of another embryo 
contains numerous cells (arrows) with large cell bodies and NF + axons. (See Fraser 
and Bronner-Fraser, 1 99 1 ,  for details; reproduced with permission of Company of 
Biologists Ltd.) 

For a colored version of this figure, see www.cambridge.org/9780521122252. 
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Figure 7.5 Lineage analysis of the neural crest with a recombinant retrovirus. Camera 
lucida reconstructions of three clones, illustrating the varieties encountered. In A, the 
clone contained five neurons only. In B, the clone contained 28 non-neuronal cells in the 
ganglion and I 07 Schwann cells in the dorsal root, but no neurons. In C, the clone 
contained 1 8  neurons, three Schwann cells, and eight ganglionic non-neuronal cells in 
the DRG, plus 12 Schwann cells in the spinal neve. (Reproduced, with permission of 
Company of Biologists Ltd, from Frank and Sanes, 199 1 .) 

reactivity) and satellite cells or between distinct neuronal subtypes (Fig. 7.4). 
Consequently, the presence of labeled cells in both DRG and sympathetic 
ganglia might not necessarily imply that the founder cell was multipotent. 
The second limitation of this technique resides in the relatively small number 
of embryos injected for each stage of the neural crest. Clearly enough, the 
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Figure 7.6 Lineage analysis of the neural crest with a recombinant retrovirus. 
Morphology of neural crest derivatives labeled with cytoplasmic (LZIO; A-H) or 
nuclear (LZl 2; 1-N) viral strains. (A-C, I, J) neurons; (D, E, K) Schwann cells; (F-H, 
L-N) ganglionic non-neuronal cells. A non-neuronal nucleus is labeled in J (arrow), and 
neurons neighbor satellite cells in G and H. Bar = 50 µm. (Reproduced, with permission 
of Company of Biologists Ltd, from Frank and Sanes, 1 99 1  .) 

relative complexity of these experiments makes it extremely difficult to gather 
large samples of injected embryos required for a statistical analysis of the 
resulting phenotypes. 

7.4 The segregation of specific neural crest-derived lineages 

7.4.1 Sensory and autonomic neuronal lineages 

As described earlier in the chapter, back-transplantation of embryonic quail 
peripheral ganglia into the chick neural crest migration pathway subjected the 
cells to microenvironments where various potentialities, not expressed during 
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normal development, could be uncovered (reviewed by Le Douarin, 1 986). The 
localization of the grafted cells varied with the type of ganglion and its age. 
Quail cells populating the host DRG and differentiating there into sensory 
neurons and glia were found only after grafting of DRG. In contrast, 
Schwann cells and autonomic derivatives (sympathetic neurons, chromaffin 
cells, and in some cases enteric ganglia) were obtained after both DRG and 
autonomic ganglion grafts. For instance, autonomic ganglia such as the ciliary, 
Remak and sympathetic ganglia never gave rise to sensory neurons in the host 
DRG. Moreover, the capacity of quail DRG cells to populate the host sensory 
ganglia was restricted to the time when sensory neuroblasts were still mitoti
cally active. When all sensory neurons had withdrawn from the cell cycle at 
about day 7 of embryonic development in the quail, DRG grafts gave rise 
exclusively to ganglion cells of the autonomic type (Schweizer et al. , 1 983). 
These results suggested that postmitotic neurons die under conditions of back
transplantation, and that the plastic behavior revealed in the grafts resides 
within the non-neuronal population. This notion was confirmed experimentally 
by using the vagal ganglia in which the non-neuronal cell subset of the ganglion 
can be selectively labeled since it is of neural crest origin, while the neurons, 
which derive from a placode, are of the chick host type. If such a chimeric 
ganglion is back-grafted into a E2 chick neural crest migration pathway, only 
the non-neuronal cells survive and are able to differentiate into autonomic 
(sympathetic and enteric) neurons when subjected to the inducive conditions 
of the younger host (Ayer-Le Lievre and Le Douarin, 1 982). 

Based on the above results, Le Douarin ( 1 986) proposed a model of dual 
sensory-autonomic segregation which implies the following (Fig. 7. 7): ( 1 )  the 
existence of distinct sensory and autonomic neuronal progenitors in the migrat
ing neural crest in addition to common precursors with at least bipotent cap-

Figure 7.7 (A) Hypothesis accounting for cell lineage segregation during PNS ontogeny. 
Two types of precursors - sensory (S) and autonomic (A) - arise from a common 
progenitor during neural crest cell individualization and/or migration and in the early 
steps of gangliogenesis. During gangliogenesis, the S progenitors can survive only in 
ganglia developing in close proximity to the neural tube, from which they benefit from 
the effect(s) of growth factor(s). They rapidly become exhausted in their proliferation 
capacities and, by 7 days, they have reached the postmitotic state. In the non-neuronal 
population of these sensory ganglia, A progenitor cells survive while glial cells 
differentiate. In the autonomic ganglia (AG) developing at a distance from the CNS, the 
S progenitors disappear rapidly while the A precursor cells survive at least until 
hatching. NT, neural tube; No, notochord. (B) Diagram showing the different survival 
requirements of the S and A progenitors at the time of gangliogenesis. S progenitors 
need a growth factor (GF) from the CNS to survive and differentiate. It is only later 
upon arrival of its fibers to peripheral targets that they find neurotrophins and other 
factors for survival. A progenitors can survive and differentiate far apart from the CNS. 
In sensory ganglia they survive for long periods in a latent form, but do not express 
differentiated traits either in the chick or in quail. S precursors do not survive if 
migrating into ganglia localized at a distance from the CNS. (Reprinted, with 
permission, from Le Douarin, 1986. Copyright ( 1986) American Association for the 
Advancement of Science.) 
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abilities; (2) a transient lifespan of the sensory progenitors until neurons are 
born, in contrast to a prolonged subsistence of autonomic progenitors, at least 
until hatching; (3) differential requirements for survival and differentiation 
based on the fact that sensory progenitors can only survive in sensory ganglia 
close to the CNS primordium, while autonomic precursors remain alive in all 
types of ganglia. We now evaluate the validity of this model in light of evidence 
accumulated over the past 10  years. 

7.4.2 Existence of distinct sensory and autonomic neuronal 

progenitors in the migrating neural crest 

The differentiation of various cell types in culture depends upon the composi
tion of the culture medium. Thus, different media should allow the differentia
tion of distinct cell types. Ziller et al. ( 1983, 1 987) have ex planted 
mesencephalic neural crest from migratory stages in a serum-free, defined 
medium. Under these conditions, a subset of neural crest cells rapidly leaves 
the cell cycle and differentiates into neurons with sensory properties. 
Adrenergic cells do not differentiate under these conditions. In contrast, if 
the medium is supplemented with serum and chick embryo extract, the first 
neuronal category dies, and, 5-7 days later, adrenergic cells develop from a 
different population of cycling precursors. These experiments are consistent 
with the notion that some sensory and autonomic progenitors are segregated 
within the migratory neural crest and that they have distinct growth require
ments. Moreover, the rapid differentiation of the sensory-like neurons indicates 
that they may derive from an early committed progenitor upon which the 
environment acts in a selective way, whereas the appearance of autonomic 
cells, based on the time and complex medium requirements, might arise as a 
result of instructive signals. Furthermore, Sieber-Blum (1 989b) found a similar 
group of progenitors that developed in close proximity to the neural tube, 
appeared to be postmitotic at the time of explantation, and differentiated 
into sensory neurons within 48 hours. 

Results of in vivo clonal analysis of the neural crest enabled a more direct 
assessment of the lineage relations of sensory neurons. Most clones were found 
to populate DRG, sympathetic ganglia, and peripheral nerves, suggesting that 
they derive from a multipotent founder cell (see Figs. 7 .4 and 7.5). Moreover, 
certain clones were shown to colonize exclusively the DRG or the sympathetic 
ganglia and contained either a mixture of neurons and glia-like cells, or sensory 
neurons of the dorsomedial and ventrolateral type; others consisted of appar
ently homogeneous types of cells (either neurons or glia), suggesting that they 
derive from monopotent committed precursors (Bronner-Fraser and Fraser, 
1 988, 1989; Frank and Sanes, 1 99 1 ;  Fraser and Bronner-Fraser, 1 991 ) .  These 
results are therefore consistent with the notion that some progenitors become 
precociously segregated into sensory as compared to sympathetic lineages, a 
process that is likely to take place during the migration of neural crest cells. 
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Nevertheless, they indicate that a majority of neurons in sensory and sympa
thetic ganglia arise from multipotent precursors. 

In vitro cloning experiments by Le Douarin and colleagues (Baroffio et al., 
1988) and Sieber-Blum (1 989a,b) revealed sensory neurons that develop in 
mixed clones with other cell types. However, this method failed to demonstrate 
in a systematic manner the existence of monopotent sensory progenitors in 
clonal conditions, although clones containing few neurofilament-positive cells 
were detected as well (Baroffio et al. , 1 991) .  Thus, the subset of neural crest 
cells that is committed to develop along the sensory lineage may be more 
sensitive to growth in clonal conditions when compared to mitotically active 
progenitors. It is therefore not possible to evaluate from in vitro cloning what is 
the relative proportion of sensory neurons that derives from either type of 
progenitor. 

7.4.3 Existence of autonomic progenitors in all peripheral ganglia 

The observation that back-transplanted DRG gave rise to adrenergic neurons 
in autonomic ganglia implied that progenitors with the ability to differentiate 
into autonomic neurons are present among the non-neuronal population of 
sensory ganglia. Consistent with these findings, transient catecholaminergic 
cells were observed in sensory ganglia as well as in the enteric nervous system 
of rodent embryos. Whereas such cells could not be demonstrated in avian 
embryos in vivo, evidence for their presence in a latent form was provided 
by culturing DRG and gut tissue, a procedure that allowed their expansion 
and phenotypic differentiation (for further discussion, see Section 7.6 and 
Chapter 5). 

7.4.4 Differential environmental requirements of sensory and 
autonomic neurons 

The dual segregation model proposed by Le Douarin ( 1 986) (see Fig. 7.7B) 
inferred the existence of short-range signals emanating from the early CNS. 
These signals would affect the development of sensory neurons, in contrast to 
that of sympathetic neurons which leave the CNS soon after the onset of neural 
crest migration and are, therefore, not exposed to a CNS input. Microsurgical 
manipulations, which consisted in depriving the early forming DRG of the 
neural tube, interfered with DRG development in a selective manner. 
Subsequently, BDNF was shown to mediate this effect in a specific way, 
while not affecting development of sympathetic progenitors at any stage (see 
Chapter 4 for a detailed discussion). Ongoing research on the molecular 
requirements of peripheral ganglion cells led to the further identification of 
additional neurogenic factors whose activities are specific either to sensory or 
to autonomic neuroblasts, as well as some factors acting on both cell types (see 
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sections on early development of sensory and sympathetic neurons in Chapters 
4 and 5). 

Several transcription factors were found to act as distinctive signals for 
sensory and autonomic lineages. The achaete-scute complex of Drosophila 
contains four genes whose function is required for neuroblast generation 
(Ghysen and Dambly-Chaudiere, 1 988). These genes encode nuclear regulatory 
proteins of the basic helix-loop-helix (bHLH) class (Villares and Cabrera, 
1987; Alonso and Cabrera, 1988). Johnson et al. ( 1 990) isolated a mammalian 
achaete-scute homologous gene (MASH-I), which was shown to be expressed 
in autonomic but not sensory ganglia of the mammalian PNS (Johnson et al., 
1990; Lo et al., 199 l b; Guillemot and Joyner, 1993). Analysis of homozygous 
embryos with a deletion in this gene and complementary cell culture experi
ments revealed that the MASH- I product is involved in promoting the differ
entiation of a committed sympathetic neuronal progenitor, but it does not 
affect sensory neurogenesis (Guillemot et al. , 1 993; Sommer et al. , 1995). 
This was followed by the isolation and characterization of NeuroD and 
Neurogenin, two transcription factors expressed in sensory, but not auto
nomic, ganglia. While overexpression of both factors in Xenopus embryos 
can induce ectopic neurogenesis, the timing of expression of NeuroD in vivo 
suggests that it is more likely to play a role in neuronal differentiation. In 
contrast, neurogenin is expressed very early and also regulates NeuroD expres
sion, raising the possibility that neurogenin is a neuronal determination gene 
(Lee et al. , 1995; Ma et al. , l 996b ). Analysis of the appropriate knockout 
embryos will help clarify its function in mammalian development. 

Specific members of another family of transcription factors, the class IV 
POU domain factor Brn-3.0, and the highly related factors Brn-3.1 ,  and Brn-
3.2, were recently shown to be differentially expressed in populations of neural 
crest cells, and later to become restricted to sensory neurons within the PNS. 
Analysis of null mutations of Brn-3.0 revealed that it is required for the migra
tion and survival of subsets of sensory neurons expressing the neurotrophin 
receptors TrkA, TrkB, TrkC and p75 at different times of ontogeny, and that 
deletion of the gene affects the expression of specific neurotrophin genes such 
as BDNF (McEvilly et al. , 1 996; Xiang et al. , 1996). These results suggest that 
Brn-3.0 is indeed necessary for modulating aspects of neurotrophin signaling in 
sensory ganglia. The restricted biological effects and localization patterns of 
several such transcription factors, suggests that these molecules may confer an 
additional level of spatial and temporal specificity to that conveyed by neuro
trophic factors. 

7 .5 Glial lineages in neural crest ontogeny 

7.5.1 Origin and diversity of glial cells 

The neural crest-derived peripheral glia is composed of three main categories of 
cells: the satellite cells of the sensory and autonomic ganglia, the Schwann cells 
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lining the peripheral nerves, and the glia of the enteric nervous system 
(reviewed by Le Douarin et al., 199 1 ). There is now general agreement that 
all the above types of peripheral glia originate from the neural crest (Le 
Douarin and Teillet, 1973; Ayer-Le Lievre and Le Douarin, 1982; D'Amico
Martel and Noden, 1983; Teillet et al., 1987; Carpenter and Hollyday, 1 992). 
Yet, it has been claimed that the ventral neural tube itself contributes some 
Schwann cells that localize in the proximal part of the peripheral nerve in vivo 
(Rickmann et al., 1 985; Lunn et al., 1987; but not confirmed in quail-chick 
chimeras by Teillet, unpublished results), or migrate away from ventral neural 
tube explants in vitro (Loring and Erickson, 1987). 

The axially restricted origin and distribution of neuronal derivatives is also 
followed by glial progenitors. For instance, enteric glia, like their neuronal 
counterparts, originate from the vagal and sacral levels of the neural crest. 
In addition, Schwann cell precursors that arise from a length equivalent to 
one somite populate the dorsal and ventral roots and the peripheral nerves 
of two consecutive segments, much like neural crest cells that colonize the 
DRG (Teillet et al . . 1987; Carpenter and Hollyday, 1 992). 

7.5.2 Early markers of glial development 

Understanding the cellular and molecular events involved in the generation of 
glial sublineages from the neural crest depends upon the availability of specific 
markers with an early expression pattern. The best characterized subtype of 
glial cells belongs to the Schwann cell sublineage. Their development can be 
considered in two parts: first, the generation of differentiated Schwann cells 
from the neural crest; and second, their maturation into myelin- and non
myelin-forming cells that ensheath the peripheral nerves. 

A set of antigens has been identified that characterizes the second phase of 
Schwann cell development. S l OO and myelin-associated glycoprotein become 
expressed, for instance, by the time of myelinization (Owens and Bunge, 1 989; 
Jessen et al . . 1994). Additional markers of Schwann cell maturation have also 
been described (Mirsky et al., 1 980; Trapp et al., 1984; Jessen et al., 1985, 1 990; 
Martini and Schachner, 1986; Eccleston et al., 1987; Curtis et al., 1992; Rudel 
and Rohrer, 1992; Snipes et al., 1 992). Few markers are available, however, 
that stain early neural crest-derived Schwann cells. Although the HNK- 1 mar
ker stains young glial cells and their progenitors in avian and rat embryos, it is 
not specific to this lineage. So is the low-affinity NGF receptor p75 which is 
expressed on the surface of many neural crest cells in the mouse, including glial 
precursors. 

Attempts to identify novel markers specific to early glial cells, led to the 
characterization of a Mab, termed Schwann cell myelin protein (SMP), that 
recognizes a surface glycoprotein of the immunoglobulin superfamily that car
ries the HNK- 1 epitope and is present in quail myelinating and non-myelinat
ing Schwann cells from E6, but in embryo sections it is never encountered on 
enteric glia or satellite cells of the peripheral ganglia (Dulac et al., 1 988, 1 992). 
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This localized expression led the authors to propose that SMP is a specific 
marker for the Schwann cell sublineage in vivo. Subsequent experiments 
revealed that dissociation of sensory or enteric ganglia and growth in culture 
upregulate the expression of SMP in the satellite cells, implying that, in the 
embryo, the expression of the SMP antigen is normally inhibited in the enteric 
plexuses and in all types of peripheral ganglia (Dulac and Le Douarin, 1 99 1 ;  
Cameron-Curry et al. , 1 993). Thus, it appears that SMP i s  a constitutive pro
tein of all types of peripheral glia. Consistent with this view is the appearance 
of SMP in glial cells developing in clonal cultures of neural crest cells in the 
absence of neurons (Dupin et al., 1 990). Yet, the expression of the SMP pheno
type in glial cells of the DRG can be regulated by ganglionic neurons, and by 
neuron-derived factors (Pruginin-Bluger et al., 1 997; see below). Thus, the 
SMP gene is constitutively linked to the development of the glial lineage and 
its expression is modulated by specific environmental signals as part of a multi
step glial differentiation program. 

To study the earliest events in glial segregation, however, an earlier mar
ker is required. SMP is not present in neural crest subsets in vivo, and it 
develops in crest cultures about a week after initial seeding. In search for 
such molecules, a Mab, l ES, was generated that recognizes myelinating and 
non-myelinating Schwann cells in mature chickens. During embryogenesis, it 
recognizes a subpopulation of neural crest cells following initial emigration 
from the neural tube; subsequently, it stains a subset of cells that migrates 
in the ventral pathway between neural tube and somites and in the scler
otome. These cells were shown to represent a subpopulation of HNK- 1 -
positive cells, an observation that confirmed their neural crest identity. 
Upon homing, ! ES-positive cells were found to be present in the dorsal 
and ventral roots and along the growing peripheral nerves. Biochemical 
characterization of the 1 ES determinant revealed that it is a sugar carried 
by proteins comigrating with PO, the major glycoprotein of myelin. Thus, it 
appears that, in avians, PO (or a closely related protein) is an early marker 
for the Schwann cell lineage (Bhattacharyya et al., 1 99 1 ). Depletion experi
ments or immunopositive selection of ! ES-positive cells should critically test 
whether the cells expressing this marker throughout crest ontogeny are 
indeed lineally related. 

7.5.3 The lineage relations of glial cells 

7.5.3.1 Clones containing only glia or combinations of neurons and glia. With 
the discovery of the SMP marker for glial cells, it became possible to study the 
lineage relationships between the SMP-expressing derivatives and other cell 
types. Du pin et al. ( 1990) provided evidence for the coexistence of a pluripotent 
precursor for glia, neurons, and melanocytes, as well as of a more restricted 
common precursor for neurons and glia, an even more limited bipotential 
precursor cell for SMP-positive and SMP-negative satellite cells, and, finally, 
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a committed progenitor which develops exclusively into SMP-positive progeny. 
These results show that glial cells expressing SMP can derive from progenitors 
with different degrees of specification that coexist within the neural crest at 
migratory stages (see Figs 7.2 and 7.3). In view of the finding discussed in the 
previous section that the SMP marker recognizes in culture all types of satellite 
cells, the question remains open as to the exact identity of the SMP-immuno
reactive derivatives that arise from committed compared to multipotent crest 
progenitors. 

A similar picture was revealed when the fate of single neural crest cells was 
followed in avian embryos with a recombinant retrovirus (Frank and Sanes, 
199 1 ). Whereas Schwann cells were easily identified by their position along 
nerves and roots, the discrimination of satellite cells was more difficult and 
was done essentially by morphological features (irregular shape of the cyto
plasm, smaller nucleus than that of neurons), and also by their positions rela
tive to ganglionic neurons (Fig. 7.6). In 45% of the clones, a mixture of glia 
and neurons was obtained, 43% of the clones contained only neurons, and 
12% only glia in different combinations, suggesting that the heterogeneity of 
neural crest potentials is also reflected in their actual fates. 

7.5.3.2 The bipotent glia-melanocyte progenitor. Several years ago, the obser
vation was made that peripheral nerves and DRG from young quail embryos 
(E4-6) can give rise to melanocytes under permissive in vitro conditions while 
similar explants from older embryos are unable to do so (Nichols and Weston, 
1977). This finding raised the possibility that Schwann cell precursors, common 
to these two structures, have the transient capacity to differentiate into mel
anocytes, suggesting the existence of a restricted intermediate precursor in the 
neural crest with dual Schwann cell-melanocyte potentials. Subsequent experi
ments have shown that development of pigment cells from older nerves was 
also possible provided the cells were treated with the tumor-promoting phorbol 
ester drug 12-0-tetradecanoylphorbol 1 3-acetate (TPA) (Ciment et al. , 1986; 
Kanno et al. , 1987). In addition, the activity of TPA could be specifically 
mimicked by FGF2 (Stocker et al. , 1 99 1 ), which was later shown to act via 
an autocrine pathway (Sherman et al. , 1 993). As a whole, these results were 
interpreted to reflect a reversal of a developmental restriction to melanogenesis 
in avian Schwann cells. 

Full confirmation for the existence of such a dual progenitor cell required a 
common ancestor for the two phenotypes be directly demonstrated. In vitro 
cloning of mesencephalic-level neural crest cells revealed that, among several 
combinations of cell types obtained in the analyzed clones, about 2% of the 
clones contained melanocytes together with non-neuronal cells (which were 
either positive or negative for HNK- 1 and SMP) (Dupin et al. , 1990). 
Similar results were obtained in vivo, where some individual neural crest cells 
were found to give rise both to descendants localized in the ventral roots or the 
spinal nerves, and to presumptive melanocytes under the ectoderm (Bronner
Fraser and Fraser, 1 988). 
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7.6 Factors affecting development of neuronal and glial 
lineages from the neural crest 

7.6.1 Determination versus di,fferentiation 

The results of clonal analysis of neural crest cells have shown that many of 
these progenitors are pluripotent during migration, while others have already 
undergone restrictions in their developmental potentials. These findings imply 
that distinct neural crest cells reach their sites of differentiation with hetero
geneous states of commitment. As a consequence, the role of the microenviron
ment at the homing sites is to induce a specific fate in multipotent progenitors, 
as well as to stimulate the expression of a restricted developmental repertoire 
(differentiative effect) in fully specified progenitors. These options raise funda
mental questions as to the mechanisms of phenotypic segregation and final 
differentiation. The first is whether fate specification of a multipotent progeni
tor is a cell autonomous process, or is it modulated by environmental cues. The 
literature dealing with development of invertebrate embryos suggests that some 
lineages are determined by cell-autonomous mechanisms while others appear 
to be specified by cell-cell interactions because their development is related to 
the relative position adopted by the cells in the embryo (reviewed for 
Caenorhabditis elegans in Hill and Sternberg, 1 993). Both mechanisms might 
also apply for the neural crest. For instance, the specification of the earliest 
cells that is likely to take place at premigratory stages and during early 
migration might be governed by cell-autonomous mechanisms (stochastic or 
deterministic). These mechanisms generate developmentally distinct sub
populations that respond differentially to environmental cues along the 
migratory paths and at the homing sites (see Chapter 2 for detailed discussion). 
Furthermore, those progenitors that arrive in a multipotent state to the various 
homing sites might become specified by local interactions. Consistent with this 
notion, the population studies previously described have stressed that intercel
lular interactions determined by position are of paramount importance in 
neural crest development. 

The best approximation, however, to possibly discriminate between induc
tive and selective mechanisms of cell specification is to study the effects of 
environmental factors on homogeneous (or at least initially homogeneous) 
populations. The clonal progeny of single primary or immortalized cells was 
chosen for such studies (Lo et al., 1 99 l a; Sieber-Blum, 1 99 1 ;  Stemple and 
Anderson, 1 992). One approach consisted of generating a rat clonal cell line 
upon immortalization of neural crest cells with a v-myc-containing retrovirus 
(Lo et al. , 1 99 l a) .  Initially, these multipotent cells express the low-affinity NGF 
receptor (NGFR) and give rise, at high frequency, to elongated glial-like cells, 
a process which is accelerated by serum withdrawal and prevented by TGF {3. 
At low frequency, these cells irreversibly generate progeny lacking the NGFR, 
NGFR(-). After exposure to FGF and dexamethasone some cells will express 
tyrosine hydroxylase and neurofilament proteins. Has FGF an instructive 
effect on these cells? The data suggest that the population that lacks the 
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NGFR is more restricted in its developmental potential when compared to the 
NGFR( + )  founder cell. However, since the loss of the low-affinity NGF 
receptor occurs in the absence of added FGF, one must assume that the con
version of an NGF( + )  to an NGF(-) cell is factor-independent. Thus, most 
likely, the presence of FGF and dexamethasone stimulates the development of 
adrenergic traits (expansion and/or differentiation) in a subset of progenitor 
cells that underwent an FGF-independent restriction process. 

Along the same line, Sieber-Blum ( 1 99 1 )  has undertaken a study to test the 
possible role of BDNF on commitment of pluripotent neural crest cells in 
clonal cultures. This work was inspired by previous results showing that 
BDNF is required both in the embryo and in culture for the survival and/or 
differentiation of neural crest cells that give rise to sensory neurons (Kalcheim 
et al., 1987; Kalcheim and Gendreau, 1 988). Sieber-Blum has shown that 
treatment of cloned neural crest cells with this neurotrophin caused an increase 
of up to 2 1-fold in the number of sensory neuronal precursors per colony, and 
an equivalent decrease in the number of undifferentiated precursors. Moreover, 
these changes were not accompanied by a corresponding increase in total cell 
number, suggesting that, under these conditions, BDNF is not a survival factor 
for the neural crest precursors. Notably, analysis of resultant phenotypes was 
performed between 1 and 3 weeks after initial clonal seeding. Consequently, the 
possibility cannot be ruled out that, instead of instructing a pluripotent pre
cursor to become a specified sensory neuroblast, BDNF, albeit present in the 
cultures from the beginning, starts acting at a later stage on daughter cells that 
had in fact become restricted in a cell autonomous fashion. In such a case, 
BDNF would presumably stimulate their differentiation into sensory neurons 
(expression of the SSEA-1 antigen, characteristic neuronal morphology, etc.), 
as previously proposed. 

The above studies reveal that the question of the influence of a growth factor 
at the level of founder multipotent crest progenitors remains an open issue. 
This is because, even if a given factor is present in the cultures from the single 
cell stage, its actual influence on the development of certain phenotypes is 
analyzed following several rounds of cell division. Under these circumstances, 
it is not possible to discriminate whether the growth factor has acted directly 
on the multipotent cell, on its identical progeny (instructive mechanism), or, 
alternatively, on one of its more restricted descendents (possible trophic 
mechanism). The ability to fit a model of environmental determination of 
cell commitment to experimental data depends upon the ability to demonstrate 
that the multipotent cell is the actual cell in the lineage that responds to the 
extrinsic signal. 

A step forward in this direction was made in the experiments of Shah et al. 
( 1994), in which it was shown that primary rat neural crest cells grown in clonal 
density are able to differentiate into glia and neurons expressing MASH- 1 .  In 
contrast, in the presence of glial growth factor-2 (GGF2), a Schwann cell 
mitogen of neuronal origin (Lemke and Brockes, 1984), no neurons developed. 
Sequential analysis of the development of such clones revealed that neurons 
failed to develop at any time tested; consequently, no expression of the neuro-
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nal marker MASH-I was detected. These results were interpreted to mean that 
GGF2 acts directly on the multipotent progenitors to supress the neuronal fate. 
While this conclusion derives from the data, the lack of quantification of the 
relative proportions of glial cells precludes establishing whether GGF2 has, in 
addition, an instructive effect on the commitment of multipotent crest cells to 
become glia, or, alternatively, whether the glial fate is a default pathway under 
the conditions employed. Further work is also necessary to assess whether 
GGF2 is the endogenous factor responsible for the reported effects. 

Using the same system, Shah et al. ( 1 996) have shown that BMP2 has an 
opposite effect to that of GGF2. In the presence of BMP2, glial cells do not 
develop. In contrast, neurons are apparent earlier than in controls, and 
MASH-I is upregulated. The early timing of this effect is highly suggestive 
of an activity of BMP2 on the initial neural crest cells or their immediate 
progeny. Curiously, whereas two-thirds of the BMP2-treated clones contained 
only neurons, about one-third also contained cells that stained for markers of 
smooth muscle phenotype, a cell type induced to develop in this type of culture 
by TGF,81 .  Again these results leave open the possibility that the factors 
assayed affect partially restricted crest cells rather than stem cells with equal 
developmental potentials. 

7.6.2 Phenotypic diversification in a homogeneous environment 

A second question related to phenotypic diversification concerns the mechan
isms whereby multipotent progenitors segregate into distinct phenotypes 
within the apparently homogeneous milieu of a nascent ganglion. Clonal ana
lysis in vitro has clearly shown that Schwann cells derive from multipotent as 
well as from restricted progenitors that coexist in the mesencephalic neural 
crest at the time of migration (Dupin et al. , 1 990). Likewise, sensory neurons 
can differentiate from multipotent precursors (Baroffio et al., 1988; Bronner
Fraser and Fraser, 1 988; Sieber-Blum, 1989b), and also from specified progeni
tor cells (Ziller et al., 1 987; Baroffio et al. , 1988; Bronner-Fraser and Fraser, 
1 988; Sieber-Blum, 1 989b). Whether all sublineages of sensory neurons can 
differentiate from either precursor type remains to be established. Thus, the 
local environment of the organizing ganglia, or the proximity to the CNS, or to 
a peripheral nerve may readily stimulate differentiation of the arriving com
mitted precursors. These same milieux could also exert a negative selection 
(maintenance in a latent mode, or death) on cells whose fate is inappropriate 
to their homing sites (see Le Douarin, 1 986). On the other hand, the fate of 
multipotent cells that colonize a given embryonic anlage may be determined by 
contact-mediated signalling with already differentiated cells, and, also in this 
case, the cues might be either of a stimulatory or inhibitory nature. 

An example of positive cell-cell interactions is the stimulation of glial cell 
development by ganglionic neurons. The differentiation of neurons in the gang
lia precedes that of satellite cells (McMillan-Carr and Simpson, 1 978), suggest
ing a sequential order by which glial differentiation would depend upon signals 
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from the recently formed neurons. Holton and Weston ( 1 982a,b) have shown 
that, in sensory ganglia, specific contact with neurons is required by developing 
glial cells for the synthesis and accumulation of a glial marker, the S l OO pro
tein. Recently, Pruginin-Bluger et al. ( l  997) have shown that coculturing 
neurons with developing glial cells of E7-8 quail DRG stimulates within a 
day a significant increase in the proportion of non-neuronal cells that express 
the glial marker SMP. Moreover, this paracrine effect was found to be 
mediated by BDNF, as treatment of the cocultures with a fusion protein 
that contains the extracellular domain of TrkB and thus sequesters BDNF in 
a specific way completely abolished the stimulation. These results suggested 
that certain interactions between neurons and developing glia in DRG are 
mediated by BDNF, a neurotrophin synthesized by the developing sensory 
neurons in the avian ganglia, but not by the satellite cells. Therefore, one 
mechanism that accounts for the differentiation of distinct cell types within 
the ganglionic milieu is the occurrence of sequential paracrine interactions 
between already differentiated cells and responsive progenitors. It remains to 
be tested whether, in addition to stimulating glial differentiation, neuronal cells 
also exert a negative effect on glial progenitors to prevent them from becoming 
neurons. 

Examples of local inhibition within the ganglionic environment are pro
vided, first, by the previously discussed inhibition of SMP expression, and 
second, by the dormant autonomic progenitors that populate the avian DRG 
but never differentiate along the adrenergic sublineage within the ganglia (see 
also Section 7.4. 1 ) .  These latent cells are, however, able to express cat
echolaminergic traits in mass cultures of dissociated sensory ganglia (Xue 
et al., 1985, 1987; see also Sextier-Sainte-Claire Deville et al. , 1992). The 
inhibition of expression of the autonomic phenotype in the DRG milieu 
may reflect the absence of appropriate signals that are required for auto
nomic development. Alternatively, it may be explained by lateral inhibition 
exerted by one cell type on its adjacent neighbors, in analogy to the 
well-demonstrated lateral-inhibition process discovered in Drosophila neuro
genesis, which is mediated by the Delta and Notch genes (Artavanis
Tsakonas, 1988; Greenspan, 1 990). 

The existence of such a mechanism in vertebrate embryos was also 
demonstrated. Chitnis et al. ( 1995) and Henrique et al. ( 1995) have shown 
that the integral membrane protein Delta is expressed by postmitotic cells 
with neurogenic potential in the neural tube of both avian and Xenopus 
embryos. These cells signal via Delta to adjacent cells expressing the 
Notch receptor that are located in the luminal portion of the neuroepithe
lium and prevent them from becoming neurons prematurely. Consequently, 
absence of Delta results in the formation of an extra set of neurons that 
does not exist under normal conditions. Delta and Notch might also be 
involved in lateral inhibition in neural crest-derived cells, based on the 
expression of Notch transcripts in early sensory ganglia of mouse embryos 
(Weinmaster et al. , 199 1 ). 



        
       

Concluding Remarks and 

Perspectives 

In the 1 5-year interval separating the first edition of The Neural Crest from the 
present book, our understanding of the ontogeny of this structure has pro
gressed considerably. New derivatives of the neural crest have not been dis
covered but truly novel perspectives have illuminated the field. Considering the 
list of neural crest derivatives summarized in Table 8. 1 ,  one can only be over
whelmed by the impressive diversification of phenotypes arising from this dis
crete and transient embryonic structure and by its paramount participation to 
the vertebrate organism. By means of the PNS, the neural crest provides the 
body with an efficient communication system with the outside world, and 
within the organism itself. By means of pigment cells, the neural crest provides 
protection from UV light and a means of undergoing adaptative color changes. 
Furthermore, the neural crest has accommodated the large increase in brain 
size which took place during vertebrate evolution by providing it with the skull. 
Thus, it appears to be a highly adaptative structure and, as it is absent from 
their chordate ancestors, the neural crest can be considered as a "spectacular 
invention" of vertebrates as pointed out by Gans in 1 987. 

One is also incited to seek for common denominators between the highly 
diversified neural crest derivatives. Such a line of thinking is stimulated by the 
existence of congenital anomalies in which multisystem neural crest defects 
(neuronal and pigmentary, neuronal and craniofacial, neuronal and endocrine, 
etc.) are found to be associated. Molecules mutated in specific neurocristo
pathies have begun to be elucidated, and provide precious tools to tackle 
these links. Yet, the mode of action of these gene products either on common 
intermediate progenitors or on already diversified cell types, and their relation
ships with other active factors, are only examples of open questions that await 
to be solved. One of the most striking developmental features of the neural 
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Table 8 . 1 .  The derivatives of the neural crest 

Spinal ganglia 

Peripheral nervous system 

I. SENSORY GANGLIA 

Sensory neurons 

Trigeminal nerve (V) root ganglion: trigeminal ganglion (partly) 
Facial nerve (VII) root ganglion 
Glossopharyngeal nerve (IX) root ganglion: Superior ganglion 
Vagal nerve (X) root ganglion: jugular ganglion 
Cells of Rohon-Beard (amphibians) 

Satellite cells 
In all sensory ganglia including geniculate (nerve VII); otic (nerve VIII); petrosum (nerve IX); 
nodose (nerve X) 

II. AUTONOMIC NERVOUS SYSTEM 

Sympathetic ganglia and plexuses: neurons and satellite cells 
Parasympathetic ganglia and plexuses: neurons and satellite cells 

III. SCHWANN CELLS OF THE PERIPHERAL NERVES 

Endocrine and paraendocrine cells 
Carotid body type I cells (and type II. satellite-type cells) 
Calcitonin-producing (C cells) 
Adrenal medulla 

Pigment cells 
Mesectodermal derivatives 

SKELETON 
Nasal and orbitary 
Palate and maxillary 
Trabeculae (partly) 
Sphenoid complex (small contribution) 

Cephalic crest 

Cranial vault (squamosal and small contribution to frontal) 
Otic capsule (partly) 
Visceral skeleton 

CONNECTIVE TISSUE 
Dermis, smooth muscles and adipose tissue of the skin in the face and ventral part of the neck 
Ciliary muscles 
Small contribution of striated muscle cells of the face and neck 
Connective and muscular tissues of the wall of the large arteries derived from the aortic arches 
(except endothelial cells) 
Tooth papillae (except endothelium of blood vessels) 
Cornea: corneal "endothelium" and stromal fibroblasts 
Meninges: in prosencephalon and partly in mesencephalon 
Connective component of the pituitary, lacrymal, salivary, thyroid, parathyroid glands, and thymus 

Trunk crest 
Dorsal fin mesenchyme (lower vertebrates) 
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crest is the migratory behavior of its component cells. The discovery that 
neural crest cell guidance involves negative as well as positive cues has opened 
new avenues in the search for mechanisms that provide the spatial patterning 
of crest derivatives. Direct evidence for active chemoattraction is still missing, 
and much remains to be done to understand how so many molecules act in a 
coordinated fashion to pattern the migration of the neural crest. 

The crucial question of whether crest cell migration is conditioned by a 
precommitment toward a given fate is still open. Cloning experiments have 
outlined the largely multipotent status of neural crest cells, while also stressing 
the existence of early-emerging developmental restrictions. Thus, a priori, no 
unique answer is likely to explain the behavior of all migrating cells. In the 
future, researchers will be faced with the uneasy task of relating the state of 
specification of individual progenitors with their ability to respond differen
tially to regional cues. 

In the near future, molecular genetics is likely to provide invaluable infor
mation. In particular, the production of conditional mutants will allow the 
assessment of gene function to be tested at restricted times and embryonic 
sites. In avian embryos the lack of genetic techniques is gradually being over
come by virus-mediated gene misexpression. It is expected that the increasing 
power of this technique, combined with quail-chick chimerism to restrict the 
spreading of certain viral subtypes, will become a most useful tool in future 
research. 

In the first edition of this book, the chapter devoted to the mesenchymal 
derivatives of the neural crest reviewed experimental data essentially gathered 
in the avian embryo during the 1 970s. These data showed, not only that the 
neural crest was at the origin of the facial skeleton in higher vertebrates, as 
already reported for amphibians in Horstadius's monograph, but they also 
showed that the contribution of the neural crest was even more diversified 
than previously expected. The availability of a stable marker established with
out ambiguity that all the connective tissue of the head associated with meso
dermally derived blood vessels, with myocytes as well as dermis, were also of 
neural crest origin. The paramount quantitative and qualitative contribution of 
ectodermal derivatives to the vertebrate head was thus recognized. 

Another major event in the field was the recognition of the segmental struc
ture of the brain primordium, which has implications in the development not 
only of the CNS but also of its neural crest derivatives. The advent of mol
ecular genetics and the unveiling of multiple regulatory pathways are now 
providing new tools to unravel the developmental mechanisms involved in 
head and facial morphogenesis, as well as in patterning the highly diversified 
derivatives of the neural crest. 
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272-273, 286-288; NCl ,  4--6, 30, 66-67, 
204--207, 230, 265; quail-chick, 10--12, 54, 66, 
7 1 ,  73, 78, 82, 85, 9 1 ,  107-108, 1 10, 129, 204, 
207, 244, 263-264, 279, 282, 329; QCPN 
Mab, 12-14, 1 6-17; SSEA-1 ,  1 68, 306, 3 1 5, 
333 

maxilla, 86, 145, 147, 1 52 
Meckel's cartilage, 6 1 ,  64, 69, 85, 1 1 1-1 1 2, 1 14, 

12 1 ,  126-127, 1 39, 1 50 
megacolon, 1 50, 206, 230--239, 285-286, 290 
melanin(s), 252, 254--257, 259, 268-269, 272, 

294, 297 
melanization inhibiting factor (MIF), 268, 296 
melanocyte(s), 9, 1 7, 34--35, 38, 46-47, 65, 1 50, 

192, 2 1 5, 243, 253-257, 261-289, 292-299, 
301, 309, 3 1 1-312, 3 16-3 18,  330--33 1 :  
differentiation, 272-273; early markers 
(MelEM Mab), 38, 272-273, 286, 288; 
stimulating hormone (MSH), 294--298 

melanophore(s), 40, 254--256, 259, 260--261 ,  
267, 295-296 

meninges, 77, 85, 87, 147, 280 
mesectoderm, 7, 60--61 ,  65-66, 78, 85, 12 1 ,  

124--126, 1 39-140, 147-149, 1 5 1 ,  274, 3 10: 
derivatives, 65-85; transcription factors 
involved in derivatives ontogeny, 124--149 

mesencephalic nucleus, 1 62, 187, 192 
mesoderm, 1 5, 24, 27, 34--35, 54, 57, 60, 66, 68, 

71-72, 77, 85-91 ,  101 ,  103, 108-109, 1 1 1 , 1 36, 
1 38, 142, 147-148, 1 50, 1 52, 1 55-156, 17 1 ,  
1 73, 202, 205, 214, 237, 268, 280: cephalic, 19, 
85, 87-89, 1 42; paraxial, 1 5, 54, 66, 7 1 ,  
85-103, 108-109, 1 1 1 ,  147, 1 52, 1 56, 205, 214; 
truncal, 87 

mice (mouse): allophenic, 250, 269, 27 1 ,  286; 
coat color mutant in, 297; lethal spotted, 
231-234, 285-286; piebald lethal, 23 1-234, 
285-286; tetraparental (see also allophenic), 
250, 269, 271 

migration: cephalic crest cells, 77-82; molecular 
basis of, 44--47; of neural crest cells, 23-58, 
129, 1 38; of pigment cells, 262-271 ;  pathways 
of, 1 8, 23, 34, 38 (in the head, 65-68; in the 
trunk, 35, 48-58, 2 1 3); segmental, 43, 48, 58, 
1 55, 1 57 

myelin-associated glycoprotein (MAG), 329 
myenteric plexus, 204, 230, 247 

nasal capsule (ect-, mesethmoid, interorbital 
septum), 86, 9 1 ,  1 39, 145-146 

nerve: trigeminal, 162, 3 1 1 ;  vagus, 160, 180, 
197, 245 

nerve growth factor (NGF), 1 54, 166-168, 172, 
1 77, 1 8 1-182, 1 84-187, 191-193, 195, 209, 
218-222, 226-229, 23 1 ,  247, 329, 332-333 

neuregulin, 220 
neurocranium, 61 ,  68-69, 1 1 5 
NeuroD, 293, 308, 328 
neurofibromatosis, 192 

neurofibromin, 192-193 
neurogenin, 308, 328 
neuropeptide Y (NPY), 209-210, 2 12  
neurotransmitter, 208, 2 10--213 :  phenotype, 

204--208; plasticity, 2 10  
neurotrophin(s), 9 ,  1 54, 1 57-159, 166-179, 

18 1-182, 1 85-188, 190--192, 194--196, 
2 16-217, 2 19-220, 228-23 1 ,  328, 333, 335: 
BDNF, 1 54, 1 66-168, 1 7 1-175, 1 77, 1 8 1 ,  
1 84--187, 190--1 92, 194--196, 229, 231-232, 
327-328, 333, 335: CNTF, 167, 1 83, 188-190, 
192, 2 1 1-212, 217, 220--221 ,  226, 228-230; 
neurotrophin-3 (NT-3), 1 54, 166-168, 
1 71-177, 1 81-182, 1 85-188, 190--192, 
194--196, 2 16-2 17, 219-220, 228-23 1 ;  
NT-4/5, 1 54, 187, 229-23 1 

noradrenaline, 203, 2 1 1 ,  221, 248 
norepinephrine, 203, 2 1 1 ,  2 15  

occipital (basi-, exo-, supra-), 88-89, 93, 1 79, 
180 

ocular and periocular tissues, 75 
olfactory placode, 8 1-83 
opercular, 85, 1 1 1-1 12  
otic capsule (pars ampullaris, pars cochlearis, 

parotic process), 86-87, 89-90, 140 

p75 (see also low affinity neurotrophin 
receptor), 9, 40, 1 73, 1 75, 184--1 86, 1 96, 209, 
2 19, 228, 328 

PACAP, 2 17  
palatine, 85-86, 1 10, 1 12, 127, 140, 143, 146 
pancreatic islet cells, 241-243, 248-251 
parietal, 68, 70, 85-89, 91,  1 32, 140, 146 
peanut agglutinin (PNA), 38, 50, 58, 265 
phenylethanolamine-N-methyltransferase 

(PNMT), 210, 222-224, 226-227 
pheochromocytoma (PC1 2), 210, 222, 227 
placodal ectoderm (see also ectodermal 

placode), 82-83, 1 53, 1 59-162, 184, 187 
platelet-derived growth factor (PDGF), 5 1 ,  149, 

220, 277 
proteoglycan, 28, 37-38, 50, 265 
pterygoid, 85-86, 90, 1 10--1 12, 127-128, 

142-143, 1 5 1  

quadrate, 85-86, 1 10--1 1 2, 126-128, 1 39 
quail-<:hick chimera(s), 4, 10--23, 66, 9 1 ,  1 10, 

129, 207, 329 
quail non-chick perinuclear antigen (QCPN), 

12-17, 21-22, 74, 1 10, 1 19, 12 1 ,  205 

replication-deficient retrovirus, 204 
reptiles, 126, 128, 142, 144, 254, 259 
retinoic acid (RA), 98, 104, 106, 124--125, 

1 30--140, 173, 2 1 5-216, 274--275 
rhombomere(s), 91-106 
Rohon-Beard cells, 164, 260 

Schwann cell myelin protein (SMP), 6, 14, 20, 
195-196, 3 1 5, 3 17, 329-33 1 ,  335 



        
       

sclerotome(s), 35-38, 41-42, 50-51 ,  1 55, 1 75, 
1 78-179, 214 

segregation, cell lineage, 304--305, 325, 334 
serotoninergic neurons, 226 
single cell analysis, 3 1 3  
skull (achordal, chordal, prechordal), 90-9 1 
small intensely fluorescent (SIF), 203, 208, 2 10, 

223, 227 
somatostatin, 165, 209, 216, 244, 249-250 
sonic hedgehog protein (SHH), 27, 1 52, 214--2 15  
sphenoid (basipost-, basipre-, pleuro-), 85-87, 

90, 139 
sphenopalatine, 203 
splanchnocranium, 68-69, 1 1 5 
squamosal, 85-86, 89, 1 10-1 12, 126--128, 142, 

144, 146, 337 
Steel factor (SF), 47, 278, 282-285 
stem cell(s), 79, 207, 2 1 1 ,  250, 263, 277-278, 

304, 3 17, 334 
submandibular, 203 
submucosal plexus, 204--205 
substance P (SP), 2 1 ,  83, 16 1 ,  1 65-166, 1 73, 

19 1 ,  20 1 ,  210, 3 1 5-3 16  

T-cadherin, 57-58 
tenascin, 28, 266 
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tetraparental (see also allophenic), 250, 269, 
271 ,  286 

tooth, 63-65, 78-82, 142-144, 146, 149 
Triturus, 3, 40, 63-64 
tyrosine hydroxylase (TH), 1 77, 201 ,  209-217, 

222-226, 242, 274, 3 1 5, 3 17, 332 
tyrosine kinase receptor (trk), 33, 5 1-52, 1 54, 

167, 173, 175, 1 78, 185, 192, 22 1 ,  237, 239, 
270, 277, 328 

ultimobranchial body (UB body), 74, 244--247 

vasoactive intestinal polypeptide (VIP), 2 1 ,  209, 
212, 217,  3 1 5  

viscerocranium, 68-69, 1 1 3 
vitamin A and derivatives, 130, 1 33-134, 1 36 
vomer, 69, 85-86 

xanthophore(s), 40, 259 
Xenopus, 6, 10, 24--27, 40-41,  97, 99, 103, 1 3 1 ,  

135-136, 147, 255, 268-269, 295-296, 320, 
328, 335 

zebrafish (see also Brachydanio rerio ), I ,  I 0, 28, 
40-43, 63, 65, 96, 103-104, 109, 125, 1 3 1 ,  
1 35-136, 143, 262, 266--267, 3 1 1 ,  320 




