CHAPTER 4

Neural Crest Delamination and Migration:

Integrating Regulations of Cell Interactions, Locomotion,
Survival and Fate
Jean-Loup Duband*

Abstract

uring the entire process of neural crest development from specification till final differ-
D entiation, delamination and migration are critical steps where nascent crest cells face

multiple challenges: within a relatively short period of time that does not exceed
several hours, they have to change drastically their cell- and substrate-adhesion properties, lose
cell polarity and activate the locomotory machinery, while keeping proliferating, surviving and
maintaining a pool of precursors in the neural epithelium. Then, as soon as they are released
from the neural tube, neural crest cells have to adapr to a new, rapidly-changing environment
and become able to interpret multiple cues which guide them to appropriate target sites and
prevent them from distributing in aberrant locations. It appears from recent studies that, be-
hind an apparent linearity and unity, neural crest development is subdivided into several inde-
pendent steps, each being governed by a multiplicity of rules and referees. Here resides prob-
ably one of the main reasons of the success of neural crest cells to accomplish their task.

Introduction

The early development of the neural crest in vertebrate embryos can be likened to the
history of a number of European peoples during the last centuries. Briefly, it starts with a long
and obscure time period when minorities are dominated by their potent neighbors, their origi-
nal tetritories occupied and often divided into separate entities, and their traditions and iden-
tities severely repressed. As time goes by, the minorities express signs of identity, first timidly
and cryptically, then progressively more markedly. This period terminates in a sudden and
paroxystic step, typical of revolutions, with the revolts of minorities, their rejection of all exter-
nal influences, and their declarations of independence. This is inevitably followed by an unfor-
tunate cohort of conflicts, wars and population displacements and emigrations. However, as
populations are completely separated, they can express freely their individual characteristics
and conflicts become less acute. Quite often, this situation is favorable for establishment of
new, more stable and balanced contacts between the previously-fighting populations, and it is
accompanied by the mutual recognition of the identities as well as the revival of 2 common
past. This state is supposed to persist unless a new, emerging empire strikes again, but obvi-
ously this has not occured yet in Europe and is pure science fiction.
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Thus, the initial step of neural crest development would correspond to the domination
period. The original territory of crest cells lies at the boundary between the ectoderm and the
neural tube and is not well delimited. Prospective crest cells are most likely recruited from cells
located on either side of the boundary but cannot be identified with certainty during early
neurulation. Nascent neural crest cells become progressively specified and express a number of
specific markers. However, they remain integrated at the dorsal aspect of the neural tube and
are morphologically indistinguishable from the other neural epithelial cells. Then, the delami-
nation step occurs. Undubiously, this event is the best sign of crest cells individualization from
the rest of the neural tube and constitutes their declaration of independence. It is associated
with profound changes in crest morphological and molecular features, with loss of previous
properties and acquisition of new characters. At this step, neural crest cells are clearly distinct
from neural tube cells and are easily recognizable both molecularly and morphologically. In
most species, once cells are segregated from the neural tube, they immediately venture away
from the tube in multiple directions. During migration, neural crest cells may face hostile
environments that may repulse them or cause their death, but they may also occupy more
accessible areas where they survive, grow and sometimes settle to undergo differentiation. In-
terestingly, as observed among European countries, neural crest cells that once have made se-
cession with the neural tube often reestablish intimate contacts with it, such as at the sensory
and motor nerve entry and exit points, and express a number of common molecular markers
with the central nervous system. Thus, the analogy between neural crest cells and the origins,
migrations and fates of European peoples appears to be very large, particularly during delami-
nation and migration, the two critical steps when neural crest traits become manifest: how to
become different while sharing a commeon history and how to survive, move and develop in a
sometimes hostile environment.

Neural crest ontogeny has been extensively covered in the past by numerous reviews.
Here, I will focus on the recent advances and trends in some specific aspects that have consid-
erably modified our view of the delamination and migration stages and discuss the current
questions that are being examined and those that remain unexplained.

1-6

Neural Crest Delamination: Their Declaration of Independence
Delamination (also refered as to emigration, individualization or segregation from the neu-
ral tube) encompasses the series of events that allow the physical separation of neural crest cells
from the rest of the neural tube. Although the term delamination is now widely employed, it
may not be entirely appropriate and may be misleading to some extent, because neural crest
cells do not appear by a process involving splitting of apposed laminae. Delamination can be
viewed as both the final step of the whole process of neural crest cell specification, allowing
cells to become irreversibly segregated from the neural tube, and the transition toward migra-
tion. It must be, however, clearly distinguished from the specification and migration steps
since, as discussed below, these events appear now to be driven by independent and discernable
cellular and molecular mechanisms. Yet, analyzing delamination has long been a difficult and
elusive task: indeed, this step lags during a rather limited time period (so far it has not been
possible either to predict or even to catch the moment when an individual neural crest cell
dissociates from the neural fold); until recently, there was virtually no good molecular markers
for this step in contrast to specification and migration (the best sign for delamination is the
presence of cells at the periphery of the neural epithelium, in between the basal surfaces of the
neural tube and the ectoderm); and there are no clear separations or transitions between the
specification, delamination and migration steps which instead overlap at the level of the popu-
lation, as the whole process evolves continuously in most species (thus, when the pioneer crest
cells are undergoing migration, others are still being specified or delaminating). However, be-
cause it constinutes the first rangible sign of neural crest formation as an individual cell popula-
tion, delamination is a key step during neural crest ontogeny that has long attracted great
interest. In addition, it provides a paradigm to analyze cell dissemination, a process often
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encountered under normal and pathological situations both during embryogenesis and adult-
hood, e.g., during tumor metastasis and tissue repair.

Because of the lack of adapted experimental designs, neural crest delamination has been at
first exclusively the matter of descriptive studies. However, in the early 1990s, following the
pioneer studies of Newgreen,’ a breakthrough has been made possible essentially using an ex
vivo culture approach, based on the comparison of the molecular and cellular properties of cells
migrating out of neural tube explants at different stages of neurulation.>® But it is only quite
recently that the process of delamination has been amenable to in situ experimentation, in
particular owing to the rapid development of transgenic approaches in mouse, zebrafish, frog,
and chick. Finally, because it is highly suitable for both in vitro/ex vivo cultures and in ovo
electroporation allowing real time analyses, the chick embryo has become the most popular
model for studying neural crest delamination, but interesting information have been obtained
with the Xenopus and mouse embryos. Curiously, although the zebrafish embryo allows a
direct visualization of neural crest delamination and proved to be a valuable model for studying
determination and migration, so far it has not been the matter of intense studies to address
specifically the question of delamination.

Morphological and Cellular Events Define Neural Crest Cell Delamination
Primarily as an Epithelium-to-Mesenchyme Transition

Morphological and immunohistological studies in various species ranging from fish to mam-
mals have permitted a detailed description of the main cellular events that accompany neural
crest cell delamination.? Although the topographies of the embryos in Vertebrates are notably
different and influence timing of neural crest emigration relative to neural tube folding and
closure (for example, cranial neural crest emigration in the mouse occurs when the neural tube
is wide open while in the chick it appears coincident with neural fold fusion), a number of
basic events can be recognized in the processes leading to the separation of the neural crest
population from the neural tube (Fig. 1). These events are in many aspects similar to those
occuring in any epithelium-to-mesenchyme transition (EMT). However, although neural crest
cell delamination is often regarded as a model of EMT, it presents a number of specific features
that make it somewhat different and atypical compared with other EMT such as somite dis-
ruption, tumor dissemination, wound healing, or dispersion of epithelial cell lines in vitro. In
particular, in the trunk region, at the time nascent crest cells depart from the neural tube, the
neural epithelium does not manifest signs of complete disorganization and disruption of tissu-
lar cohesion. Rather, it remains morphologically intact and crest cells are only gradually ex-
pelled from the epithelium in the extracellular matrix underneath, suggesting that the process
of delamination is tightly controled both spatially and temporally and that there are mecha-
nisms ensuring continuously the replacement of cells that have emigrated.

As they segregate from the neural tube, neural crest cells change shape progressively: from
regular, elongated, and radially-oriented, they become at first more rounded and irregular in
shape with increasing numbers of filopodia protruding out of the neural tube.”"! Once cells
are entirely separated from the neural tube, they flatten over the surface of the neural tube and
extend tangentially to it. These morphological changes correlate at least in vitro with reorgani-
zations of the actin cytoskeleton, from a dense fibrillar network at the cell periphery in associa-
tion with junctions to a more diffuse and labile organization.'?

Important alterations in cellular cohesion have also been reported. Interestingly, these ap-
pear considerably more complex than originally appreciated. Indeed, at onset of neurulation in
the chick, all cells in the neuroectoderm exhibit junctional complexes typical of polarized epi-
thelial cells with tght junctions and adherens junctions containing E-cadherin. However, not
all epithelial features exist in neuroepithelial cells: there are no desmosomes and the intermedi-
ate filaments are not composed of cytokeratins.'® As the neural folds elevate to form the neural
tube, i.e., long before any sign of crest cell delamination, tight junctions are lost gradually from
the prospective neural epithelium along a ventro-dorsal gradient, but remain intact in the
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Figure 1. Temporal expression patterns of the molecular determinants of delamination and early migration
in nascent neural crest cells as observed in the trunk of the chick embryo. The top panel indicates the timing
and duration of the specification, delamination and migration steps with regard to neural tube morphogen-
esis : 1, opened neural plate; 2, closing neural tube; 3, delaminating neural crest; 4, migrating neural crest.
The neural epithelium (neural plate, np; neural tube, nt) is indicated in yellow, the notochord (n) in red,
the ectoderm (e) in blue, and neural crest cells either prospective (pnc) or migratory (ncc) in green. The
bottom panel shows the temporal expression patterns of adhesion molecules (cadherins, integrins), GTPases
(Rho-B), transcription factors of the Snail, Fox, Sox and Ets families, as well as the HNK-1 marker. The
continuous lines represent the time windows at which genes are expressed. The long dotted lines indicate
that expression persists during the later phases of migration while the short dotted lines with question marks
represent incertainties about the patterns of the molecules considered. For example, it is not well established
whether E- and N-cadherin patterns overlap in prospective crest cells at the time of neural tube closure.

superficial ectoderm.' In addition, although adherens j junctions are retained, E-cadherin is
replaced by N-cadherin and cadherin-6B until onset of migration.>!7 Whether N- and
E-cadherins can coexist transiently in individual cells is not known precisely. Slightly before
emigration, coincident with change in cell shape, adherens j }unctlons become disrupted though
expression of N-cadherin on the cells’ surface is not repressed.!” N-cadherin and cadherin-6B
are lost from neural crest cells, but only after their complete exclusion from the neural epithe-
lium.'”"? Finall b, neural crest cells undergoing migration start expressing cadherin-7 and/or
cadherin-11,""%% two types of cadherin expressed by fibroblastic cells. In the mouse, this cadherin
sequence is different as neural crest cells start expressmg cadherin-6, a close relative of chick
cadherin-GB, prior to delammauon but retain it on their surface during early migration, in-
stead of shlftmg to cadherin-7.2' The overall significance of this complex series of changes in
the repertoire of cadherins in the neural epithelium during neural crest cell emigration is un-
known at present, but it is likely that it is a prerequisite for the step-by-step occurrence of
defined cellular events leading to the correct segregation of cells from the neural tube. Indeed,
qualitative and quantitatives differences in cadherin ex gressnon in neighboring cells have been
found to intruct cell segregation and influence cell fate,”? and the fact that cells have never been
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seen delaminating from the superficial ectoderm may be related with the absence of cadherin
shift in this tissue. In addition, perturbation experiments aimed at altering this sequence all
result in severe deficiencies in neural crest delamination. Thus, mouse embryos mutated for
SIP-1, a repressor of E-cadherin expression, show persistent E-cadherin labeling thoughout
epidermis and neural tube, and this is associated with a complete lack of neural crest delamina-
tion in cranial regions.?® Likewise, forced expression of N-cadherin in prospective neural crest
cells causes a deficit in their emigration and their accumulation into the lumen of the neural
tube.!? Finally, precocious overexpression of cadherin-7 in neural crest cells also prevents mi-
gration instead of producing anticipated emigration."”

Beside changes in cell-cell adhesion, prospective neural crest cells undergo a number of
modifications in their interactions with the extracellular matrix that are believed to favor their
release from the neural tube. First, there is no basement membrane covering the dorsal aspect
of neural tube where cells delaminate, but this absence does not correlate strictly with the onset
of delamination, indicating that although it is necessary, it is not a key triggering event.2
Nevertheless, in vitro studies clearly indicate that neural crest cells respond differently to extra-
cellular matrix material prior to and after delamination,® but it is not clear yet whether these
changes result chiefly from modifications in the repertoire of integrins as observed in the chick
embryo? or from activation of distinct downstream signaling pathways. In addition, in vivo
and in vitro perturbation experiments suggest that neural crest cell delamination is fostered by
matrix metalloprotease-2 (MMP-2), a type IV collagenase, even though it is only produced in
the late phase of delamination, once cells are released in the extracellular environment.” Thus,
neural crest interactions with the extracellular matrix are clearly altered during delamination,
but the means and kinetics of these modifications remain ill-defined.

An important issue concerns the establishement of the spatial, temporal, and functional
hierarchies in the various events affecting cell shape, cell-cell adhesion and cell-matrix interac-
tions. In other words, what is the exact sequence of cellular events that accompany crest delami-
nation; which of them play a critical role; how are they coordinated; are some of them dispens-
able and which is the last event necessary to trigger complete delamination ? At the present
time, there are no clear answers to these questions. However, several clues suggest that delami-
nation is not a linear cascade of events in which each step relies directly on the occurrence of
the previous ones. For example, the fact that N-cadherin down-regulation is a late event taking
place just prior to crest cell dissociation from the neural tube would suggest that this is a
prerequisite for triggering delamination, and the N-cadherin overexpression experiments
mentionned above tend to support this view.!” Yet, recent in vivo studies reveal that complete
delamination of neural epithelial cells followed by active migration can occur without
down-regulation of N-cadherin from the cells’ surface.®?’ Likewise, using an in vitro ap-
proach, Newgreen and colleagues showed that affecting N-cadherin-mediated cell adhesion,
blocking atypical PKC or challenging integrin-dependent matrix adhesion result in the same
outcome, clearly demonstrating that delamination can be achieved by various routes, thereby
excluding any obvious hierarchies among the different cellular events occuring during EMT.12%0

Candidates for orchestrating cellular events during neural crest EMT involve Rho GTPases
-Cdc42, Rac and Rho- known to control cell adhesion and motility through dynamic regula-
tion of the actin cytoskeleton. So far, two members of the family, Rho-A and Rho-B, have been
identified in the neural epithelium at the time of neural crest cell migration.?" Nonsurprisingly,
Rho-A, the most common and best characterized member of the family implicated in actin
bundling and focal contact formation, is ubiquitous in the neural tube. In contrast, Rho-B, a
more divergent member whose function and cellular targets remain largely unknown, exhibits
a very dynamic expression pattern in prospective crest cells prior to and during early migration,
thereby suggesting that it plays a specific role during delamination. Indeed, blockade of Rho
activity using the C3 exotoxin inhibits neural crest delamination in vitro,”* but it should be
stressed that as the C3 exotoxin shows no selectivity for any particular Rho, this experiment did
not allow to ascribe a delamination-promoting activity exclusively to Rho-B. Nevertheless,
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forced expression of a dominant-active form of Rho-B in the neural tube has been found to
cause massive cell delamination, resulting in a severe distortion of the neural tube morphol-
ogy.?? The cellular events regulated by Rho-B in neural crest cells remain to be identified.
Studies in cultured cell lines have shown that it is poorly involved in cytoskeletal organization,
and its close association with endocytic vesicles argues instead for a role in intracellular trans-
port of cell-surface receptors.?? Interestingly, cells delaminating from neural tubes transfected
with an activated form of Rho-B show a marked exclusion of N-cadherin staining from adherens
junctions.? It is therefore plausible that Rho-B might promote delamination of neural crest
cells by affecting N-cadherin trafficking in the cells. Alternatively, it cannot be excluded that it
may also function in the dynamics of crest cell locomotion as primary mouse embryo fibro-
blasts derived from Rho-B-/- strains display a marked defect in cell motility.?* Although Rho-B
presents a number of additional features pertinent to a prominent role in the control of neural
crest delamination (unlike most GTPases which are relatively stable, it is turned over quickly
and its synthesis is tightly regulated by growth factors), it is likely that it operates in concert
with other Rho GTPases, notably Rac and Cdc42. Indeed, in other examples of EMT, changes
in cell cohesion has been found to correlate with subte modifications in the balance between
the different Rho GTPases. In particular, during condensation of the lateral plate mesoderm
into the somite, Cdc42 activity levels appear critical for the binary decision that defines the
epithelial and mesenchymal somitic compartments whereas proper levels of Rac-1 are neces-
sary for somitic epithelialization.>*

A Combinatorial Transcriptional Code for Controling EMT during Neural

Crest Delamination

The search for eatly molecular determinants of neural crest cell specification led to the
identification of a large variety of transcription factors that appeared to be expressed in pro-
spective crest cells at least until early migration (Fig. 1). This suggested that specification of
dorsal neural epithelial cells into neural crest progenitors is necessary and sufficient to initiate
a linear signaling cascade characterized by a precise sequence of expression of transcription
factors and ultimately leading to their delamination and migration, provided cells are con-
fronted with the appropriate environment. However, in the absence of studies at the single cell
level, there is no direct proof for a strict correlation between expression of eatly neural crest
markers and the cellular capacity to undergo delamination. Rather, several observations made
essentially in chick and Xenopus suggest that neural crest specification, delamination, and
migration are causally independent events.

The Snail Family of Zn-Finger Transcription Factors

Slug and Snail were the first transcription factors to be identified in the neural crest, about a
decade ago.”® They belong to the Snail family of Zn-finger transcription factors and are most
commonly used as neural crest markers.* In the chick, neural crest cells express Slug but not
Snail,*” whereas in the mouse and zebrafish,”3® it is the reverse situation, crest cells express Snail
instead of Slug, and, lastly, in Xenopus, both factors coexist in crest cells but are induced sepa-
rately.* Slug and Snail have been shown to play similar roles and be interchangeable in some
experimental systems, ®’ although they may also perform distinct functions in cells.”® There are
numerous indications that Snail transcription factors are involved in EMT.*® Beside prospective
neural crest cells, they are expressed in multiple embryonic regions known to undergo EMT such
as in the primitive streak and mesoderm during gastrulation, during sclerotome dispersal, and
during formation of the heart cushions. Snail mutant mice die at gastrulation, most likely due to
defective ingression of the mesoderm in the primitive streak.*! In tumors, Snail triggers EMT
through direct repression of E-cadherin, and its expression correlates with the invasive phenotype
in cell lines as well as in vivo, in chemically-induced skin tumors.*?* Likewise, overexpression of
Slug in cultured epithelial cells causes desmosome dissociation followed by cell dispersion,
upregulation of vimentin, and fibronectin redistribution.** With regard to the neural crest,
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loss-of-function experiments in chick and Xenopus based on antisense oligonucleotides to Slug
or Snail result in a strong deficit in migrating neural crest cells.>*# For all these reasons, Slug
has been presented as a major player necessary for neural crest delamination. However, other
studies tend to contradict this view and suggest that Slug may be neither sufficient nor necessary
for delamination at least at some axial levels. First, with the possible exception of the cranial levels
in the mouse,*? Slug expression is often delayed with respect to the exclusion of E-cadherin from
the neural tube particularly at truncal levels. It can be argued that Slug might also repress N-cadherin
expression, but this has never been described so far. More significantly, in Xenopus, although
Slug or Snail overexpression in whole embryos leads to the expansion of prospective neural crest
territory and a greater number of melanocytes, their effect is limited to areas contiguous with
endogenous neural-crest-forming regions.*** In addition, Slug is unable to induce by itself crest
formation in ectodermal explants, suggesting that its sole expression is insufficient to direct a
program of neural crest ontogeny.® This is further supported by cell-tracing experiments which
revealed that not all Slug/Snail-expressing cells are fated to become migrating neural crest cells.*
In chick, overexpression of Slug in the neural tube using in ovo electroporation increased the
number of neural crest cells migrating out of the dorsal side of the neural tube associated with an
increase in Rho-B expression, but this occured only at cranial levels.®* In addition, as observed in
Xenopus, only cells situated in the most dorsal side of the embryo, i.e., in the neural crest pro-
spective region, were able to emigrate, whereas cells situated immediat‘eé)y more ventrally exhib-
ited no signs of delamination and expressed no neural crest markers.”*’ Slug overexpression in
the trunk region caused only a slight expansion of the prospective crest cell region, but this was
not accompanied by greater numbers of migrating cells. Finally, neural crest delamination can be
severely affected in trunk of chick embryos, without detectable repression of Slug expression.*”
Thus, paradoxically, despite convincing data on Slug/Snail function in numerous éxamples of
EMT, their precise role in neural crest delamination remains elusive: they may promote delami-
nation in a specific cellular context in the dorsal part of the neural tube but may be insufficient to
drive by themselves EMT of neural tube cells situated more ventrally.

The Winged Helix-Forkhead Transcription Factor Foxd-3

Foxd-3 is a transcription factor of the winged helix-forkhead family whose temporal expres-
sion also closely matches neural crest induction, delamination, and migration. In Xenopus,
chick, and mouse, its expression starts early during neural crest induction approximately coin-
cident with or slightly before that of Slug, but in contrast to the latter, it remains expressed in
most neural crest cells throughout migration, except for melanocyte precursors.®! As for
Slug/Snail, targeted inactivation of Foxd-3 in the mouse is embryonic lethal at very early stages
of development, before implantation®? and, thus, informations about its possible contribution
to neural crest specification and delamination come essentially from gain- and loss-of-function
analyses in frog and chick. In the chick, forced expression of Foxd-3 in the trunk neural tube
was found to suppress interneuron differentiation and induce precocious and robust expres-
sion of HNK-1, a marker for migrating neural crest cells, in the whole neural tube by 24 hours
post-transfection. Foxd-3 is also able to provoke ectopic delamination of cells but not until 24
hours post-transfection. Delamination is evident only after 36-48 hours and is accompanied by
down-regulation of N-cadherin, up-regulation of integrins and cadherin-7, and disruption of
the basement membrane lining the neural tube.?®**° In Xenopus embryos, when ectopically
overexpressed, Foxd-3 is a potent inducer of neural crest markers, including itself and Slug, but
it also promotes expression of neural markers.’® Interestingly, in contrast to Slug, Foxd-3 can
induce expression of neural crest markers in distant locations from the neural crest region.
Conversely, attenuation of Foxd-3 activity by overexpression of a dominant-negative form of
the molecule inhibits neural crest differentiation.”® Thus, although these studies did not di-
rectly address Foxd-3 function in delamination, they clearly highlight its critical role in neural
crest formation and support observations made in the chick. In conclusion, unlike Slug, Foxd-3
seems to be a potent inducer of crest cell specification and delamination, but the delay for its
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effect indicates that it does so only indirectly, possibly by activating intermediate genes, and in
an uncontroled manner as it induces markers of migrating neural crest cells prior to delamina-
tion and at the expense of other cell populations of the dorsal neural tube.

The Sox-E Subgroup of HMG-Box Transcription Factors

Recently, the Sox-E subgroup of HMG box-containing transcription factors attracted much
attention, because in all species and at all axial levels examined, they are specifically expressed
in a temporal order in neural crest cells from early determination to late migration.?®?3
Sox-9 is the first to appear in prospective crest cells and it is closely followed by Sox-10 and,
later, by Sox-8, just before neural crest cells exit the neural tube. At the onset of migration,
while Sox-10 is retained by migrating cells, Sox-8 and Sox-9 are rapidly down-regulated. Later
during differentiation, Sox genes are reexpressed in distinct neural crest subpopulations and
have been shown alternatively to contribute the maintenance of neural crest multipotency or to
participate to specific differentiation programs. Thus, Sox-E genes, and particularly Sox-10,
compose at present the most universal neural crest cell markers. As observed for Foxd-3, pro-
duction of neural crest cells is strongly agcted in Xenopus embryos upon knockdown or
overexpression of Sox-9 and Sox-10. However, while both factors are critical for eatly crest
determination and melanocyte differentiation, they are apparendy relatively dispensable for
delamination and subsequent migration.>*>¢ Likewise, in mouse embryos lacking Sox-9, neu-
ral crest cells are specified and able to start migration but they rapidly undergo programmed
cell death shortly after.?? Very recently, implication of Sox-E transcription factors in delamina-
tion has been further investigated in detail in chick by two different laboratories, but their
results differ in some significant aspects. 82?3 Both studies found that forced expression in the
trunk neural tube of either Sox-8, Sox-9 or Sox-10, but not of Sox-2, a Sox gene from a differ-
ent subgroup, convert within less than 24 hours neural tube cells into neural crest-like cells
expressing the HNK-1 marker. In addition, both studies showed that Sox-E genes induces
cadherin-7 expression but no downregulation of N-cadherin and that they rapidly turn off
Rho-B expression. However, while Cheung and coworkers did not document any marked ec-
topic delamination of neural tube in the electroporated side of the neural tube and concluded
that Sox-E genes by themselves are not capable of triggering cell delamination, McKeown and
colleagues observed at variance extensive migration. This was seen at all levels along the dors-
oventral axis, including in the floor plate, about 36 hours after electroporation, i.e., rather late
after induction of a neural crest phenotype and, 48 hours after electroporation, the transfected
side of the neural tube was almost entirely disrupted and almost all cells were released into the
neighboring sclerotome.”® At present, there are no obvious explanations for these discrepan-
cies, but whatever the exact role of Sox-E genes in neural crest development, it appears that,
like Foxd-3, they can elicit cell delamination only secondarily, after induction of HNK-1 and
cadherin-7, two markers normally expressed after delamination. In addition, delamination
induced by Sox-E genes as well as by Foxd-3 is massive, leaving the neural tube as an empty bag
or a flat tire from which the whole content has been poured out, a situation which is never
observed normally, therefore suggesting that these transcription factors cause delamination by
an aberrant and uncontroled sequence of events at the expense of the other neural cell types.

Recently, beside Sox-E genes, another Sox transcri?tion factor of the Sox-D subgroup, Sox-5,
has been characterized at cranial levels in the chick.”” It is expressed in premigratory crest cells,
slighdy later than Slug and is maintained in most neural crest cells during migration as well as
in glial cells of cranial ganglia. Misexpression of Sox-5 in the cephalic neural tube leads to an
exquisite phenotype contrasting with the massive effects obtained with Sox-E genes. In the
dorsal neural tube, it augments both spatially and temporally the production of crest cells,
associated with up-regulation of Foxd-3, Slug, Pax-7, Sox-10 and Rho-B, whereas in more
ventral regions of the neural tube, it induces Rho-B expression, but not Foxd-3 or Sox-10 and
its capacity to induce delamination is only marginal. Thus, like Slug, Sox-5 effect might be
dependent on the cellular context within the neural tube.



Neural Crest Delamination and Migration 53

Other Families of Transcription Factors

Neural crest cells have been found to express several additional transcription factors at the
time of delamination, among which Pax-3, AP-2, Myc and members of the Zic family are the
most remarkable.’® The role of these factors in neural crest delamination has not been ad-
dressed directly and their possible implication in this process cannot then be formally excluded.
However, it is clear that because they are not restricted to prospective neural crest cells, they
cannot pretend to play a major role by themselves. Pax-3, for example, has been shown to be
genetically upstream of Foxd-3* and mouse Splotch embryos in which its gene is mutated
exhibit strong defects in neural crest cell generation and migration, possibly as a result from
decreased cell-cell adhesion due to oversialylation of N-CAM molecules.”>® Yet, the precise
role of Pax-3 in the control of cell adhesion remains unclear, as it has been also observed in vitro
that its forced expression in mesenchymal cells may induce their aggregation of into multi-layered
condensed cell clusters with epithelial characteristics.®’ The protooncogene Myc has been im-
plicated in Xenopus in crest cell determination independently of its proliferation role®” and, in
the chick, it has been shown to stimulate massive crest cell migration followed by their differ-
entiation into neurons.®3 Finally, mice deficient in the AP-2 gene show severe defects causing
embryonic lethality and affecting primarily development of the neural crest: failure of neural
tube closure, craniofacial anomalies and absence of cranial ganglia.®*

It is striking that, among the different transcription factors characterized in neural crest
cells at the time of their segregation from the neural tube, none of them exhibit expression
patterns matching precisely with delamination, suggesting that this step is essentially de-
pendent on transcriptional events occuring during the previous specification step. How-
ever, recent studies allowed to pin down factors that mark precisely crest cell delamination
more reliably than Slug or Rho-B for example. Ets-1, a member of the Ets family of winged
helix-turn-helix transcription factors has been found to be dynamically expressed in delami-
nating crest cells at cranial levels (ref. 65 and E. Théveneau, M. Altabef, and J.-L. Duband,
unpublished results). At the midbrain level, for example, its expression starts in prospective
crest cells just after apposition of neural folds, at the 5-6 somite stage, i.e., about 4-6 hours
before onset of migration, and it persists in the dorsal neural tube until cell delamination
ceases, i.¢., at the 11-somite stage. In addition, migrating neural crest cells almost immedi-
ately turn Ets-1 expression off as soon as they become fully segregated from the neural tube
and leave its vicinity. Ets-1 has been previously implicated in various EMTs and migratory
events during embryonic development and, in contrast to most other transcription factors
expressed by crest cells, a detailed list of its potential target genes has been established:
these include key molecules for cell locomotion such as integrins, cadherins and MMPs.%¢?
Ectopic expression of Ets-1 in the chick neural tube by in ovo electroporation results in
delamination of neural tube cells, at both cranial and truncal levels, although Ets-1 is not
prominent in trunk crest cells. Interestingly, Ets-1-induced cell delamination presents unique
characteristics that are not observed with forced expression of Foxd-3 or Sox-E genes (E.
Théveneau, M. Altabef, and J.-L. Duband, unpublished results). It is rapid, cells being
seen delaminating within 12 hours posttransfection; it occurs primarily at the basal side of
the neural tube, but also less frequently at its apical (luminal) side; unlike Foxd-3, Sox-9 or
Sox-10, it is not massive but rather progressive, leaving the neural tube intact in a very
similar manner to the normal delamination of neural crest cells; cells exiting from the
neural tube upon Ets-1 overexpression do not express neural crest cell markers such as
HNK-1 or Slug, but show local disruption of the basement membrane, indicating that
Ets-1 most likely triggers delamination by activating expression of MMPs; finally, delami-
nation is not followed by migration, cells remaining for a while at the close vicinity of the
neural tube, before undergoing apoptosis. Thus, at least at cranial levels, Ets-1 might regu-
late late cellular events accompanying neural crest cell delamination independently of a
neural crest phenotype, thereby illustrating thar specification, delamination, and migra-
tion are separable events.



54 Neural Crest Induction and Differentiation

12 hours 24 hours 36 hours 48 hours
De - +
Rho-B — == N-cadnenn
Del -l-
Ets-1 N-cadnern
—_— e No NC marker{No delamination/No ionfNo apopl
S|I..Ig i POy
— NC markers ~-Delaminartion + migrati
N-cadher
Foxd-3 = =
e ———
_——
. NC markers  ———— g Delamination + migration
Sox1d N-cadhern
e ————————— e ————— e s
e ——— e
—— NC markers = [clamiin. = mig
Sox-9 N-cadherin
Cadherin-7
Sox-9 + ——= NCmarkers ——— g Delamination + migration
Rho-B S0 1
- HMK-L
— Cadherin-7
MK
—p NC markers Dk R e
Sox-9 + Neachern
Slug ——— .
e ——— e e e ——eemr,
———— NC markers ————gm Delamination + migration
Sox-9 + Nadein
FOXG-3 + e _
Siug - L

Figure 2. Roles of the Rho-B GTPase and transcription factors of the Snail, Fox, Sox and Ets families in
neural crest EMT as deduced from gain-of-function experiments in the trunk neural tube of the chick
embryo. Rho-B and various transcription factors (indicated on the left) were electroporated either alone
or in combination in the lateral and ventral sides of neural tube at stages prior to neural crest migration
and the consequences of their forced expression on the ectopic expression of neural crest markers, cell
delamination, survival and migration, on celllular events, such as disruption of the basement membrane,
and on expression patterns of molecules involved in EMT are indicated at the indicated time periods
following electroporation. Data were collected from references 28, 29, 49 and from E. Théveneau, M.

Altabef and ].-L. Duband, unpublished.

Cooperative Activity of Transcription Factors during Neural Crest Cell EMT

The above studies reveal that delamination elicited by transcription factors ectopically ex-
pressed in the intermediate and ventral neural tube is either partial or disordered, and that
none of them is able to induce a complete neural crest phenotype (Fig. 2). Thus, they do not
allow to draw a coherent sketch of the transcriptional network controling neural crest delami-
nation. A possible clue is to identify the epistatic relationships between these transcription
factors in prospective neural crest cells.’® In Xenopus, gain- and loss-of-functions approaches
revealed highly complex crossregulation of Snail, Slug, Sox-9, Sox-10 and Foxd-3 genes which
can influence each other via direct transcriptional activation of repression or through second-
ary factors, thereby excluding any obvious linear hierarchy among these factors.*>>%> In chick,
the situation contrasts with that observed in Xenopus in that Slug, Foxd-3, and Sox-9 signals
are apparently independent and display distinct sets of targets.”®?“*% In addition, Foxd-3
and Sox-9 lie upstream the Sox-10 and Sox-8 genes, consistent with their precocious expres-
sion in prospective crest cells. In the mouse, lastly, while the Foxd-3 and Snail mutants were
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not informative because of premature lethality, the Sox9 mutant provided interesting informa-
tions about the functional interactions between Foxd-3, Snail, Sox-10 and Sox-9. It appears
that Snail, but not Foxd-3 and Sox-10, is dramatically downregulated in premigratory crest
cells in mutant embryos compared with their wildtype littermates, indicating that in this spe-
cies, Snail is downstream of Sox-9.2° Recently, using the chick system, the Briscoe’s laboratory
further investigated possible cooperative activities between Slug, Foxd-3 and Sox-9 in the con-
trol of truncal crest delamination by comparing the effects of these factors individually or in
various combinations.”” While forced expression of Slug showed no obvious effect 24 hours
after electroporation, Sox-9 induced HNK-1 expression within 12 hours in the intermediate
and ventral neural tube but, after 24 hours, it was not capable of triggering significant cell
delamination with no disruption of the basement membrane and of N-cadherin junctions and
no integrin upregulation. In contrast, Sox-9 and Slug in conjunction induced robust HNK-1
expression, disorganization of the neural epithelium with degradation of the basement mem-
brane, delocalization of N-cadherin out of adherens junctions, but no increase in integrins.
Thus, confirming previous observations, Slug is effective in inducing cell delamination only if
cells are specified as neural crest cells. Foxd-3 by itself was sufficient to induce first Sox-10 after
12 hours followed by HNK-1 expression after 24 hours associated with a decrease in N-cadherin
expression. Ultimately, after 36-48 hours, it provoked an increase in integrins, a breakdown of
the basement membrane allowing delamination and migration. Finally, combination of all
three factors in neural tube cells caused cells to express neural crest markers, to delaminate
entirely from the neural tube and to move actively in the surrounding tissues: this was associ-
ated with the complete breakdown of the basement membrane, the disappearance of N-cadherin
from the cell surface, and the up-regulation of integrins. Thus, Sox-9, Foxd-3 and Slug ectopically
expressed in the neural tube can recapitulate most of the events observed during neural crest
delamination except that, unlike for endogenous neural crest cells, delamination is massive and
uncontroled and leaves the neural tube totally disorganized (Fig. 2).

From these studies, some of the basic traits of the interplay between transcription factors
during the transition from neural crest determination to early migration are now taking shape.
First, delamination as well as specification and migration require the cooperating activities of at
least three members of distinct families of transcription factors, Snail/Slug, Foxd-3 and Sox-9.
Second, there is no simple linear hierarchies among these factors, rather a complex network of
mutual interactions. Third, deployment of delamination is complete and efficient only if its
basic cellular events are properly ordered in connection with crest cell specification and migra-
tion. For example, although neural crest specification is not sufficient to induce complete delami-
nation (as suggested by experiments of Sox-9 overexpression) and that, conversely, delamination
can be induced independently of specification (as suggested by overexpression of Rho-B or Ets-1),
delamination is followed by active migration only if cells are specified into neural crest cells.

Regulation of Neural Crest EMT by a Balance between BMP-4, Noggin
and Sonic Hedgehog

Long before transcription factors were identified in prospective neural crest cells as a re-
sponse to inducing signals, it has been established that neural crest delamination is under the
control of extrinsic factors released in the environment by the neighboring tissues, i.e., ecto-
derm, neural tube and paraxial mesoderm.? Because of their implication in the regulation of
cell-substrate adhesion, members of the transforming growth factor-f (TGF-B) family have
been suspected to play a critical role in neural crest delamination. Thus, our laboratory has been
able to show that TGF-B1 and TGF-B2 induces a precocious emigration of neural crest cells
from avian neural tube explants possibly by increasing adhesion of cells to their substrate.® The
kinetics of TGF-P effect suggests that it functions primarily through integrin activation. More
recently, the Kalcheim’s laboratory confirmed and further extended this observation also in the
avian system.” In particular, it was found that BMP-4 is expressed in the dorsal neural tube,
and that addition of BMP-4 alone to neural tube explants stimulates production of neural crest
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cells. Consistent with this, delaminating and early migrating neural crest cells express the BMP
receptor IA.7® However, BMP-4 expression is not restricted to the time window when neural
crest cells are released, and instead it is expressed uniformly throughout a long portion of the
neural axis, in a pattern consistent with a role not only in delamination but also in specification
and early migration. Interestingly, Noggin, a BMP-4-specific antagonist, shows a dynamic ex-
pression in the dorsal neural tube along a caudorostral gradient that coincides precisely with
onset of neural crest emigration, thereby suggesting that BMP-4 activity may be regulated spa-
tially and temporally by Noggin in relation with delamination. In agreement with this assump-
tion, addition of Noggin to neural tube explants or grafting Noggin-producing cells in embryos
in the vicinity of the neural tube at the time of neural crest migration prevent neural crest cell
migration. Later studies by the same laboratory demonstrated that Noggin expression is under
the control of the paraxial mesoderm.”! More specifically, the dorsomedial region of the disso-
ciating somite was found to be the source of an inhibitory factor of an as-yet unknown nature
that downregulates Noggin expression in the dorsal neural tube. Hence, neural crest delamina-
tion would be triggered by a signaling cascade elicited by BMP-4 interacting with its receptor
BMPR-IA. The timing of crest emigration would be dictated by factors extrinsic to the neural
epithelium, such as the dorsomedial portion of somite that controls Noggin expression in the
dorsal neural tube. Additional cross-talks between the somite and neural tube cannot be ex-
cluded in order to further coordinate neural crest delamination and neural tube patterning with
the maturation and subdivision of the paraxial mesoderm. However, this appealing model may
not apply to all truncal levels but only for a very limited portion as it has been known for long
that neural crest departure is not strictly synchronized with somitogenesis.” Additional regula-
tory mechanisms may then be required for controling timing of emigration. Furthermore, it
remains to be determined whether this model can be transposed to cranial levels where the
paraxial mesoderm is not partitioned into somites like in the trunk. Nonetheless, cranial neural
crest formation and migration in the mouse has also been found to be under the influence of
BMPs, as BMP-2 mutants show marked defect in neural crest development.”?

The BMP-4-signaling cascade controls neural crest cell delamination primarily through regu-
lation of adhesion events associated with EMT. As mentionned above, when added to chick
neural tube explants, both TGF-f and BMP-4 promote substrate-adhesion of neural crest cells
through activation of B1-integrins (ref. 8 and A. Jarov, C. Fournier-Thibault and J.-L. Duband,
unpublished). In addition, BMP-4 can induce in a temporal sequence expression of, first, Slug
and cadherin-6B, then Rho-B and finally cadherin-7.”" Conversely, inhibition of BMP-4 by
Noggin in chick embryo causes a severe repression of Rho-B, cadherin-6B but, surprisingly, not
of Slug.”” A likely explanation is that Slug is regulated by several independent processes that
might compensate for the lack of BMP signals. In support of this, functional Lef-binding se-
quences have been isolated in the Xenopus Slug-gene promoter, suggesting that it might also be
controled by Wnt signals.”> However, the timing of appearance of these factors in prospective
neural crest is not compatible with the expression pattern of BMP-4 and Noggin. Cadherin-6B
and Slug, for example, are expressed in the dorsal neural tube long before the downregulation of
Noggin and therefore prior to the time when BMP-4 signals are activated. This suggests that
BMP-4 is not the endogenous inducer of these genes but that it is merely involved either in
their maintenance or in their upregulation. Alternatively, these genes may be induced at thresh-
olds of BMP-4 doses much lower than those necessary to cause delamination. As to the other
key players in neural crest EMT are concerned, i.e., Foxd-3 and Sox-E genes, the possible influ-
ence of BMPs on their expression has surprisingly not been explored and documented yet. Of
interest, members of the forkhead family to which Foxd-3 belongs have been found to be part of
TGF-B-signaling pathways’* whereas, in other systems such as limb cartilage differentiation,
Sox9 has been proposed to function independently of, but in concert, with BMP”°

Although neural crest cells are the only cell type within the neural tube that is endowed
with delaminating and migratory properties, it has become clear over the last decade that
other neural epithelial cells also possess at least transiently some migratory capacity (Fig.
3a-e). When challenged with BMPs, ventral portions of neural tubes explanted in vitro can
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Figure 3. Morphogenetic control of cellular dispersion in the developing neural tube. a) Schematic
representations of the main steps of neural tube formation at the truncal level in the chick embryo. 1, open
neural pate; 2, closing neural tube; 3, closed neural tube at the onset of neural crest delamination and
migration; 4, early spinal cord after cessation of neural crest migration and at the time of neuronal
differentiation. e, ectoderm; mn, motor nerve; n, notochord; ncc, neural crest cells; np, neural plate; nt,
neural tube; pnc, prospective neural crest; sg, spinal ganglion. b-e) Temnporal changes in the ability of
neural epithelial cells to disperse in vitro. Neural plate or neural tube explants at the brachial level were
collected at the embryonic stages corresponding to the 4 above-mentionned steps of neural tube morpho-
genesis and cultured for 24 hours in fibronectin-coated dishes. In early neural plate explants, all cells are
able to spread on the dish and disperse as an epithelium-like sheet (b). At the time of neural tube closure,
in contrast, only cells originating from the dorsal half show the propensity to disperse, the remainder of
the neural tube retaining its compact, original structure (c). At the time of neural crest cell migration,
only crest cells are able to move actively on the dish (d). Finally, when neural tubes are explanted after
the last neural crest has emigrated from it, no cells are able to adhere to the dish and move. Only neurites
extending from motor nerves are able to grow out of the explant. D, Cells originating from the dorsal half
of the neural tube; V, cells originating from the ventral half; NT, neural tube, NCC, neural crest cells.
f) Putative model depicting the spatio-temporal control of neural epithelial cell dispersion by the antago-
nistic activities of the BMP-4 and Shh morphogens. See text for details.

generate cells that display some of the migratory characteristics of neural crest cells.”®”’
Likewise, as extensively described above, ectopic expression of Rho-B, Foxd-3, Sox-9 or Ets-1
in the intermediate or ventral neural tube can induce cell delamination sometimes followed
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by migration. Furthermore, our laboratory has observed that all neural epithelial cells can
naturally disperse in vitro on fibronectin or laminin substrates even in the complete absence
of exogenous factors, provided they were derived from early, immature neural plates in the
most caudal region of the embryo.”® Interestingly, the migratory potential of neural epithe-
lial cells is only transient and declines gradually along a ventrodorsal gradient with the pro-
gressive maturation of the neural tube. Thus, in contrast to cells from early neural plates
which are all able to disperse, only cells from the dorsal half retain this ability in more mature
neural tube adjacent to the anterior, unsegmented mesoderm. At axial levels cotresponding
to the epithelial somites, only neural crest cells situated at the apex of the neural tube are able
to migrate. Later, after the last neural crest has emigrated, the neural tube remains compact
when explanted in vitro, and virtually no cell is seen delaminating from it. This progressive
restriction in the migration potential of the neuroepithelium along a ventrodorsal gradient is
suggestive of an inhibitory action of diffusible factors originating from the ventral neural
tube. This inhibitory activity is most likely attributable to Sonic hedgehog (Shh), a morphogen
produced by the notochord and the floor plate that plays a citical role in the patterning of
the neural tube. Indeed, in addition to its well-characterized function in driving differentia-
tion of ventral neural tube cells and promoting their survival and proliferation, Shh has been
found to control the substrate-adhesive properties of both dorsal and ventral neuroepithelial
cells.”®”? When Shh is presented under an immobilized form onto their substrate or pro-
duced by neuroepithelial cells themselves after transfection, neural tube explants or neural
crest cells fail to disperse and instead form compact structures. Shh effect on cell adhesion is
immediate, reversible and can be accounted for by inactivation of surface B1-integrins com-
bined with an increase in N-cadherin mediated cell cohesion. In agreement with these in
vitro data, forced expression of Shh in the dorsal neural epithelium after in ovo electroporation
results in the cellular detachment of neural tube cells from the basement membrane followed
by their collapse into the lumen, most likely due to inhibition of integrin function (C.
Fournier-Thibault and J.-L. Duband, unpublished).

All together, these observations suggest that the adhesive properties of neural epithelial
cells, both cell-cell and cell-substratum, are essentially regulated by the antagonistic activities
of BMPs and Shh although they do not exclude the possible implication of other signaling
molecules such as FGE, Wnt or retinoic acid. Dorsally, BMP-4 is produced by the ectoderm
and the roof plate and its migration-promoting activity is restricted, spatially to the margin
of the neural tube, because of its limited diffusion properties®® and, temporally due to the
antagonistic activity of Noggin. Conversely, Shh produced ventrally in the floor plate gradu-
ally diffuses toward the dorsal aspect of the neural tube and progressively restricts the capac-
ity of neuroepithelial cells to disperse by lowering the activity of integrins and reinforcing
cadherin contacts. The activity of Shh in the dorsal neural tube would be limited at least
transiently by the production of GAS-1, a specific Shh antagonist.2'#? The outcome of this
exquisite regulation of cell adhesion by the interplay between morphogens and their respec-
tive antagonists would be that neural crest EMT is restricted spatially and temporally to the

dorsal side of the neural tube (Fig. 3f).

Several Possible Scenarios for Neural Crest Delamination

Segregation of neural crest cells has so far been essentially regarded as an EMT. However,
most the experiments aimed at manipulating EMT in the neural tube ended with the same
striking outcome: the complete disorganization of the neural tube and the absence of replace-
ment of the emigrating cells. Therefore, additional mechanisms are to be required to operate in
parallel to or in combination with EMT to account for all the aspects of crest cell delamina-
tion, including for the correct spatio-temporal coordination and regulation of the molecular
cascades and cellular events elicited by BMPs, Slug, Foxd-3 and Sox-9. Insight into these mecha-
nisms can be gained if specification and delamination of neural crest cells are viewed as a
question of generation of cellular diversity among neuroepithelial cells. Generating cellular
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diversity is usually achieved through different means, such as EMT coupled or not with cell
migration, proliferation of precursor or stem cells, asymmetric cell division and lateral inhibi-
tion, and all contribute to the establishment of frontiers between neighboring cell populations
or to the segregation of individuals or groups of cells that subsequently follow distinct fates and
acquire specific functions (Fig. 4).

Proliferation of Precursor Cells

There are now convincing, both direct and indirect evidence that formation of the neural
crest involves proliferation of precursor cells situated in the dorsal neural tube. On the basis of
genetic analyses in the mouse, Foxd-3 has been proposed to play a critical role in the
establishement or maintenance of proliferating and self-renewing progenitor cell populations.*?
Although it has not been formally demonstrated in the case of neural crest cells, this role most
likely also applies to them since Foxd-3 is restricted to few embryonic cell types, all exhibiting
properties of multipotent progenitor cells, i.e., the blastocyst, epiblast, neural crest, neuroblasts
and ES cells. Moreover, recent elegant experiments in the chick and Xenopus embryos have
shown that segregation of neural crest cells from the neural tube is intimately coupled with cell
division. In Xenopus, Kee and Bronner-Fraser found that depletion of 1d3, a member of the Id
family of helix-loop-helix transcription regulators expressed in nascent and migrating neural
crest cells, results in the absence of neural crest progenitors.3? This appears to be mediated by
cell cycle inhibition followed by the death of the pool of neural crest precursors, rather than a
cell fate switch. Conversely, overexpression of 1d3 increases cell proliferation and results in a
greater number of migrating neural crest cells. These observations therefore highlight a critical
role for cell proliferation in the generation of neural crest cells and ascribe to 1d3 a unique
regulatory role in mediating the decision of neural crest precursors to proliferate or to die,
independent of cell fate determination. In the chick, Burstyn-Cohen and Kalcheim established
that truncal neural crest cells synchronously emigrate from the neural tube in the S phase of the
cell cycle.® Inhibition of the G1/S transition in vivo or in explants specifically blocks delami-
nation, without affecting expression of Slug, cadherin-6B, Rho-B or Pax-3. In contrast, arrest
at the S or G2 phases has no immediate effect on delamination. It has been known for long that
in neuroepithelial cells, the nucleus shuttles from the luminal side at mitosis to the basal side in
the § phase. Neural crest cells would then delaminate at the favor of the most proximal position
of their nuclei to their site of release. This appealing model accounts for the very progressive
release of neural crest cells at truncal levels where delamination has been estimated to last
during at least 24-30 hours, and it is compatible with the constant replacement of cells that
have exited. Interestingly, at cranial levels where delamination is more sudden and massive (it
lasts during less than 12 hours), fewer cells are in the S phase once they are released out of the
neural tube, suggesting that in this region, delamination may be driven chiefly by EMT (E.
Théveneau, M. Altabef and J.-L. Duband).

However, it remains to determine whether cell division in the dorsal neural tube is suffi-
cient to account for the total number of cells that delaminate from the neural tube. This will
require a precise estimate of the number of divisions that occur in the neural tube as well as
the number of neural crest cells that are produced at each axial level. Moreover, it will be
necessary to determine why cells are released out of the neural tube only in its dorsal aspect
since this nuclear migration event occurs in all neuroepithelial cells. The lack of an orga-
nized, continuous basal lamina along the dorsal neural tube may be one of the cues to allow
the release of cells once they become located basally. Alternatively, cell cycle would be coupled
with other cellular events involved in the detachment of the cells from the neural tube. In
this regard, further studies in the avian embryo reported recently by the Kalcheim’s labora-
tory propose that G1/S transition in neural crest cells accompanying cell delamination is
linked to BMP/Noggin signaling through the canonical Wnt signaling.®® They found that
Noggin overexpression inhibits G1/S transition, while blocking G1/S transition abrogates
BMP-induced EMT. Moreover, Wnt-1 expression is stimulated by BMP and interfering
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Figure 4. Four possible scenarios of neural crest cell delamination. Figure legend continued on next page.
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Figure 4, continued. Four possible scenarios of neural crest cell delamination : A) epithelium-to-mesenchyme
transition; B) proliferation of precursor cells; C) asymmetric cell division; D) lateral inhibition. It should
be stressed that these scenarios should not be considered as mutually exclusive but may rather occur in
combination or sequentially to account fully for the entire process of delamination and for the diversity
of the neural crest cell population. A) Epithelium-to-mesenchyme transition. Prior to onset of delami-
nation (1), neural epithelial cells are assembled into a epithelial sheet of a single cell layer lined by a
basement membrane. Note that, as opposed to the conventional representations of epithelial cells, the
basal side of the cells have been represented at the top and their apical side at the bottom to account for
the normal orientation of cells in the neural epithelium. Cells present well-organized adherens junctions
toward their apical sides. Upon the effect of BMP-4, cells secrete matrix proteases in their basal side,
allowing them to digest the basement membrane (2). Then, they progressively downregulate integrin
receptors for constituents of the basement membrane, such as laminin (3) and, instead, express integrin
receptors for fibrillar matrix elements, e.g., fibronectin (4). Adherens junctions are disrupted resulting in
redistribution of N-cadherin molecules along the lateral surfaces of the cells and in actin cytoskeleton
reorganization, permitting cells to change shape and emit pseudopodia protruding into the overlying
extracellular matrix (4). Finally, N-cadherin molecules are completely downregulated and replaced by
cadherin-7, allowing cells to dissociate completely from the rest of the epithelial sheet and to interact with
the fibrillar extracellular matrix for locomotion (5). B) Proliferation of precursor cells under the control
of Wnt-1signals. In neural epithelial cells, the nucleus shuttles from one pole of the cell to the other during
the cell cycle. At the G2 and M phases, it is situated toward the apical side of the cell. During mitosis,
the entire cell body is shifted apically and the cell loses contact with the basement membrane (2). Due
to the presence of stable adherens junctions, the mitoticspindle s oriented perpendicular to the apicobasal
axis of the cell, and division occurs symmetrically, leading to two identical daughter cells which reform
contacts with the basement membrane immediately after cleavage. The nudleus progressively migrates
toward the basal side during the G1 and S phases (3,4). At the S phase, when the nucleus is closest to the
basal side, cells may lose contact with the neighbors at their apical side and dissociate from the rest of the
epithelium provided an additional, as yet unidentified signal triggers degradation of the basement mem-
brane and disorganization of adherens junctions (5,6). C) Asymmetric cell division. If neural epithelial
cells receive signals that causes adherens junctions to deteriorate (2), the orientation of the mitotic spinde
during cell division is shifted from orthogonal to parallel to the apical-basal side and cells divide asym-
metrically (3). This may result to the generation of two distinct daughter cells that differ in their content
of cell fate determinants (4). While the apically-located cell retains contact with the rest of the epithelium
and contributes to the maintenance of its integrity, the basal cell may be expelled at the favor of local
disruption of the basement membrane (5). D) Lateral inhibition. Two originally-identical neural epithe-
lial cells exchanging information through the Notch-Delta signaling complex may adopt distinct cell fates
and follow different genetic programs. One may retain its epithelial features and remain integrated in the
neural epithelium whereas the other one may undergo epithelium-to-mesenchyme transition, e.g., under

the control of Slug (2-5).

with Wnt signaling by blocking B-catenin and Lef-Tcf inhibits G1/S transition, cell delami-
nation and transcription of several BMP-dependent genes. However, several previous obser-
vations are at variance with this study, and the precise function of Wnt signals in neural crest
emigration remains obscure. First, although Wnt-1 presents a localized expression in the
dorsal neural tube at the time of crest delamination, onset of its expression matches closer
with somitogenesis than with neural crest delamination and, unlike BMP4, it persists in the
dorsal neural tube long after cessation of emigration. Such an expression pattern is therefore
not compatible with a direct role in the triggering of emigration. Second, targeted inactiva-
tion of Wnt-1 and Wnt-3a as well as genetic analyses in the mouse aimed at altering the
canonical Wnt signaling pathway in neural crest cells mostly implicated Wnt signals in lin-
eage specification rather than in delamination.®*3 Third, neural crest cells produce Wnt
antagonists at the time of their emigration, thereby rajsingé the intriguing possibility that
they may not be responsive to Wt signals at this step.*””' Finally, overstimulation of
Wnt-B-catenin signals in neural crest cells in vitro has been found to provoke a severe inhi-
bition of delamination and migration, as a result of a decrease in substrate adhesion and
reduction of proliferation.”*
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Asymmetric Cell Division

During asymmetric cell division, cells become polarized in response to extrinsic or intrisic
signals before mitosis. As a result, cell-fate determinants present in the cytoplasm become
localized to one pole of the cell in alignment with the mitotic spindle and, upon cytokinesis,
they are unequally partitioned to the two daughter cells.”® At present, there are no definitive
proof for the contribution of asymmetric cell division to neural crest cell delamination. In
particular, although both horizontal (i.e., symmetrical) and vertical (i.e., asymmetrical) cleavage
plans can be detected in the dorsal neural epithelium at the time of neural crest delamina-
tion, the cell-fate determinant Numb does not show a polarized distribution in mitotic neu-
ral epithelial cells prior to neurogenesis.”* Several indirect observations would in contrast
argue in favor of the implication of asymmetrical division in neural crest cell delamination.
Cell tracing experiments using lipophilic dyes such as Dil revealed the existence of a com-
mon precursor for neural crest and dorsal neural tube cells.”>?® In Drosophila, neuroepithe-
lial cells are polarized along the apical-basal axis and divide symmetrically; upon deteriora-
tion of adherens junctions, cell divisions are converted from symmetric to asymmetric,”’
suggesting that orientation of the mitotic spindle is under the control of adherens junctions.
Although this mechanism has not been specifically addressed in neural crest cells, disrup-
tions of adherens junctions have also been detected among dorsal neuroepithelial cells, coin-
cidently with delamination.!” In Drosophila again, Snail proteins play an essential role in
the generarion of neuroblasts by controling expression of cell fate determinants during asym-
metric cell division.”®

Lateral Inhibition

Lateral inhibition is the process by which a cell both adopts a distinct fate from its neigh-
bors, through signal echanges mediated by Notch and its receptor Delta, and prevents them to
follow the same differentiation program. It allows to explain how a regularly-spaced array of
structure can develop from a uniform field such as the development of the nervous system in
Drosophila.” It is not clear yet whether Notch signals directly affect neural crest cell delamina-
tion or whether they are merely involved in the establishement of frontiers between the ecto-
derm, neural crest and neural tube domains, but it is worth-mentionning that Notch has been
found to promote EMT via Snail during cardiac cushion tissue formation in Zebrafish,'® a
process presenting numerous similarities with crest cell delamination. In addition, it has been
shown in the avian embryo that Notch has a dual function during neural crest formation, first,
in maintaining expression of BMP-4 in the ectoderm and, second, in inhibiting Slug expres-
sion also in the ectoderm, possibly to prevent aberrant delamination of cells from this tissue.
Conversely, in Drosophila, during differentiation of the mesoderm, Snail shows a dual activity
on the Notch signaling pathway: it stimulates Notch signaling in some cells while repressing
Notch target genes in others, thereby contributing to create precise boundaries among the
tissue.'%? Finally, at the time of neural crest delamination, lunatic fringe, a positive modulator
of Notch signaling, is expressed throughout the neural tube with the notable exception of the
prospective neural crest area, thereby delineating a border between the neural crest and neural
tube domains. Overexpression of lunatic fringe in the cranial neural tube by retrovirally-mediated
gene transfer causes a significant increase in the number of migrating neural crest cells as a
result of activated cell proliferation.'®?

Other Possible Means

Other morphogenetic events may influence emigration of neural crest cells from the neural
tube. One possibility is the elevation of the neural folds and the closure of the neural tube. In
most species, delamination of neural crest cells is coupled to neural tube closure, but untill
recently there was no easy and appropriate mean to manipulate the mechanical events accom-
panying neurulation to investigate their possible impact of neural crest delamination. Recent
studies identifying new genes involved in the dynamics of neurulation may however provide
new insights into this process.' The other mechanism that can be put forward is repulsion
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from the neural tube. Although this possibility has not been seriously explored yet, it cannot be
excluded since expression of molecules with repulsive activities has been reported in the dorsal
neural tube at the time of neural crest delamination. For example, both Slit-1 and Slit-2, two
proteins known to be potent chemorepellents for a variety of axons in Drosophila and in Ver-
tebrates show a conspicuous expression in the roof plate. The available informations about the
temporal expression of slits in relation with neural crest emigration are not sufficient to specu-
late on their implication in this process, but it is worthmentionning that trunk neural crest
cells show a dual response to Slit-2 in vitro: they avoid cells expressing slit-2 and they migrate
farther when exposed to soluble slit.'®® BMP-7 is also a candidate molecule for repulsing neural
crest cells out of the neural tube by analogy with commisural neurons. These neurons, located
near the dorsal midline, send axons ventrally and across the floor plate but not dorsally through
the roof plate. The latter has been found to express a diffusible factor that repels commisural
axons and orients their growth within the dorsal spinal cord, and this chemorepellent activity is
mediated by BMP-7 produced by roof plate cells.%

If it is confirmed that these mechanisms actually participate to the control of neural crest
cell delamination, it will be of importance to determine ar the single cell level whether they are
purely independent or whether they may reflect a genuine requirement for distinct signaling
processes. Moreover, such a multiplicity of cellular events is likely to represent a mechanism to
establish precocious heterogeneity within the neural crest, even prior to delamination.'”” It is
then conceivable that different subsets of neural crest progenitors are specified independently
and sequentially by distinct signaling cascades and are released at the periphery of the neural
tube by different cellular processes (Fig. 4).

Cessation of Delamination

Important efforts have been put on the signaling cascades that induce neural crest cell delami-
nation and migration and we are now relatively close to a fair appreciation of the basic mecha-
nisms that govern these events. In comparison, very few is known about the mechanisms
controling cessation of delamination, although it is likely to be precisely regulated in connec-
tion with the further development of the spinal cord. Several mechanisms may account for
cessation of emigration. If neural crest cells are generated by a limited pool of precursors,
cessation of emigration naturally occurs with the last precursor cell to segregate from the neural
tube. This hypothesis supposes that the neural crest precursor, yet to be identified, lacks the
capacity to give rise to cells other than neural crest cells and, reciprocally, that roof plate cells
cannot differentiate into neural crest-like cells after cessation of emigration. However, although
the existence of a unique neural crest precursor cannot be ruled out, cell lineages studies have
clearly shown that neural crest or neural tube cells can be generated at the expense of one
another, therefore arguing in favor of a great flexibility in the differentiation potential of neural
epithelial cells at the time of neural crest emigration. Moreover, even if neural crest stem cells
have been identified, they are very rare and their proportion cannot account for the production
of all emigrating neural crest cells. Consistent with this, as mentionned above, strong heteroge-
neity has been observed among neural crest cells even before delamination. A more likely alter-
native then is that neural crest cells are generated from multipotent cells in the dorsal neural
tube and that cessation of migration results as an impoverishment of this potential due to0 an
intrinsic developmental program defined by a sort of internal clock and/or in response to
external influences. If it is so, it would be then conceivable to induce experimentally a pro-
longed production of neural crest cells without major alteration in the morphology of the
neural tube. So far, the only documented example concerns the secreted glycoprotein Noelin-1.
In chick, Noelin-1 messages are expressed in a graded pattern in the closing neural tube and
later they are restricted to the dorsal neural folds and migrating crest. Overexpression of Noelin-1
causes an excess of neural crest emigration and extends the time that the neural tube is compe-
tent to generate neural crest cells.!% How Noelin-1 mediates its effect at the molecular level has
not been investigated yet partly because it has been found to exhibit divergent exgression pat-
terns in frogs, mouse and chick and thus may not perform the same functions.'®
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Neural Crest Migration: How to Survive, Move and Develop

in a Hostile Environment

Much data has accumulated over the years on the process of neural crest cell migration,
notably the road maps and the driving code. Interestingly, new concepts are progressively emerg-
ing from recent studies using different model systems and new insights are to be expected with
the development of powerful real-time imaging techniques.

Transition between Delamination and Migration

With the exception of the Axolotl in which neural crest cells stand for a while on top of the
neural tube prior to undergoing migration (hence the term neural crest), migration immedi-
ately follows the delamination step; yet, as discussed above, there are experimental evidence
that both events are driven by independent and discernible mechanisms. However, the nature
of the signals triggering onset of migration is not known at the present time. A candidate
molecule for triggering neural crest motility is the hepatocyte growth factor (HGF) also known
as scatter factor, but so far its expression has not been reported in neural crest cells, although
they can respond to exogenous HGF in in vitro cultures (M. Delannet and J.-L. Duband,
unpublished). Efficient neural crest migration may be achieved in vitro in the complete ab-
sence of external growth factors added to the culture medium or originating from the neural
tube, indicating that induction of migration may be cell autonomous and would depend di-
rectly on cellular events occuring during delamination. Disruption of cadherin-mediated cell
contacts and activation of integrins may be one of such events. We have shown previously that,
in migrating neural crest cells, surface distribution and activity of N-cadherin are precisely
regulated by intracellular signals elicited by integrins, thereby revealing that direct coupling
between adhesion receptors ﬁ)rovidcs the necessary interplay between cell-cell and cell-substrate
adhesion during migration.'!? Indeed, in vitro, neural crest cells express intact N-cadherin
molecules on their surface but, contrasting with nonmotile cells, the bulk of these molecules is
maintained excluded from the regions of cell-cell contacts, thus causing their instability. Stable
contacts can be restored upon addition to the cells of specific inhibitors of integrin function
and signaling activity. A possible target of this signaling pathway is B-catenin, known to play a
critical role in both intercellular adhesion and cell signaling.'"'"!1 Interestingly, it has been
found in other cellular systems that cadherin binding can cause a massive recruitment of -catenin
to the cell membrane, thereby sequestering it and preventing its nuclear localization.!'* This
ability of cadherins to regulate the pool of B-catenin available for signaling therefore raises the
intriguing possibility that B-catenin function in neural crest cells would be possibly driven by
modulations in cellular cohesion during migration. Thus, in migrating neural crest cells,
N-cadherin activity would be repressed by signals emanating from integrins, thereby resulting
in an increase in the cytoplasmic pool of B-catenin that would be in turn allocated to the
nucleus. Conversely, upon cessation of cell migration, e.g., after inhibition of integrin func-
tion, N-cadherin-mediated cell-cell contacts would be restored and B-catenin would be mostly
recruited to them and would no longer be available for signaling. Consistent with this model,
we reported recently that B-catenin is essentially associated with N-cadherin at the cell surface
of actively migrating neural crest cells and that it is detected in their nuclei in association with
Lef-1 only at the time of their segregation from the neural tube. However, manipulating
N-cadherin-mediated cell contacts in migrating neural crest cells had no obvious impact on the
nuclear localization of B-catenin, indicating that the membrane and nuclear pools of B-catenin
are not directly connected at least during migration.”? Thus, the putative role of B-catenin as
an inducer of neural crest cell migration awaits further developments and the identity of the
molecular switch between delamination and migration remains elusive.

Maintenance of Survival during Neural Crest Migration
The problem of neural crest cell survival after delamination and during migration has
long been underestimated. It was generally believed that, once released at the periphery of
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the neural tube, neural crest cells are naturally endowed with the ability to move, proliferate,
and invade tissues and are marginally concerned with survival problems except in regions
that they are not supposed to occupy. However, during the 1990s, it became obvious that in
all animal organisms, only with rare exceptions, each cell type is programed to survive in a
very peculiar tissular environment. Consequently, when a cell escapes from its tissue, it is
immediately confronted with a new environment that may present very different features
and does not support their survival: such cells unavoidably undergo apoptosis, thus elimi-
nating any risk of aberrant cellular interactions. This “environmentalist” view has for ex-
ample revolutionized our conception of cancer, which can be defined as the series of intrac-
ellular alterations allowing a cell to proliferate in an uncontroled manner, to be freed from its
environmental constraints and to become able to occupy new territories. The same view also
applies to migrating neural crest cells. )

The importance of maintaining cell survival during neural crest ontogeny emerged in re-
cent studies investigating the function of molecular players originally thought to play a role in
cell specification and delamination. Neural epithelial cells forced to undergo EMT by express-
ing Rho-B or Ets-1 fail to migrate and to survive after their release at the periphery of the
neural tube, in contrast to cells forced to express Foxd-3 or Sox-9 that do not show any sign of
apoptosis. Phenotypic characterization of these cells reveal that Rho-B- or Ets-1-transfected
cells show a striking difference with the Foxd-3- or Sox-9-transfected cells in that they express
none of neural crest cell markers, such as HNK-1, Slug and cadherin-7 (refs. 28, 29, 53 and E.
Théveneau, M. Altabef, and J.-L. Duband, unpublished data), suggesting that acquisition of a
neural crest phenotype may protect cells from apoptosis once they are segregated from the
neural epithelium. Accordingly, neural crest cell death can be rescued in Rho-B-transfected
neural tubes by cotransfecting Sox-9.%” Among the numerous genes expressed in premigratory
neural crest cells, Slug (or Snail in mouse) is likely to play a major role in maintaining neural
crest survival. In Sox-9 mutant embryos, neural crest cells are specified and are able to undergo
EMT, yet they die soon after the onset of migration. Interestingly, almost all the essential
neural crest genes, including Foxd-3, are expressed in neural crest cells from these embryos,
with the notable exception of Snail.” In C. elegans, several lines of evidence point to a direct
role for Snail superfamily members in the control of cell death.* Finally, further experiments
using cultured cell lines and mouse and chick embryos convincingly demonstrated that Slug
and Snail confer resistance to cell death induced by the withdrawal of survival factors or by
pro-apoptotic signals.''> Thus, Snail proteins may not play an essential role in triggering EMT
among prospective neutral crest cells, but they may directly connect cell survival with EMT and
possibly with other cellular events such as cell division and Notch signaling, thereby providing
to crest cells a selective advantage to migrate and populate distant territories. /¢ is not much their
ability to migrate actively that make neural crest cells a peculiar cell population among the neural
epithelium, but it is mostly their capacity to survive once they become irreversibly separated from the
neural tube.

Though it may be important for cell survival, Slug may not be the sole factor involved in
protection from cell death. In particular, ectopic expression of Foxd-3 in the neural tube in-
duces cell delamination but no apoptosis despite the absence of Slug induction.”* It cannot
be excluded that Foxd-3 itself may drive a survival program in neural crest cells directly or
indirectly by alternative means. Indeed, ectopic expression of Foxd-3 has been found to upregulate
adhesion molecules of the cadherin and integrin families, which have been found to prevent
apoptosis of epithelial cells, a process called anoikis.''® Moreover, Slug is only transiently ex-
pressed by migrating neural crest cells, particularly at truncal levels, therefore raising the prob-
lem of how this system is relayed to ensure maintenance of cell survival. A possibility is that
neural crest cells produce their own survival factors or become responsive to growth factors
secreted by tissues neighboring their migration routes. In this respect, it has been demonstrated
that the neural tube produces factors that selectively support survival and proliferation of neu-
ral crest sub-populations and that this activity can be mimicked by FGF-2 or BDNE"'7!18
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Integrin Function Is Not Limited to the Control of Cell Adhesion

and Locomotion

The organization and molecular composition of the migration routes of neural crest cells
have been amply documented. Neural crest cells follow defined, restricted pathways that con-
tain a fibrillar network of extracellular matrix material and are lined by the basal laminae of
epithelia,>'!? although it is plausible that under certain conditions, they may also use the
surface of cells encountered during migration as a support for locomotion. Numerous func-
tional studies have provided convincing evidence that the matrix encountered by crest cells
serves as a scaffold onto which they migrate and that integrin receptors for matrix molecules
play a prominent role in this process. In vitro, neural crest cells are able to spread and migrate
in an integrin-dependent manner onto a variety of matrix components, including fibronectin,
laminin-1, vitronectin and collagens'?*'?® and, in vivo, antibodies to matrix molecules or
integrins, competitor peptides, or antisense oligonucleotides to integrins or matrix constitu-
ents all perturb crest cell migration.!241%” Thus, integrin play a critical role in the mechanics of
neural crest cell migration.

However, it is now increasingly clear that integrin functions during neural crest develop-
ment are not limited stricly to substrate anchorage and cell motion. Integrins are heterodimers
of o and B subunits that are present and conserved in all metazoan animals and are primarily
involved in physical aspects of cell adhesion to the substrate, in cell traction and matrix assem-
bly, by providing a bridge between the matrix and the cytoskeleton.!?®!? Central to their
function is their unique ability to promote actin assembly to generate tension locally via the
recuitment of a wide array of molecules that directly activate the actin polymerization machin-
ery or physically link it to adhesion sites.'3*!3! In addition to their structural and mechanosensory
roles, integrins are able to activate upon engagement with their ligands a large variety of ty-
rosine kinases and GTPases to induce multiple downstream signaling pathways.'*>!%? Further-
more, integrin signals have been found to cooperate with and modulate signaling events initi-
ated by growth factor receptors.'>* Thus, because of this dual physical and chemical signaling
activity, integrins influence numerous aspects of cell behavior, including migration, prolifera-
tion, survival, and differentiation.

It has been found that crest cells migrating in vitro express a multiplicity of integrins (at
least three vitronectin receptors, three laminin-1 receptors and up to seven fibronectin re-
ceptors), and that not all of them are implicated in adhesion and migration.!2%121:135 §ych a
diversity of matrix receptors certainly reflects the very changing nature of the environment
to which crest cells are confronted during migration, but is also presumably related with
additional roles for integrins not directly related to matrix adhesion. For example, as dis-
cussed earlier, integrins have been found to control cell-cell interactions during migration by
repressing the surface distribution and activity of N-cadherin, thus ensuring rapid and flex-
ible coordination between adhesion systems.'!® Integrins are also involved in the mainte-
nance of cell survival as revealed by functional studies in avian embryos' and by genetic
analyses in mouse and zebrafish.'”’ 1% In fact, the primary defect observed in neural crest
cells of embryos depleted in individual integrin o subunits is anoikis during migration, thereby
revealing that anchorage-dependent survival signals elicited by integrins are of paramount
importance for cells confronted with a continuously-changing environment in which sup-
plies in growth factors are limited. Finally, both changes in the integrin repertoire at the time
of neuronal differentiation in peripheral ganglia and the numerous alterations observed in
conditional B1-integrin gene deletion argue for a possible implication of integrins in late
neural crest development, such as lineage segregation, cell differentiation, and final marura-
tion of the peripheral nervous system.” 40141 All together, these observations suggest that
integrins may control multiple cellular events during neural crest development. Yet, the sig-
naling cascades that are responsible for their coordination over time and space remain to be

established.
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Novel Guidance Mechanisms for Neural Crest Cells

One of the main goals of migration is to segregate neural crest lineages from a uniform
population and to drive them to specific locations at the right time so that they can undergo
differentiation and establish appropriate contacts with their neighboring tissues. Hence a com-
plex driving code which guides cells to their targets and prevents them from invade wrong
pathways and occupying aberrant tissues. In most cases, this code is essentially a repressing
code, with a complex combination of repulsive molecules (Fig. 5). This is particularly
well-documented in the case of the somite which imposes a partition of the truncal neural crest
population into several streams, each at the origin of the sensory, sympathetic, Schwann cell and
melanocyte lineages. At least 10 different molecules have been implicated in the restriction of
neural crest cell migration into the rostral half of the somite.'*? These molecules are primarily
recruited among extracellular matrix components or surface molecules released into the matrix,
e.g., tenascin, F-spondin and semaphorins, as well as among surface receptors such as the ephrins
and slits. The same mechanism is likely to apply also to the colonization of the branchial arches
by hindbrain neural crest cells.'*3* Recently, two studies provided interesting information
about the mechanisms by which the various neural crest subpopulations can interpret this code
and distribute differently along separate pathways. In the first one, De Bellard and coworkers
found that slit-1, slit-2, and slit-3 are expressed in the mesenchyme adjacent to the ventral aorta
and the gut, which is selectively invaded by vagal, but not truncal, neural crest cells, suggesting
that they may prevent ventral migration of trunk crest cells.'® Accordingly, truncal, but not
vagal, neural crest cells express Robo-1 and Robo-2, two receptors for slits, and avoid
Slit-expressing cells in vivo and in vitro, clearly indicating that Slit may contribute to the differ-
ential ability of neural crest population to populate and innervate the gut.'® In the second
study, Santiago and Erickson investigated how neural crest cells fated to sensory and sympa-
thetic lineages only migrate ventrally and are prevented from migrating laterallpl into the skin,
whereas melanoblast precursors are directed only toward the lateral pathway.™® They found
that ephrin-B ligands are expressed in the lateral pathway at the stage when neural crest cells
migrate ventrally, consistent with a putative repulsive activity. Non surprisingly, inhibition of
ephrin receptor function by addition of soluble ephrin-B ligand relieves the blockade of migra-
tion, thus allowing precocious invasion of the lateral pathway by neural crest cells normally
migrating only ventrally. However, ephrin-B ligands unexpectedly continue to be expressed at
later stages during melanoblast migration. Furthermore, when signaling of the Eph receptors
for ephrins is distupted in vivo, melanoblasts fail to migrate laterally, suggesting that ephrin-B
ligands not only favor but are required for melanoblast migration. Thus, ephrins act as bifunc-
tional guidance cues: they first repel sensory and sympathetic neural crest precursors from the
lateral pathways, and later stimulate migration of melanoblast precursors into this pathway. The
mechanisms by which ephrins regulate repulsion or attraction in crest cells are unknown, but
most likely reside in the downstream signaling cascades elicited by the Eph receptor.

Chemotactism has long been proposed to account for the precision by which neural crest
cells reach their target sites, particularly for those subpopulations that colonize sites situated at
long distances from the source. But numerous arguments have been opposed against
chemotactism in the case of neural crest cells. First, neural crest migration is essentially cen-
trifugal, from a single source, the neural tube, to multiple target sites and this is not considered
as compatible with chemotaxis which instead is highly efficient for centripetal migrations to-
wards a unique final destination, as e.g., germ cells invading the gonads. Second, neural crest
cells undergo migration sometimes well before their target tissue are elaborated in the embryo
and this is difficult to reconcile with chemotactism. Finally, manipulations of the neural tube
in ovo such as rotation along the dorsoventral axis revealed that neural crest cells can move
backward along their migratory paths. However, although the existence of a unique chemotac-
tic mechanism is unlikely to account for all neural crest directions, it is plausible that this
process may regulate locally migration of distinct neural crest subpopulations such as melano-
blast precursors and enteric neural crest cells. Thus, the dermis has been proposed to attract
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Figure 5. Environmental cues involved in the guidance of truncal neural crest cells. Figure legend continued
on next page.
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Figure 5, continued. Schematic representations of the trunk region of chick embryos viewed transversally
at three typical stages of neural crest migration : early migration (A), ventral migration through the somite
(B), late migration phase (C). For each step, the position of neural crest cells and the guidance cues are
indicated at the levels of rostral and caudal halves of the somite, shown on the left and right sides of the
picture, respectively. Neural crest cells are depicted in dark blue and the other solid tissues in grey : a0, aorta;
dmt, dermomyotome; ec, ectoderm; en, endoderm; n, notochord; nt, neural tube; s, somite; sc, sclerotome.
A) Atthe onset of migration, neural crest cells migrate along the neural tube and rapidly reach the dorsomedial
edge of the somite. Their lateral migration under the ectoderm is inhibited by ephrin-B ligands. B) As neural
crest cells enter the somitic area, they are prevented to migrate farther through the sclerotome in the caudal
half of the somite by a variety of repulsive molecules : sema-3A, ephrin-B and F-spondin. Such cues are not
produced in the sclerotome in the rostral side of the somite, instead, positive cues stimulating migration,
such as thrombospondin, are released, allowing crest cells to migrate along the developing myotome to reach
theventral side of the embryo. At this stage, neural crest cells still cannot invade thelateral pathway and stand
in the so-called staging area, between the ectoderm, the neural tube and the dorsomedial aspect of the
dermomyotome. C) During the last period of migration, crest cells migrating ventrally are guided toward
the aorta and are forced to coalesce into the primordium of the sympathetic ganglia due to the combination
of repulsive cues that prevent them migrating laterally to the limb (sema-3A), ventrally to the endoderm
(slit-2) and medially to the aorta (sema-3A and Shh). Cells that accumulate along the neural tube cannot
migrate farther ventrally toward the notochord due to Shh effect and, consequently they regroup into the
primordium of the spinal ganglia. Conversely, in the lateral pathway, ephrin-B repulsive cues turn into
stimulating factors, thereby favoring migration of the melanocyte precursors through the dermis. Repulsive
cues are depicted by red arrows while cues favoring migration are indicated by green arrows.

melanoblast precursors to the lateral path by a chemotactic mechanism, based on the observa-
tions that melanoblasts cannot enter the lateral path until emergence of the dermis and that
grafts of dermis explants distally in the lateral pathway elicits precocious migration of neural
crest cell into this pathway.!* Likewise, GDNE, a growth factor critical for the survival of
enteric neural crest cells, has been found to promote oriented migration of neural crest cells
throughout the gastrointestinal tract and to prevent them from dispersing out of the guc.!4718

Cell Communications during Migration

During the course of their migration, neural crest cells continuously establish contact with
the neighboring tissues as well as with the other neural crest cells. Analyses of static images of
embryonic sections stained with neural crest markers, notably HNK-1, and videomicroscopic
studies of cells cultured in vitro clearly established that neural crest cells migrate as a cohort of
cells remaining in close contact and that only few pioneer cells migrated as individuals (e.g.,
see ref. 149). Partly based on these observations, Thomas and Yamada proposed in 1992 the
new, intriguing concept that migration could be stimulated by cell-cell contacts instead of
being inhibited as originally described for isolated fibroblasts by Abercrombie."®!*! Unfortu-
nately, the molecular cascade involved has not been deciphered and this hypothesis has been
poorly visited since then. It is only recently that the importance of cell communication during
migration has been reconsidered seriously owing to numerous technical developments, in-
cluding embryo or explants cultures, high resolution confocal microscopy and in ovo imaging
methods combined with the great improvement of cell labeling and transient transfection
techniques. Young and coworkers used mice in which the expression of GFP is under the
control of the ret promoter to visualize enteric neural crest cell migration in the embryonic gut
in organ culture.>? In a similar approach, Teddy and Kulesa and Kasemeler-Kulesa and co-
workers used chick embryos in which the neural tube is electroporated with GFP to explore
hindbrain and truncal neural crest migration in whole embryo explants maintained in
vitro.'”®!%# These studies revealed that neural crest cell migrate in chain-like formations that
displayed complicated patterns of migration with sudden and frequent changes in migratory
speed and trajection very much like in in vitro cultures. Pioneer cells formed a scaffold onto
which following cells migrated. Morover, cells maintained nearly constant contacts with other
migrating neural crest cells both at short and long distances up to 100 pm. Interestingly,



70 Neural Crest Induction and Differentiation

cell-cell contacts often stimulated a cell to change direction, thereby revealing intense commu-
nication between cells and their possible implication in directional guidance.

The identity of the mediators of cell communication between neural crest cells is currently
unknown but plausible candidates include cadherins and connexins. For example, cadherin-7
which is expressed in neural crest cells as soon as they segregate from the neural tube may be
involved in cell recognition among navigating neural crest cells although this possibility has
not yet been addressed directly. This putative function is compatible with the fact that cadherin-7
does not mediate strong cell-cell interactions in comparison with N-cadherin or E-cadherin
and that its expression does not interfere with cell locomotion.'>® Additional studies on mouse
neural crest cells revealed that, in N-cadherin-deficient embryos, neural crest cell migration is
affected. Videomicroscopic analyses further indicated that neural crest cells lacking N-cadherin
exhibit an elevated speed of locomotion but that cell directionality was reduced, therefore
pointing to the implication of N-cadherin in cell-cell communication during migration.'>
Likewise, transgenic mice exhibiting inhibition of connexin-43 in cardiac neural crest cells
showed a deficit in neural crest cells in the outflow tract due to a reduced cell migration.
Conversely, an elevation of connexin-43 expression caused outflow tract obstruction and
conotruncal heart malformation as a result of an enhanced rate of neural crest migration and
an increase in the abundance of neural crest-derived cells in the outflow tract.'”

Cessation of Migration

As for delamination, cessation of migration has been poorly explored and numerous ques-
tions remain open. Supposedly, it involves the converse sequence of events of delamination and
onset of migration, i.e., inactivation of integrins consecutive to the loss of substrate adhesion,
increase in cell cohesion, reorganisation of the cytoskeleton and more in-depth modifications
of cells, such as engagement into a differentiation program, thereby rendering the process of
cessation of migration irreversible. Curiously, although neural crest cells navigate through a
large variety of territories and interact with numerous cell types, once they stop migration, they
regroup into homogenous clusters composed essentially of neural crest cells and they do not
mingle with other cells. This is particularly true for the major neural crest derivatives such as
peripheral ganglia (spinal, sympathetic, ciliary, cranial and enteric) and for the skull. There are
however a few notable exceptions to this rule, such as the melanocytes, some cranial ganglia
and connective tissues of the face and neck, where neural crest cells mingle with the other cell
populations in the invaded tissues.

Several processes have been put forward to explain in causal terms the cessation of migration
of neural crest cells, but they mostly apply to the first category of neural crest derivatives. Spatial
restriction of migration involving coincidently the lack of available space, the absence of a suit-
able extracellular matrix and/or the presence of physical barriers (such as dense connective tis-
sues or epithelia) certainly contributes at least to a transient blockade of migration, but so far it
has not been possible to design appropriate experimental devices to test this hypothesis directly.
In contrast, factors implicated in the directional guidance of neural crest cells have been clearly
demonstrated to induce arrest of migration. For example, mouse embryos deficient in the
semaphorin Sema-3A or its neuropilin receptor exhibit marked alterations in the formation of
the sympathetic nervous system. In these animals, sympathetic precursors are not accumulated
at their target sites around the dorsal aorta but dispersed widely. Consistent with this, when
confronted with Sema-3A-secreting cells in vitro, sympathetic neurons lose their locomotory
activity, coalesce into compact cell masses and emit thick bundles of neurites. These data there-
fore indicate that Sema-3A functions both as a stop signal to prohibit migration of the neural
crest cells of sympathetic neuron lineage into inappropriate regions of embryos and as a signal to
promote aggregation of sympathetic neurons into tightly packed cell masses at defined target
sites to produce the stereotyped sympathetic nerve pattern (ref. 158 and Fig. 5).

Recently, morphogens have also been shown to control arrest of migration. In particular,
while BMP have been implicated in the initiation of migration by activating integrins and
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downregulating cadherins, Shh appeared to play an opposite function during cessation of mi-
gration. Shh can directly modulate substrate adhesion of neural crest cells in vitro by shifting
integrins from an active to an inactive state.”” Moreover, migrating neural crest cells cannot
penetrate embryonic regions where Shh is produced, notably the perinotochordal area,® and
tend to accumulate and aggregate at the periphery of these regions: for example the spinal
ganglia form in a region along the ventral neural tube which harbors no obvious clues for
spatial restriction of migration or repulsive cues, but which is situated at the vicinity of the
notochord. Thus, like Sema-3A, Shh activity may have on neural crest cells a broader impact
that simple repulsion: it may inhibit migration, induce compaction and promote differentia-
tion, as already observed for neuroepithelial cells.”® Accordingly, grafts of notochord or of
Shh-producing cells along the dorsal mesencephalon in the chick induce formation of ectopic,
trigeminal-like sensory ganglia while mice deficient in Shh show poorly-condensed trigeminal
and spinal ganglia distributed in aberrant sites.'®* Similarly, Zebrafish mutations in the Shh
signaling pathway result in the absence of spinal ganglia and in the loss of expression of
neurogenin-1, a gene required for determination of DRG precursors, albeit early neural crest
migration occurs almost normally (ref. 161 and Fig. 5).

Certain neural crest populations, such as melanoblasts and enteric neuron precursors, dis-
play the striking ability to leave cells behind them during migration so that they finally distrib-
ute evenly along their migratory pathway while others, e.g., sensory and sympathetic ganglia,
migrate en masse and accumulate in a unique site. This raises the puzzling question of the
molecular and cellular mechanisms that selectively promote migration of cells at the front of
the population or induce their arrest at the rear. Although this complex problem is far from
being elucidated, time-lapse imaging studies and analyses of mouse mutants revealed an intri-
cate interplay between morphogens and growth factors in the coordination of enteric neural
crest migration, proliferation and differentiation that might contribute to the typical pattern of
enteric ganglia along the entire gut.'>2!%2 Thus, GDNF promotes proliferation, differentiation
and oriented migration of enteric neural crest cells; Shh in contrast inhibits differentiation, but
it promotes proliferation, and restricts GDNF-induced migration; finally, endothelin-3 inhib-
its cell differentiation and shows the same effect on migration that Shh.

Conclusion

An overview of the molecular mechanisms underlying the neural crest development reveals
apparent paradoxes that have greatly influenced appreciation of this process and the ways prob-
lems were tackled: a great diversity of independent events combined into an apparent linear
and unique process. Intriguingly, the same paradox applies to Europe: a great diversity of peoples
with distinct cultures and languages sharing a long History and many values. Indeed, albeit
ontogeny of the neural crest evolves as a continuous process apparently obeying to a preestab-
lished genetic program, each step is independent and can be at least experimentally separated
from the others. This is in accord with the situation observed in a number of pathological
situations, where neural crest derivatives can be generated in aberrant positions despite the fact
that cells failed to delaminate or migrate properly. Rather than a linear cascade, neural crest cell
delamination and migration must then be considered as the result of a conjunction of a great
variety of cellular events that ultimately control cell and matrix interactions, cell proliferation,
cell fate and cell survival. On the other hand, neural crest cells are most likely generated by
multiple processes rather than a single one and they follow numerous migration paths, each
governed by specific rules rather than a unique, common one. Such a multiplicity of processes
and rules is likely to contribute to establish precocious diversity among the cell population,
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