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In the beginning
Generating neural crest cell diversity
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Neural crest cells (NCCs) are migratory cells that delaminate
from the neural tube early in development and then dissemi-
nate throughout the embryo to give rise to a wide variety of
cell types that are key to the vertebrate body plan. During their
journey from the neural tube to their peripheral targets, NCCs
progressively differentiate, raising the question of when the
fate of an individual NCC is sealed. One hypothesis suggests
that the fate of a NCC is specified by target-derived signals
emanating from the environment they migrate through, while
another hypothesis proposes that NCCs are already specified
to differentiate along select lineages at the time they are born
in the neural tube, with environmental signals helping them
to realize their prespecified fate potential. Alternatively, both
mechanisms may cooperate to drive NCC diversity. This review
highlights recent advances in our understanding of prespecifi-
cation during trunk NCC development.

Introduction

Since the identification of stem cells more than 40 years ago,
much research effort has focused on identifying the molecular
and cellular mechanisms that direct undifferentiated multipotent
precursors to attain their proper fate. Neural crest cells (NCCs)
are a transient population of embryonic stem cells that are spe-
cific to vertebrates and instrumental in shaping the body plan. In
addition to their anatomical significance, they provide a useful
model to answer key questions in stem cell biology, in particular
how fate potential is realized in the context of the organism.
NCCs are derived from the neuroectoderm in the dorsal
neural folds of the vertebrate embryo. NCC specification in the
neuroectoderm is initiated in response to the concerted action of
several morphogens, including BMPs, FGFs and WNTs, which
then induce the expression of NCC-specifying transcription fac-
tors, such as SNAIL1/2, SOX9, SOX10, PAX3, AP2, MSXl1,
ZICl and FOXD3 (reviewed in ref. 1). These transcription
factors induce the expression of cell adhesion and morphology-
changing molecules that promote delamination from the neural

*Correspondence to: Quenten Schwarz;

Email: quenten.schwarz@health.sa.gov.au

Submitted: 07/01/10; Accepted: 09/02/10

Previously published online:
www.landesbioscience.com/journals/celladhesion/article/13502
DOI: 10.4161/cam.4.4.13502

622

Cell Adhesion & Migration

tube in a process known as epithelial-to-mesenchymal transition
(EMT). NCCs then follow precise migration paths to their final
targets under the control of adhesion molecules and secreted
guidance cues before they differentiate into a diverse array of
target-appropriate cell types.

Fate-mapping studies in chick and mice have defined the
derivatives of NCCs emigrating from different regions along the
antero-posterior axis and led to their classification into different
groups. Cranial NCCs delaminate from the neural tube before
the otic vesicle and give rise to neurons, glia and melanocytes, as
well as cranial bones and connective tissue in the head. Cardiac
NCCs delaminate from the neural tube between the otic vesicle
and third somite and give rise to autonomic neurons and their
supporting glia, the smooth muscle coat of the great vessels and
also melanocytes. Vagal and sacral NCCs emigrate between
somites 1-7 and posterior to somite 28 to give rise to enteric
neurons, glia and melanocytes. Finally, trunk NCCs delaminate
from somite seven to 28 and give rise to sensory neurons, sympa-
thetic neurons, glia, chromaffin cells and melanocytes.

Two models have been put forward to explain the origin of
NCC diversity. The first suggests that NCCs remain multipotent
until they are specified by target-derived signals emanating from
the environment they migrate through (“environmental condi-
tioning;” Fig. 1A). The alternative model suggests that NCCs are
already specified to differentiate along distinct lineages at the time
they become a NCC or before they disperse through the body
(“prespecification;” Fig. 1B). However, rather than being mutu-
ally exclusive, both models together may explain best how NCCs
give rise to a vast array of different cell types in a coordinated
manner. Here, we discuss several recent publications that address
the question of how and when the fate of the trunk NCCs is
sealed, with particular emphasis on evidence for prespecification.

Fate Restriction of Multipotent NCCs
in Response to Environmental Signals

NCC plasticity was first observed in the quail-chick chimera
system, devised by Nicole Le Douarin.*? She observed that quail
vagal NCCs, which are usually fated to become enteric neurons,
differentiated into sympathetic neurons when grafted into the
chick trunk. By culturing single NCCs from quail trunk explants
and observing their clonal expansion, Cohen and Konigsberg
(1975) found that individual NCCs had the ability to give rise
to both pigmented and unpigmented progeny.* Seiber-Blum and
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SPECIAL FOCUS: RECENT ADVANCES IN MOLECULAR AND CELLULAR MECHANISMS GOVERNING NEURAL CREST CELL MIGRATION, REVIEW
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Figure 1. Two alternative models to explain NCC diversity: environmental conditioning of multipotent NCC precursors versus specification of NCCs
prior to delamination. (A) The “progressive fate restriction model” predicts a hierarchical succession of NCC fate potential from pluripotent (1) via
multipotent (2) to bipotent (3) and finally unipotent (4) progenitors. In this model, NCC precursors and some of their immediate progeny are able

to self-renew, like stem cells (curved arrow). However, under the influence of signals emanating from cells in their target environment, for example
morphogen gradients (indicated in grey), NCCs progressively differentiate into neurons (N), glia (G), melanocytes (M) and myofibroblasts/smooth
muscle cells (F). Based on the timing of first NCC emergence and melanocyte differentiation, the events represented in this cartoon should take

place between embryonic day (E) 8.5 and 10.5 in the mouse. (B) The “prespecification model” suggests that NCC precursors are fate-restricted before
delamination. This model takes into account that neuroglial NCCs exit the neural tube between E9.0 and 10.5 in the mouse and migrate along a ventral
path, whereas melanocytes emigrate between E10.5 and 13.5 and migrate dorsolaterally. This model also explains why p75"™ +ve neuroglial and KIT
+ve melanocyte lineages emerge at different times and follow different migratory paths, and why the expression of the NCC guidance receptors NRP1
and NRP2 correlates with NCC fate. Thus, NRP2 is expressed in NCCs contributing to the sensory ganglia, while NRP1 is also expressed in NCCs forming
sympathetic ganglia. The stippled arrow indicates that it is not known if NRP1 is expressed in the NCC precursors of chromaffin cells. Note that this
cartoon depicts only the intermediate neuroglial and late melanocyte wave, not the early NCC wave. N, neuron; G, glia; M, melanocyte; C, adrenal

Cohen (1980) subsequently extended this finding to show that
some NCCs in quail neural tube explants formed clones with
neuronal and melanocytic progeny.’ By demonstrating that indi-
vidual NCCs derived from such multipotent clones gave rise to
both melanocytes and adrenergic neurons when transplanted to
the chick trunk, Bronner-Fraser and colleagues (1980) provided
support for the idea that the multipotency observed in vitro was
retained in vivo.® Using mouse neural tube explants, Stemple and
Anderson (1992) then identified NCCs with the ability to self-
renew and give rise to glia, neurons and myofibroblasts.” Trentin
and colleagues (2004) further substantiated the concept of the
multipotent trunk neural crest stem cell in the chick by identify-
ing a precursor that differentiated into all trunk NCC deriva-
tives, including glia, neurons, myofibroblasts and melanocytes.®
As NCCs have the ability to give rise to multiple types of
progeny, environmental signals must progressively restrict their
fate potential. Thus, a model was proposed in which multipotent
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NCCs become progressively restricted to become oligopotent,
bipotent and then unipotent progenitors under the influence of
environmental signals (“environmental conditioning;” Fig. 1A).
Importantly, however, the presence of unipotent precursors in the
in vitro studies described above suggested that, at the onset of NCC
migration, the NCC population is already a heterogeneous mix of
cells with different proliferation and differentiation potentials.’

In support of the model for progressive and conditioned fate
acquisition, oligopotent NCCs have been identified in chick and
zebrafish embryos by single cell tracing.!®'? By labeling either
neuroepithelial precursors of NCCs or migrating trunk NCCs,
Bronner-Fraser and Fraser (1988 and 1989) provided compelling
evidence that individual NCCs can give rise to multiple lineages,
with single NCCs giving rise to neuronal and non-neuronal phe-
notypes in both sympathetic and sensory ganglia.'®'" Although
this was not emphasized in their publication, this study also iden-
tified other NCCs that gave rise to only a single type of progeny,
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pattern. (A) Schematic representation of a transverse section
through the embryo trunk. NCC derivatives are colonized

in a ventral to dorsal order. (1) The NCC precursors of the
sympathetic ganglia emigrate from the neural tube first and
migrate toward the dorsal aorta (DA). (2) The next wave of
neural crest cells either migrate through the sclerotome to
form sympathetic neurons (2a) or stall within the sclerotome

to form the sensory ganglia (2b). (3) Melanocyte precursors
emigrate last and scatter beneath the epidermis. (B and C)
Schematic representation of the relationship between NCC
migration and precursor localization in the neural tube. (B)
Spatiotemporal fate map of NCC derivatives in the chick. NCC
subpopulations emigrate successively from the neural tube,
due to the progressive dorsal relocation of prespecified NCC
precursors (black arrow). Thus, the dorsal tip is occupied by
successive waves of sympathoadrenal, sensory and finally
melanocyte precursors. The earliest wave of NCCs migrates to
the dorsal aorta to seed the sympathetic nervous system (1). The
intermediate wave of NCCs migrates through the sclerotome to
form sympathetic neurons (2a) or stops within the sclerotome

Figure 2. NCC derivatives are colonized in a ventral-dorsal A

to form sensory neurons (2b). The final wave of NCCs migrates

fate and precursor localization in the mouse neural tube. The
KIT-expressing precursors of melanocytes are located at the
dorsal tip of the neural tube throughout the period of NCC
emigration, while the neuroglial precursors expressing p75 are
located in a more ventral domain. The mechanism responsible
for the ordered delamination of NCC subpopulations from the
mouse neural tube has not yet been determined. The successive
waves of NCCs detailed in (B) are represented numerically. NT,
neural tube; DA, dorsal aorta; N, notochord; S, sclerotome; DM,
dermomyotome.

suggesting that they were prespecified." Indeed, using single
cell tracing in zebrafish, Raible and Eisen (1994) observed
that only 20% of labeled premigratory NCCs (i.e., NCCs
that have delaminated from the neural tube, but are not
yet migrating) gave rise to multiple derivatives, while the
remainder gave rise to single derivatives.”® Thus, similar to
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earlier in vitro studies, this work suggested that migratory
NCC:s are a heterogenous mix of fate-specified and multi-
potent precursors, but that prespecified NCCs predominate.

The Model of NCC Prespecification

A growing body of in vivo evidence suggests that the fate of most
trunk NCCs is already decided when they still reside within the
neural tube, perhaps at the time when they cease to be neuro-
epithelial stem cells and commit to the NCC lineage (Fig. 1B).
We therefore devote the remainder of this review to discussing
studies that support the idea of trunk NCC prespecification.
We will approach this topic by discussing current knowledge
of regional NCC specification along the dorsoventral (DV) axis
and the correlation of NCC fate with the timing of delamina-
tion. We will then discuss the relationship between NCC speci-
fication, choice of migration path and site of differentiation.
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NCC Specification Along the DV Axis Correlates
with the Time of Delamination

Cell tracing studies in chick, mouse and zebrafish revealed that
trunk NCCs originating from the same axial level differenti-
ate along diverse lineages that colonize their target regions in a
ventral to dorsal order (Fig. 2A)."%">!8 Thus, the earliest wave of
NCC:s in the trunk colonizes the sympathetic ganglia and adre-
nal anlagen, the next wave colonizes the sensory ganglia, and
the final wave gives rise to melanocytes. Strikingly, the timing
of NCC delamination correlates with the order of dorsoventral
target colonization (Fig. 2A).

Henion and Weston (1997) first observed the temporal order
of trunk NCC specification in explants of quail neural tubes." By
tracing single cells, they found that NCCs preferentially differenti-
ated into neurons and glia within the first 6 h after explanting the
neural tube into a tissue culture dish. In contrast, NCCs emigrating
after 6 h gave rise to melanocytes. The work of Luo and colleagues
(2003) extended this finding by showing that two tyrosine kinases
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distinguish NCC subpopulations that emerged from explanted
quail neural tubes.” Thus, TRKC-positive cells give rise to neurons
and glia, while KIT-positive cells give rise to melanocytes. These
studies suggested that NCC precursors with a neuroglial versus
melanocyte fate arise in different developmental time windows.

Schilling and Kimmel (1994) first provided evidence of this
temporal emigration in vivo by labeling single cells in different
domains of the zebrafish neural keel, which overlies the neural
tube and gives rise to NCCs in this organism.'® By observing
the fate of individual NCCs they discovered that the position
of a cranial NCC precursor relative to the DV axis predicted its
time of emigration and also its fate. Hence, lateral NCC precur-
sors emigrated first and gave rise to neuroglial structures, whereas
medial NCC precursors disseminated later to form melanocytes.
This work therefore suggests that the time at which a NCC is
born influences or perhaps even dictates its fate.

Observations by Wilson and colleagues (2004) suggest that
the spatial coordinates of NCC precursors within the mouse
neural tube are also linked to the timing of delamination and
cell fate. Thus, KIT and the low-density neurotrophin receptor
p75N™ are expressed in distinct domains in the mouse neural
tube, with p75-positive cells emigrating first to give rise to neu-
roglial structures, and KIT-expressing cells disseminating later to
give rise to melanocytes (Fig. 2C).”

To provide support to the idea that NCC prespecification
occurs within the neural tube, Krispin and colleagues (2010)
labeled neuroepithelial progenitor cells before they become bona
fide NCCs and then correlated cell position within the neural tube
with timing of delamination and fate. Specifically, they describe
that the first NCCs to delaminate were derived from precursors
that were positioned closest to the dorsal ridge and were of sym-
pathetic lineage. Concomitant with the delamination of sympa-
thetic NCC precursors, the sensory NCC precursors, which were
previously located in a more ventral stripe, moved dorsally into
the ridge. Once in the dorsal ridge, the sensory NCCs delami-
nated, and their place was then taken by dorsally relocating
melanocyte precursors. Accordingly, they propose the existence
of a spatiotemporal fate map for NCC precursors (Fig. 2B).”
This sequential ventral-to-dorsal relocation of NCC progenitors
within the neural tube correlates temporally with the narrowing
and eventual loss of Foxd3 expression, a gene implicated in neu-
roglial, but not melanocyte specification.?” Finally, the emigra-
tion of the melanocyte NCCs exhausted the NCC precursor pool
within the neural tube (Fig. 2B).

While these findings support the idea that timing of emigra-
tion reflects NCC specification along a particular lineage, earlier
studies disagree with particular aspects of this prespecification
model. Firstly, Ahlstrom and Erickson (2009) labeled single cells
in the dorsal neural tube to observe NCC delamination by time-
lapse microscopy and found that delamination is not confined to
the dorsal ridge, but instead took place along the entire dorsal neu-
ral tube.”! Secondly, the chick data presented by Krispin and col-
leagues (2010) also differ from observations in the mouse. Thus,
Wilson and colleagues (2004) found that presumptive NCC pre-
cursors of melanocytes expressing KIT were located in the dorsal
most aspect of the neural tube, even though they delaminate
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after the ventrally located neuroglial precursors expressing p75N™
(Fig. 2C).” A detailed study of mouse NCC delamination with
markers similar to those employed in the chick is now warranted
to help establish how similar or perhaps different, the mecha-
nisms of fate determination are across species.

Coordination of Cell Fate and Migratory Pathway

To reach their targets, trunk NCCs migrate along three indepen-
dent pathways that reflect the timing of their delamination and
their appropriate fate.””?* Even though there are subtle differ-
ences how NCCs navigate their environment in different species,
NCCs that delaminate first from the neural tube preferentially
migrate on a ventral path, in close association with intersomitic
blood vessels (Fig. 3A).% Their destination is the dorsal aorta,
where they seed the future sympathetic ganglia.’® It is not yet
known if the migration along this vascular path is a consequence
of neural crest cells and blood vessels sharing a common substrate
or if blood vessels secrete chemoattractive signals or migratory
substrates to guide the NCCs. In support of the former possi-
bility, we observed that a small number of mouse NCCs in the
early wave trail the boundary between the anterior and poste-
rior half of each somite at the same time as blood vessels invade

this area.?®

In support of the latter possibility, there are several
different classes of molecules expressed by blood vessels, which
may mediate a cross-talk of blood vessels and NCCs, for example
endothelins,” ephrins®® and artemin.”’

Serbedzija and colleagues (1990) observed that some chick
NCCs in the second, i.e., intermediate wave, migrate dorsolat-
erally.’® While the authors suggest that these cells give rise to
melanocytes, their fate was not determined experimentally. Our
own work confirmed the existence of rare dorsolaterally migrating
NCC:s in the intermediate wave in mice on embryonic day (E) 9.5
(see Fig. 4 in ref. 26). However, as KIT-expressing melanocyte pre-
cursors have not been seen to migrate before E10 in mice," these
cells are unlikely to give rise to melanocytes. Importantly, the vast
majority of NCCs in the intermediate wave of both mouse and
chick travel ventrally into the avascular anterior half of the sclero-
tome and give rise to neuroglial progeny (Fig. 3B). Intermediate
wave NCCs that traverse the anterior sclerotome join the early
wave to form the sympathetic trunks alongside the dorsal aorta
or continue further to the kidney, where they differentiate into
adrenal chromaffin cells. The intermediate wave NCCs that settle
in the anterior sclerotome differentiate into the sensory neurons
and satellite glia that comprise the dorsal root ganglia.

Recent studies by George and colleagues (2007) support the
notion that intermediate wave NCCs know their fate before they
encounter the sclerotome environment.”» They labeled single
neuroepithelial cells in the dorsal chick neural tube at the end
of the temporal window in which intermediate NCCs delami-
nate and found that the labeled cells gave rise to specific subsets
of DRG neurons. Specifically, they identified two distinct sub-
groups of cells that arose from different regions of the dorsal
neural tube. While laterally located cells migrated ipsilaterally
after delamination to form proprioceptive and mechanorecep-
tive neurons in the inner core of the DRG, medially located
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Figure 3. Schematic representation of NCC migration paths in the mouse. (A and B) The first wave of NCCs delaminates from the neural tube (NT)
between E8.5 and 9.0 in the mouse and migrates towards the dorsal aorta (DA) to seed the sympathetic chain. (B) Half of a transverse section through
the embryonic trunk shows the preferential migration of these NCCs in the intersomitic furrow alongside blood vessels (ISV). A small proportion of
NCCs also migrate in the boundary between the anterior and posterior halves of the developing sclerotome (S). (C and D) The intermediate wave of
NCCs delaminates between E9.0 and 10.5 in the mouse. These NCCs express NRP1 and are repelled by SEMA3A in the dermomyotome and posterior
sclerotome and therefore migrate through the midst of the anterior sclerotome. ERBB2/3-expressing sympathoadrenal NCCs traverse the sclerotome
to accumulate at the dorsal aorta in response to attractive NRG1 signals from surrounding mesenchyme. In contrast, sensory NCCs stall within the
sclerotome, close to the neural tube. These cells likely express NRP2 in addition to NRP1. The NRP2 ligand SEMAS3F is expressed in the posterior
sclerotome to ensure that these NCCs remain in the anterior sclerotome. (D) Half of a transverse section through the anterior sclerotome shows the
migration path of sympathoadrenal (yellow) and sensory (red) NCCs and highlights molecules that help to segregate their migration paths. (E and F)
The late wave of NCCs delaminates between E10.5 and 14.5 in the mouse and gives rise to melanocytes. Stem cell factor in the dermomyotome (DM)
and dermis attract KIT-expressing melanocyte precursors. By 10.5 dpc, sensory and sympathetic neurons have begun to differentiate to form the
dorsal root ganglia and sympathetic ganglia. (F) Half of a transverse section through the anterior somite shows the characteristic migration path of
melanocyte NCCs (grey) in relation to the position of the sensory and sympathetic ganglia. A, anterior; P, posterior; N, notochord. Blood vessels are
shown in red.
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cells migrated contralaterally to form the bulk of the nocicep-
tive neurons on the perimeter of the DRG. The observation that
two different NCC derivatives arise from distinct regions of the
dorsal neural tube at the same developmental stage lends strong
support to the idea that NCCs become specified when still in
the neural tube.

The last wave of NCC:s travels dorsolaterally between the der-
momyotome and epidermis to give rise to melanocytes (Fig. 3C).
To determine the mechanism that underlies the switch from
a ventral neuroglial path to a dorsolateral melanocyte path,
Erickson and colleagues performed heterochronic transplanta-
tions in chicks.?*# Thus, they transplanted melanocyte precur-
sors to younger hosts, in which NCCs had not yet entered the
dorsolateral path. Vice versa, they transplanted neuroglial NCCs
into older embryos, in which endogenous NCC migration had
already switched to the ventrolateral path. In both experiments,
the transplanted cells “remembered” the path they were destined
to take prior to transplantation. These findings suggest that the
choice of migration route is cell-intrinsic and linked to the time
of delamination, rather than dictated by the NCC environment,
which changes as development proceeds. In the next section, we
will discuss recent publications that identify molecular differ-
ences between NCCs migrating along the three different paths
in chick and mouse.

Neuropilin Signaling Switches NCC Migration
from the Early to Intermediate Path

We have recently shown that the switch in NCC migration from
the intersomitic to the sclerotome path is controlled by neuropi-
lin 1 (NRP1), a transmembrane receptor for guidance molecules
of the class 3 semaphorin (SEMA3) family.?® Thus, the earliest
NCCs, which travel in the intersomitic furrow, express little or
no NRP1 (Fig. 3A). In contrast, NCCs on the intermediate path
express high levels of NRP1, which should make them sensitive
to repulsive signals provided by SEMA3A (Fig. 3B). SEMA3A is
expressed in the anterior dermomyotome as well as the posterior
dermomyotome and sclerotome, so that its expression domains
border the intersomitic furrow.”® Thus, SEMA3A may be secreted
into the intersomitic space to repel NRP1-expressing NCCs away
from this region into the anterior sclerotome. Consistent with
this idea, intermediate wave NCCs in Sema3a- and NrpI-null
mutants adopt the early pattern of migration, as they travel in the
intersomitic space.”® It is currently unknown if this mechanism
of NCC guidance is conserved in the chick, as previous knock-
down studies focused on later time points.*

Molecular Mechanisms Implicated in the Switch
of NCC Migration from the Ventral
to the Dorsolateral Path

Several receptor-ligand pairs have been implicated in control-
ling access to the dorsolateral path. In the chick, repulsive slits
are expressed by the dermomyotome and ROBO receptors by
intermediate, but not late, wave NCCs, to prevent neuroglial
NCC:s from entering the melanocyte path.*** In addition, EPH/
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ephrin plays a dual role in pathway choice in chicks, as ephrinB
is expressed by the dermomyotome to force intermediate wave
NCCs onto the ventral path, but acts as a chemoattractant for
melanocyte precursors to guide them onto a dorsolateral path.?*%
However, perhaps due to genetic redundancy within the large slit/
robo and Eph/ephrin families, there is presently no evidence that
either signaling pathway is essential for pathway choice in mice.

In the chick, endothelin ligands (EDN) appear to be che-
moattractive for the NCC precursors of melanocytes, which
express G-protein coupled EDN receptors (EDNR). In this spe-
cies, the differential expression of EDNR receptors directs NCC
migration along the ventral versus dorsolateral path. Whereas
EDNRB is expressed in ventral migrating cells, EDNRB2 is
expressed in melanocyte precursors to mediate attraction toward
EDNS3 in the surface ectoderm.*® The chemoattractive signal
controlling ventral migration of EDNRB-expressing NCCs has
not yet been described. In mice, EDNRB is essential for mela-
nocyte development.?” Yet, it is not yet known if EDN signaling
regulates pathway switching in the mouse, as it does in the chick.
Arguing against this possibility, mice have no obvious homolog
of EDNRB2, and EDNRB is expressed by both ventrally and
dorsolaterally migrating NCCs. Unlike chicks, mice appear to
employ the tyrosine kinase receptor KIT to regulate NCC entry
into the dorsolateral path.*®** Thus, the KIT ligand, steel fac-
tor, is expressed in the dermomyotome at the onset of melano-
cyte migration® (Fig. 3C), and loss of either KIT or steel factor
impedes entry of NCCs to the dorsolateral path.**#!

Our own work shows that SEMA3A signaling through NRP1
prevents the precocious switch of NCC migration from the ventral
to the dorsolateral path in mice.?® Thus, SEMA3A is expressed
in the dermomyotome and NRP1 by NCCs in the intermedi-
ate wave, and loss of either molecule leads excessive NCC migra-
tion on the dorsolateral path. Because SEMA3A expression in
the dermomyotome layer is maintained at least until 11.5 dpc
(Schwarz Q and Ruhrberg C, unpublished data), NRP1 down-
regulation may be a prerequisite for melanocyte NCC entry onto
the dorsolateral path.

Neuropilins Control NCC Migration within Somites

NCCs that have been diverted from the intersomitic furrow
into the sclerotome by SEMA3A/NRPI signaling are normally
channeled into the anterior half of each somite by repulsive sig-
nals from the posterior sclerotome and dermomyotome. Studies
in chick implicated several different molecular mechanisms in
intrasomitic NCC guidance, including semaphorin-mediated
repulsion,®#* EPH/ephrin signaling,*4
interactions,” integrin-mediated extracellular matrix interac-
tions, " and other ECM interactions.”* The best characterized
of these mechanisms is semaphorin signaling. Thus, mice lack-
ing SEMAS3F or its receptor NRP2 contain NCCs in both the
anterior and posterior half of each somite, most likely because

cadherin-mediated cell

repulsive SEMA3F signals from the posterior sclerotome repel
NRP2-expressing NCCs as they enter the somite.”> SEMA3A is
also expressed by the posterior sclerotome to help restrict NCCs
to the anterior sclerotome.?*® Therefore, SEMA3A plays a dual
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role in guiding intermediate wave NCCs, firstly by diverting them
from the intersomitic furrow into the sclerotome and secondly by
cooperating with SEMA3F to restrict migration to the anterior
half of the sclerotome. Accordingly, the combined activity of both
semaphorins induces the characteristic pattern of trunk NCC
migration in segmental streams that is a prerequisite for the seg-
mentation of glial and neuronal NCC progeny into the DRGs.”*"

Segregation of the Sensory
and Sympathoadrenal NCC Lineages

While NCCs destined for a sympathoadrenal fate migrate
through the sclerotome, NCCs forming sensory neurons have to
arrest within the sclerotome. Studies in various mouse knockout
models have now identified three molecular pathways that con-
tribute to the segregation of these lineages, neuregulin (NRG)-
mediated attraction, semaphorin-mediated repulsion
neurogenin (NGN)-induced gene expression (Fig. 3D).
NCCs destined to become sympathetic or adrenal cell types
express the receptor tyrosine kinases ERBB2 and ERBB3 and the
ERBB ligand NRGI is present in the environment the NCCs
migrate through. In mouse mutants lacking either one of these

and

three molecules, NCCs accumulate near the dorsal neural tube
where DRGs assemble, but fail to reach their normal ventral
targets, thus causing hypoplasia of the sympathetic ganglia and
adrenal medulla.’®

Differential neuropilin expression also impacts on the segre-
gation of the sensory and sympathoadrenal lineages. Thus, our
analysis of NRP1 and NRP2 expression in mouse embryos raised
the possibility that NCCs expressing NRP1, but not NRP2, are
destined for the dorsal aorta, whereas NCCs expressing NRP2
and perhaps also NRP1, are destined to arrest in the sclerotome
to become DRGs (Fig. 1B).5 In support of this hypothesis, sym-
pathetic NCC migration is affected in NrpI- but not in Nrp2-null
mutant embryos, but loss of both NRP1 and NRP2 is required
to severely disrupt DRG assembly.”*® Because NrpI-null mutants
contain a small contingent of ectopic sensory neurons,? a small
subset of sensory NCCs may also depend on NRP1 for normal
positioning.

The basic helix-loop-helix transcription factors of the NGN
family are expressed in the NCC precursors of sensory neurons
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and are essential for sensory differentiation.””*! Neurogenins are

known to stimulate the expression of the neurotrophin receptors
TRKA, TRKB and TRKC to help NCCs survive in the dorsal
sclerotome.® % Whether neurogenins also control the expression
of molecules that arrest NCC migration in the dorsal sclerotome
is currently unknown. The selective importance in sensory rather
than sympathetic NCCs is demonstrated by the complete lack
of DRGs, yet normal formation of sympathetic ganglia in mice
mutant for Ngnl and/or Ngn2.>62-64

Integration of NCC Fate with Migratory Pathway
and Environmental Signals

The lineage tracing studies and transplantation studies discussed
in previous sections support the hypothesis that the neuroglial
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and melanocyte NCC lineages are already prespecified when
their precursors still reside in the neural tube and before they
embark on a migratory path that is appropriate for their fate.
According to this model, NCCs should retain their fate poten-
tial, even if their migratory pathway is disrupted by an altered
expression of or sensitivity to relevant migratory cues. This was
first demonstrated for NCCs specified toward a neuroglial fate in
mice.”® Thus, neuroglial NCCs that abnormally enter the dor-
solateral path in mice lacking SEMA3A or NRPI still under-
went neuroglial differentiation: Firstly, labeling of the ectopic
NCCs with the melanocyte marker 77p2 suggested that they do
not differentiate into melanocytes (unpublished data, Schwarz Q
and Ruhrberg C). Secondly, the ectopic cells express the sensory
marker Brn3b when settling in a dorsal position close the DRGs
or the sympathetic marker tyrosine hydroxylase when migrating
to the ventral half of the embryo.?® By forcing the expression of
EDNRB?2 in neuroglial precursors of the chick embryo, Krispin
and colleagues confirmed that neuroglial NCCs forced to migrate
along the dorsolateral pathway differentiated into neurons rather
than melanocytes.”

Together, these findings suggest that intermediate wave
NCCs have a neuroglial rather than melanocyte fate and that
they remember this fate, even if they migrate along ectopic path-
ways. According to this model, environmental signals are more
important for pathway choice than specification along the neu-
roglial versus melanocyte lineage. Superimposed on this pre-
specification, environmental conditioning appears to ensure that
neuroglial NCCs differentiate into the type of neuron that is
appropriate for the anatomical location. Thus, the recent find-
ings of neuroglial NCC development marry the model of NCC

prespecification with the concept of environmental conditioning,.
Conclusions and Future Work

In this review, we have discussed current knowledge of the molec-
ular and cellular mechanisms that govern trunk NCC fate, high-
lighting the concepts of mulipotentiality, prespecification and
environmental conditioning. It is likely that similar mechanisms
control NCC fate in rostral regions of the embryonic body.® Yet,
it has become apparent that the use of different model organisms
with their unique experimental advantages precludes us from
generalizing the mechanisms of NCC specification. Future work
should aim to identify the molecular and cellular mechanisms
that are evolutionarily conserved and therefore lie at the heart of
NCC diversity. A second challenge for the future will be the iden-
tification of markers that identify the multipotent NCCs in an
in vivo setting and distinguish them from fate-restricted NCCs.
This will be pivotal for us to understand how multipotency and
mechanisms of lineage-restriction cooperate to bestow NCCs
with their extraordinary ability to navigate the entire embryo
and give rise to diverse derivatives only in appropriate locations.
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