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Abstract Melanocytes and Schwann cells are derived
from the multipotent population of neural crest cells.
Although both cell types were thought to be generated
through completely distinct pathways and molecular pro-
cesses, a recent study has revealed that these different cell
types are intimately interconnected far beyond previously
postulated limits in that they share a common post-neural
crest progenitor, i.e. the Schwann cell precursor. This
finding raises interesting questions about the lineage
relationships of hitherto unrelated cell types such as mel-
anocytes and Schwann cells, and may provide clinical
insights into mechanisms of pigmentation disorders and for
cancer involving Schwann cells and melanocytes.
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Introduction

During vertebrate development, melanocytes and Schwann
cell precursors (SCPs) are derived from a group of highly
migratory embryonic cells called the neural crest (NC).
Neural crest cells (NCCs) arise from the lateral edges of the
neural folds at the time of gastrulation. Subsequently, they
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delaminate and migrate along specific routes to a number
of sites where these cells stop and differentiate into a wide
variety of derivatives. These include neurons and glial cells
of the peripheral nervous system, melanocytes, smooth
muscle cells, connective tissue, and cartilaginous and
skeletal elements in the head (reviewed in Ref. [1]).

The identity of a NCC is determined in response to both
intrinsic and extrinsic influences that operate differently
along the neural axis, migratory paths, and homing sites
(reviewed in Refs. [2, 3]). At the trunk level, NCCs escape
from the neural tube and migrate following stereotypical
pathways. Ventrally, the cells that move furthest end up in
the vicinity of the dorsal aorta and generate neurons and
glia of the sympathetic ganglia. The remaining ventrally
migrating cells arrest more dorsally within the anterior
sclerotome, close to the neural tube, and generate sensory
neurons and glia of the dorsal root ganglia (DRG). In
contrast, the late-migrating NCCs follow a dorsolateral
path between the dermamyotome and the overlying ecto-
derm. These cells give rise to melanocytes.

Previous studies on melanocyte origin and migratory
path in trunk NC in avian and mouse species led to the
prevailing view that all prospective melanocytes arise from
NCCs at the dorsal neural tube, migrate between the
superficial ectoderm and the dermamyotome, and then
invade the skin to eventually differentiate into pigment
cells. A recent study performed in our laboratory has
readdressed this issue and provided in vivo evidence that
large numbers of melanocytes are produced from nerves
innervating the skin during development [4]. This study
also discovered that, in addition to contributing primarily
to glia, SCPs adjacent to nerves are a cellular source of
melanocytes. Hence, this study not only calls into question
the origin of melanocytes during development but also
addresses the plasticity and developmental potential of
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SCPs. At the same time, it raises interesting questions
about the molecular mechanisms regulating skin pigmen-
tation during development, in health, and in pigmentation
disorders. It will also serve to refocus the field to the
possibility that a stem cell of glial origin could give rise to
melanocytes or skin cancer cells in adulthood or during
skin repair. In this review, we attempt to place this recent
discovery within the perspective of current dogmas in the
field and to highlight important issues to be resolved in the
future.

Definition, origin, and commitment of Schwann cell
precursors

SCPs derive from the NCCs, which migrate into the nas-
cent peripheral nerves during embryonic development. At
this level, NC-derived cells that are found both inside and
at the edge of the nerves during embryonic days (E) 9.5-14
are called SCPs and no longer possess some biochemical
and morphological characteristics of an NCC (reviewed in
Ref. [5]). SCPs, also defined by their high dependence on
nerve contact for their survival [6], will then mature over
time in a defined stepwise process to give rise to all SCs of
adult nerves. At the intermediary state the immature SCs
can be distinguished from SCPs primarily by the expres-
sion of a different set of molecular markers, a basal lamina,
and the fact that they no longer depend on axonal survival
signals as they possess an autocrine survival circuit [5, 7].

SC lineage progression is strikingly dependent on sur-
vival factors, mitogens, and differentiation signals that
emanate from the axons with which SCPs and SCs con-
tinuously associate. Numerous molecules have been
implicated in the regulation of SC development (reviewed
in Ref. [5]). One current view postulates that SCPs are
generated in the absence of other cues, and their differen-
tiation program is a default pathway in NC lineage. This
view has been inferred mainly because no transcription
factors that actively promote gliogenesis have been iden-
tified, leading to the proposition that gliogenesis might be
enabled when neurogenesis or other alternative fates are
suppressed.

Important progress has been made in revealing the
molecular mechanisms that control the specification of
SCPs from NCCs. These advances have been the focus of
recent reviews [5, 8]. Although we wish to provide an
update, we will primarily review the progress in the per-
spective of the specific interplay between the nervous
system and glia.

The observation that SCPs, unlike immature SCs,
undergo rapid cell death if deprived of axons led to the
identification of NRG1 (expressed on the peripheral axons)
as their major survival signal [9]. Acting through ErbB2/

ErbB3 heterodimer receptors [10, 11], the neuregulin sig-
naling was further shown to exert a critical effect on
proliferation and differentiation of SCPs [12-17]. How-
ever, as neuregulin signaling is essential for the survival of
SCPs, and some early migrating NCCs, the exact function
of this signaling pathway in specifying SCP fate has been
hindered. Overall, the published data reveals that SCPs do
form in the absence of neuregulin signaling. The severe SC
phenotype apparent at later stages might develop either
because of a defect in migration of SCPs into the peripheral
nerves or because of their apparent inability to expand in
numbers and/or cell death before SCPs could reach the
nerve roots [13, 18-20]. At later stages of SC development,
neuregulin signaling instructs immature ensheathing cells
to become true myelinating SCs and preserves the quies-
cent state of mature SCs in the adult [17, 21]. This
highlights the importance of the neuregulin-based signaling
system for virtually all steps of SC differentiation and
maintenance.

Several authors suggest that neuregulin signaling may
have an early effect on SCP specification by inhibiting
neurogenesis, as Notch signaling would do [8, 22-24].
Such signals may function primarily to promote the loss of
neuronal differentiation potential, rather than to activate a
glial differentiation program within the early condensed
DRGs and their associated nerves. In the case of Notch
signaling, it has been shown that even a transient activation
of Notch in NC stem cells in vitro might be sufficient to
cause rapid and irreversible loss of neurogenic activity
accompanied by accelerated glial differentiation. In line
with this, Weston and his colleagues observed that Deltal,
which encodes a Notch ligand, is expressed in early
NC-derived neuronal cells in the nascent DRG and that
Notch prevents neuronal differentiation while it permits
glial differentiation in vitro [25]. Overall, these data sug-
gest a model in which Notch ligands, expressed by
neuroblasts in early DRG, would act positively to instruct a
cell-heritable switch to gliogenesis in neighboring
uncommitted progenitors [26, 27]. More recently, using
selective ablations of Notch signaling in either NCCs or
SCPs in mouse, two independent studies have reported that
Notch signaling has, in fact, multiple regulatory functions
in glial specification and differentiation during peripheral
nervous system development and maturation, and after
injury. Interfering with Notch signaling severely reduced
gliogenesis throughout the DRG, despite the ongoing
generation of SCPs in peripheral nerves [28]. In a parallel
study, Woodhoo et al. [29] demonstrated that the Notch
pathway was essential to drive the transition from SCPs to
immature SCs. They also showed that Notch regulates the
mechanism that controls the proliferation and numbers of
SCs and the transition from immature to myelinating SCs
by acting as a negative regulatory component. Although the
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molecular mediators of Notch function in SC development
have not been clearly defined, the authors of this study
suggested that one role of Notch in generating SCs in vivo
was to maintain high levels of ErbB2 receptor in SCPs,
leading to enhanced NRG1 signaling, which is required for
glial lineage progression.

As exemplified above, the fate of SCPs is tightly regu-
lated by the combinatorial activity of multiple signals
intimately connected to the nervous system. Changes in
composition or levels of these signals are believed to affect
the specification of SC development at early and more
advanced stages. Also, as evidenced above, a single pro-
tein, e.g. Notch or NRG1, has the capacity to operate across
many if not all developmental processes of SC differenti-
ation. This highlights the need for comprehensive
characterization of the different states of SCs during
development and of the exact interplay between the dif-
ferent regulatory signals.

The origin and migration of melanoblasts: new vistas

Melanoblasts have long been regarded as originating from
the NC from where they immediately migrate dorsolater-
ally between the dermamyotome and the overlying
ectoderm, followed by ventral migration through the
developing dermis to their final destination, the basal layer
of the epidermis and the hair follicles [30]. This proposed
origin implies that NCCs are already committed to a
melanocyte fate at the level of the neural tube after NC
delamination. This model has been primarily supported by
radioautographic or quail chick transplantation experi-
ments, vital dye tracing in chick and mouse, and genetic
targeting to express reporter markers under melanoblast-
specific and melanocyte-specific protein promoters in
mouse [31-38]. However, even with these techniques the
origin and migration of the melanocyte lineage was not
completely defined, because the eventual migration within
the prospective dermis to ventral body regions and limbs
was not fully addressed. Moreover, this lack of a complete
view of how melanocytes are formed during development
can also be emphasized by the observation that in Xenopus
embryos most of pigment cells utilize a ventral path to later
reach the epidermis [39]. It is only recently that new data
obtained in our laboratory came to extend our knowledge
in the field by unveiling a completely new cellular origin
and migration pathway for melanocytes during develop-
ment [4]. Results of this work suggest a prominent role for
SCPs along peripheral nerves as a cellular source of mel-
anocytes in the skin (Fig. 1).

As presented above, most previous studies on melano-
cyte development agreed on the conclusion that all
melanoblasts arise directly from the dorsal neural tube and

follow the so-called dorsolateral pathway to populate the
skin. Therefore, the field has focused mainly, if not solely,
on the dorsolateral pathway of NCCs migration during
early development, disregarding alternative origins. Strik-
ingly, our recent study characterized further the migration
of melanoblasts into the skin and provided evidence for
a pathway of melanoblast generation, temporally and
spatially distinct from the dorsolateral pathway, that is
associated with early spinal nerves [4]. This suggested that
the NC-derived cells in the ventral pathway might consti-
tute a source of melanoblasts during development.
Micromanipulations of chick embryos in ovo confirmed the
additional origin of melanoblasts from the ventral pathway.
Lineage tracing experiments with PLP-CreERT2/R26YFP
transgenic mice identified the SCPs along the peripheral
nerves as the main source (within the ventral pathway) of
melanoblasts and postnatal mature pigmented melanocytes
in the skin.

With the identification of SCPs as a major source of
melanocytes during development, we questioned the
existence of a similar mechanism operating at the adult
stage [4]. Histological analysis of adult Krox20-Cre/
R26YFP mice (in which myelinating SCs and their
derivatives express YFP) revealed that although Krox-20-
positive differentiated SCs most likely could not give rise
to melanoblasts during development, these cells remained
competent to form pigmented cells if challenged with a
new microenvironment resulting from, for instance, a loss
of nerve contact [4]. Likewise, cells losing contact with
the peripheral nerves during development acquired a
melanoblast fate. Together, these data stress the impor-
tance of the nerve contact for balancing glial versus
melanocyte cell fates. Also because a proportion of
newly formed melanocytes in transected Krox20-Cre/
R26YFP animals were not YFP-positive, i.e. did not
derive from myelinated SCs, it will be interesting to
clarify whether unmyelinated SCs can also differentiate
into melanocytes.

As presented above, nerve contact is critical for lim-
iting the differentiation of SCPs into melanoblast fate.
Therefore, a disruption in specific signals between nerve
and SCPs might affect this cell fate transition. In line
with this idea, genetic deletion of ErbB3 in mouse
embryos led to an increased number of melanoblasts
around the distal ends of dorsal spinal nerves at E12,
despite an overall reduction in SCPs along the nerves [4],
as previously shown [19]. Strikingly, many Sox10-posi-
tive cells were still associated with the nerve endings,
suggesting that SCPs that survived in mutant embryos
were more likely to become melanoblasts. In addition to
emphasizing the importance of neuregulin signaling in
SCPs development, these data reveal a completely new
function for neuregulin as a key player in driving or
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Fig. 1 Two origins of melanocytes in the embryo: NCCs and SCPs
from peripheral innervation. a Section through the E4 chick embryo
at the forelimb level. MEBL1 and MITF (markers for melanocytes)
are labeled in green and red respectively, Sox10 (SCP and
melanoblasts marker) is shown in a blue color. Note the NCC-
derived melanoblasts labeled with MEBL-1 and MITF at the dorsal
skin above the neural tube. Melanoblasts emerging from SCPs are
adjacent to the ventral branch of spinal nerve (vbSN) and are spatially
separated from the population of NCC-derived melanocytes. DRG,
dorsal root ganglion; NT, neural tube. b 3D representation outlining
two separate pathways of melanocytes at the forelimb level in avian
embryo. Red color represents melanoblasts, green color, nerves;
purple, dermamyotome. ¢ Scheme illustrating the relationship
between SCPs, melanocytes and neurons as a result of NC differen-
tiation. Conversion of SCPs into melanocytes is shown by the red
arrow. In this case SCPs could correspond to the classical glia-

maintaining SCP cell fate at the expense of melanoblast
differentiation.

The effect of NRG1 on melanocyte cell fate was con-
firmed in vitro, in which addition of NRGI1 to cultured
early glial cells reduced the number of newly formed
melanoblasts [4]. In contrast, IGF1 and PDGEF efficiently
promoted the differentiation of SCPs into a melanocyte
lineage whereas neuregulin signaling reversed this effect.

HFM

DM

PLP-CreERT2-
Rosa26stopYFP

HFM

Rosa26stopYFP

melanocyte precursor postulated in earlier work by Elisabeth Dupin
and Nicole M. Le Douarin [1, 97]. d Section with melanoblast
adjacent to the dorsal ramus of spinal nerve. Nerve fibers are labeled
in green, Sox10™ nuclei of SCPs and melanoblasts are shown in blue,
and the red stands for melanocyte marker DCT. e Scheme showing
the same cell biased by competition between signaling from the nerve
(in a blue frame) and other paracrine signals promoting a melanocyte
fate (in a red frame). f Identification of SCP-derived melanocytes in
hair follicles and in dermis of adult mice by a genetic tracing
approach. PLP-CreERT2 mouse strain was crossed with Rosa26stop-
YFP strain, and pregnant females were injected with tamoxifen (TM)
at the post-NC stage (E11). Subsequent analysis identified numerous
YFP" cells among the population of dermal solitude melanocytes
(DM) and in melanocytes of the hair follicles (HFM) in PLP-
CreERT2—Rosa26stopYFP mice

The dependence of SCPs on NRG1 for cell survival lasts
only until their transition into immature SCs which produce
and respond to the survival factors IGF and PDGF [7].
Hence, it is conceivable that as glial precursors expand in
numbers neuregulin signaling becomes limiting, because of
competition for nerve contact. In parallel, as increasing
amounts of SCPs differentiate into immature SCs and
levels of IGF/PDGF increase, the balance of neuregulin
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and IGF/PDGEF signaling could shift in favor of melanocyte
differentiation. A similar mechanism might act at the adult
stage during nerve damage, leading to increased expression
of IGF/PDGF [7] and loss of the nerve-derived neuregulin
signaling.

Although these different factors may affect melanocyte
differentiation, the complexity of embryonic development
raises the question whether they would be capable of
triggering the aforementioned responses in vivo. Further,
identification of the in vivo mechanisms operating at the
distal nerve environment and balancing the production of
SCs versus melanocytes will be an important focus for
future research.

At first glance, the proposed view of the origin of
melanoblasts stands at odds with former descriptions in the
field. But, in fact, the nerve-associated production of
melanoblasts has been noted in previous investigations. For
example, Thomas and Erickson [40] recently described the
presence of melanoblasts in the ventral migratory pathway
in the proximity to the brachial plexus of HHst25 (E4.5)
chick embryos. Likewise, Niwa et al. [41] observed the
presence of a population of melanoblasts apparently dis-
tinct from the dorsolateral melanocytes and located
between the ventral spinal nerves and the dermis in E5
quail embryos. The finding of the nerve-derived pathway of
melanocytes may provide an explanation of previous
results showing that melanoblast progenitors populate the
skin in relatively small defined patches, rarely organized
into stripes, as would be assumed if they were derived
directly from the NC and traveled as a proliferating mass
across the body [42]. It is conceivable that melanocytes
arising from SCPs of cutaneous nerves could explain the
observed patches of pigmentation when individual labeled
NCCs are studied. This phenotype could appear if expan-
sion of melanoblasts largely takes place within and around
nerves terminating in specific cutaneous locations.

Finally, zebrafish, a well-known animal model in
pigmentation research, has been the subject of many
investigations on the possibility of the existence of a
melanocyte stem cell population different from the
dorsolateral pathway of melanocytes. Below, we will
concentrate on discussing the possibility of a connection
between the existence of this melanocyte stem cell popu-
lation and the SCPs at sites of peripheral innervation.

Enigmatic melanocyte stem cells versus Schwann cell
precursors in zebrafish

Danio rerio has long been regarded as an ideal model for
study of pigmentation patterns. After extensive experi-
ments Yang and Johnson [43] proposed that zebrafish
NCCs generate not only specified melanoblasts and

pigmented melanocytes but also give rise to a population of
quiescent reserve cells which can be recruited by an
unknown mechanism during zebrafish development and
organ regeneration. The identity of these cells is unknown.
However, experiments on zebrafish mutants involving
different embryo manipulations provided some clues about
what kind of cells these “melanocyte stem cells” could be
and revealed the possibility that SCP-melanocyte cell fate
transitions could occur in fish during development and
regeneration. Experimentally, this proposition is based on
the discovery that newly regenerated zebrafish melanocytes
originate from an unknown, unpigmented cellular source,
and that this process is dependent on ErbB receptor sig-
naling [44].

Historically Goodrich and Nichols [45] first studied
pigmentation recovery after fin ablation in zebrafish. Their
results demonstrated that melanocytes ranged in age and
that any melanocytes positioned in between pigmented
regions had to reposition to within striped regions for
survival. Three basic models describing the origin of
regenerated melanocytes were then proposed in the field
(reviewed in Ref. [43]):

1 simple division and migration of mature pigmented
melanocytes;

2 cell fate change of other cell types with or without
subsequent re-establishment of fate-restricted stem
cells; and

3 proliferation and differentiation of totally unknown
unpigmented melanocyte stem cells.

In order to address the first hypothesis, researchers
incubated fish in the melanin synthesis inhibitor, phenyl-
thiourea (PTU), which does not allow new pigments to
form while not affecting previous pigmentation. This
enabled melanin to be used as a lineage tracing marker and
led to the discovery that preexisting melanin does not get
separated into the vast majority of newly formed melano-
cytes during fin regeneration. Furthermore, after treatment
with the melanotoxic molecule MoTP from 30 to 72 hpf
(larval pigmentation takes place from 24 to 60 hpf in
zebrafish) which led to apoptotic disruption of all DCT™
pigmented melanocytes, researchers noticed the recovery
of DCT' melanoblasts together with slightly pigmented
melanocytes. Later the pigmentation pattern regenerated
completely [43, 46]. This finding tells us that new larval
melanocytes were regenerated from undifferentiated or
transdifferentiated cells. Likewise, after laser treatment and
PTU incubation, zebrafish could not recover their pig-
mentation [47]. However, after PTU wash-out, the
pigmentation recovered fully. Taken together, these data
strongly suggest that regenerating melanocytes are not
derived from preexisting pigmented cells but rather from
unpigmented undefined precursors [48].
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Transdifferentiation of iridiophores and xanthophores
into melanophores was first proposed in amphibians [49,
50]. In order to address this idea in zebrafish, Yang and
Johnson [43] conducted chemical MoTP-based ablation of
pigmented cells in mutant larvae deficient in iridiophores
and xanthophores during 14-72 dpf. Shortly after MoTP
washout they observed normal regeneration of pigmenta-
tion pattern. Nevertheless, these results do not exclude the
possibility of cell fate changes from other cell types [43].

Zebrafish mutants are numerous and their phenotypes
have enabled identification of many genes and their asso-
ciated functions, some of them affecting pigmentation
patterns: sparse (kit), leopard (cx41.8), jaguar (kir7.1),
rose (endothelin receptor bl, ednrbl), picasso (erbb3),
nacre (microphthalmia-a, mitfa), panther (colony stimu-
lating factor 1 receptor, csflr), bonaparte (bnc2), colorless
(sox10), and many others (reviewed in Refs. [51-53]). One
of the mutants, named picasso, has a defective receptor-
like tyrosine kinase gene ErbB3b, which codes part of the
heteromeric receptor conveying neuregulin signaling [54].
Similar to mice, zebrafish deficient in ErbB3b have severe
loss of glia [19, 55]. Chemical ablation of melanocytes in
picasso fish revealed that the normal pattern of pigmenta-
tion cannot recover compared with wild type. One
suggestion was that the source of melanocytes in adult fish
could be represented by a population of NC-derived cells
linearly independent of primary larval pigmented melano-
cytes, and that its generation could be dependent on NRG
signaling [44]. This suggests a similarity between the
hypothesized “melanocyte stem cells” and SCPs. There-
fore, if we assume that zebrafish have a nerve-derived
pathway of melanocytes, we could expect that a reduced
glial pool will cause depletion in late melanocyte
progenitors.

All aforementioned studies on the different origins of
melanocytes do not provide sufficient evidence proving the
reality of nerve-derived melanocyte precursors in zebrafish.
Yet they show the possibility of this pathway in fish and
inspire future efforts in this direction.

Integrative view on molecular mechanisms
of melanocyte formation

An important challenge following the discovery of a nerve-
derived pathway of melanocyte formation is how to
molecularly define the generation of melanocytes from a
specific stem cell population. Indeed, recent results suggest
that the mechanisms regulating the transition from NC to
melanoblast must be reassessed, because the path from the
first to the second cell type seems to be more complex than
previously thought [4]. In the past, specification cues—
intrinsic or extrinsic—have been successfully adopted to

induce/regulate specific differentiation of melanoblasts
from NC, including MITF (microphthalmia-associated
transcription factor), Sox10, Pax3, FOXD3, and the sig-
naling pathways mediated by Kit, Wnt proteins, and
endothelins (EDNs) (reviewed in Ref. [56]). Although the
field has advanced substantially during the last 10 years, a
more integrated view of melanocyte development has not
yet been clearly refined. Below, we will briefly describe
our current knowledge in the field and try to integrate,
where possible, the new pathway of nerve-derived mela-
nocytes with previous conclusions.

Pax3 is a transcription factor that is expressed by NCCs
before they delaminate from the dorsal neural tube [57].
Pax3 is one of the earliest markers of NCCs and mouse
embryos lacking Pax3 have multiple NC-related defects
[58]. Although Pax3 is clearly necessary for the early
development of melanoblasts, promoting the expansion of
a pool of restricted progenitor cells [59], it is MITF that is
referred to as the master regulator of melanoblast specifi-
cation (reviewed in Refs. [60, 61]). MITF is expressed in
melanoblasts soon after emerging from the neural tube and
well before they enter the dorsolateral migratory pathway,
coincident with lineage specification [62]. Afterwards,
MITF was observed in Sox10-positive cells first inside and
later around the ventral spinal nerves [4]. In mouse
embryos with severe mutations in the MITF locus, NC-
derived cells do not reach the Dct-positive stage [62]. It is
clear that MITF is essential at the earliest stages of mela-
nocyte specification, as its down-regulation in cultured
melanoblasts turns them into glial cells. Furthermore its
misexpression in fibroblasts or in neuroretinal cells causes
them to adopt a melanocyte-like fate or to differentiate into
melanocytes, respectively [63—-65].

During melanocyte lineage, MITF is subjected to a
complex array of transcriptional regulation that enables
accurate developmental expression of MITF. Genetic
analysis concentrated on a melanocyte-specific promoter,
that controls melanocyte-restricted expression of MITF,
has identified an epistatic relationship between Sox10 and
MITF [66, 67], giving a molecular basis for the pigmentary
defect in mice devoid of Sox10 activity [12, 68]. Detailed
quantification of melanoblast numbers revealed a severe
and early loss of melanoblasts in Sox/0 mutant animals.
Sox10 might also work through pathways other than MITF
activation in mouse melanocytes. Using lineage-directed
gene transfer, Hou et al. [69] showed, for example, that
MITF can rescue survival and partial differentiation but not
full pigmentation of Sox10-deficient mouse melanoblasts,
unable to lead to the expression of tyrosinase. Sox10 also
regulates Dct expression by directly binding to its promoter
[70], suggesting that additional melanocytic target genes
might require Sox10 activity. Another aspect of Sox10
function during melanocyte lineage is its dose-dependent,
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differentiation-promoting activity. Indeed, a substantial
reduction but not complete absence of melanoblasts was
noted in the heterozygous Sox/0 mutant mice, accounting
for pigmentation defects present in these animals in the
adult [12, 70]. However, given the minor defects observed
in adult mice, the authors suggested that the loss of mel-
anoblasts was, at least in part, compensated during further
development. In fact, the absence of Dct expression in
heterozygous Sox/0 mutant animals analyzed at E10.5—
11.5 is transient, because a large increase in the number of
Dct-positive melanoblasts occurs at E13.5 [70]. The mel-
anoblasts populate these animals in a correct spatial
manner, but with a mild reduction in number that could be
related to the visible absence of melanoblasts at the very
dorsal aspect of the mutant embryo compared with wild
type. A late wave of SCP-derived melanocytes could
account for the appearance of melanoblasts in regions
previously lacking Dct-positive cells in heterozygous
Sox10 mutant animals. This is consistent with the obser-
vation that SCPs along peripheral nerves are maintained in
those mutant mice [12]. This could also explain why the
very dorsal aspect of the embryos, populated mostly by the
dorsolateral pathway of melanocytes, remains devoid of
melanocyte at later stages in the mutant animals. Moreover,
it is interesting to note that analysis of Kit-positive cells in
these animals at E12.5 identified a clear presence of mel-
anoblasts at the exact position where SCP-derived
melanoblasts have been observed in regions innervated by
the dorsal rami nerves [4, 12]. Taken together, these data
suggest a model in which Sox10 could regulate melanocyte
formation via both the dorsolateral and ventral pathways of
NC migration. According to this model, in the dorsolateral
pathway Sox10 expression in melanoblasts may directly
upregulate genes or gene cascades that drive melanocyte
differentiation. In the ventral pathway, the importance of
Sox10 expression in SCP specification is, of course, a
prerequisite for any SCP-derived melanocytes to be gen-
erated. Indeed, gliogenesis and SC maturation are greatly
affected in the absence of Sox10 [12, 23, 71, 72]. However,
the unique requirement of specific Sox10 domains for
melanocyte formation, with no visible effect on SCP dif-
ferentiation, indicates a selective function of Sox10 regions
on SCP-derived melanoblast differentiation [68]. Addi-
tional studies will be required to further delineate the
temporal and spatial requirements for Sox10 (domains) in
proper melanocyte development and function.

In addition to the aforementioned transcription factors,
numerous signaling systems regulate many aspects of
melanocyte development. Apart from its role in NC
induction and expansion at early stages [3, 73], Wnt
signaling has also been directly associated with the early
formation of the melanocyte lineage from the NC [74—
76]. Wntl and Wnt3 double-knockout mice exhibit

defects in several NC derivatives, including melanocytes
[77]. When the signaling pathway is targeted by beta-
catenin ablation in NCCs (beta-catenin is the main
effector in the canonical Wnt signaling network [78]),
melanocytes and sensory neurons are lost [75]. A change
in cell fate specification, rather than a proliferation defect
may underlie the loss of melanocytes. These observations
might reflect a direct relationship between Wnt signaling
and induction of MITF expression, because the MITF
promoter harbors a binding site for a beta-catenin-con-
taining transcription factor complex and can be activated
by Wnt [79, 80]. The critical function of Wnt signaling in
driving melanoblast specification also explains the com-
plete absence of melanocyte lineage in the beta-catenin
mutant embryos whereas, in contrast, SCPs form inde-
pendently of beta-catenin activity in these animals [75].
This also suggests the possibility that beta-catenin-
dependent signaling could regulate the transition from
SCP to melanocyte at the nerve endings.

Another signaling pathway involving stem cell factor
(SCF), which is driven by the activation of Kit receptor
tyrosine kinase, is thought to be important for their
specification, migration, proliferation, and survival. SCF
is expressed in the mesenchyme underlying developing
skin in mouse embryos where Kit-expressing melano-
blasts migrate to the periphery [81-83]. After
melanoblasts colonize the skin, SCF expression is thought
to be confined to the dermal papillae of hair follicles,
where melanoblasts mature into pigmented melanocytes
[84]. A number of in vivo and in vitro approaches have
demonstrated that signaling through Kit plays an early
role in melanoblast proliferation and survival and a later
function in the activation of the gene that encodes for
tyrosinase [84-87]. Hence, although Kit signaling does
not serve an instructive role in lineage commitment, it is
required for the generation of sufficient numbers of
melanoblasts and their differentiation into melanocytes.
The important role of Kit signaling in melanocyte for-
mation has been particularly emphasized by experiments
using transgenic mice expressing SCF in the basal layer
of the skin [86]. These mice displayed increased pig-
mentation. As expected, treatment with anti-Kit
monoclonal antibody completely prevented pigmentation
of these postnatal transgenic mice. But, unexpectedly, a
few days after ceasing treatment, skin pigmentation
recovered [86]. Interestingly, this process operated
through the generation of new melanocytes differentiated
from undefined stem cells at isolated skin spots. This
result indicates that there must be a melanocyte stem cell
population that can survive independently of Kit. This
Kit-independent stem cell population may reside in the
hair follicles and migrate outside the follicles in a Kit-
dependent manner. The presence of such Kit-independent
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melanocyte stem cells was previously reported in the hair
follicles of normal mice [88, 89]. Alternatively, after
ceasing Kit antibodies neutralizing treatment, new
emerging melanocytes may derive from a resident pool of
SCPs. Although the existence of such a population of
SCPs at adulthood is still a matter of debate, it is con-
ceivable that Kit signaling may modulate directly or
indirectly the emergence of melanoblasts from SCPs—
generating the characteristic spotted pigmentation pat-
tern—and, then, further regulate their proliferation at skin
level to eventually expand the pigmented spots to cover
the entire skin.

Another signal that has been proved to be involved in
melanocyte development is EDN3 and its receptor,
endothelin receptor-B (EDNRB). Genetic evidence has
indicated that targeted disruption of EDN3 or EDNRB
genes produces pigmentary disorders [90, 91]. Based on
in vitro data, Reid et al. [92] have further suggested that
endothelins may regulate the expansion of the melanocyte
progenitor pool and their differentiation into mature
melanocytes. The development of melanocytes is a mul-
tistep process, and EDNRB is expressed in unspecified
NCCs and melanocyte precursors. Exploiting strains of
mice in which the expression of the EDNRB gene is
regulated, Shin et al. [93] determined that the EDNRB
gene must be activated between E11.5 and E13 to obtain
a full pigmentation pattern. In a more recent study, Lee
et al. [94] showed that in ENDRB mutant mouse, mela-
noblasts lose their fate in a temporal, rostro-caudal
manner along the trunk starting at E11 between the otic
vesicle and forelimb, with no increased apoptosis in the
dorsolateral pathway. The authors suggested that prolif-
eration and/or migration defects explained the observed
phenotype. Alternatively, and based on the fact that both
EDN3 and its receptor are expressed in peripheral nerves
[95], we also propose the hypothesis that disruption of the
END3-ENDRB signaling in SCPs during development
may result in the pigmentation defects observed in those
mutant animals. It has, in fact, been suggested that end-
othelins, although promoting the survival of SCPs, have a
negative role in SCP-SC fate transition [95]. Moreover,
using clonal cultures from trunk NCCs, Le Douarin and
her colleagues [96] showed that EDN3 promotes a large
increase in survival and proliferation of both melanocyte
and glial cells, with a more pronounced effect on mela-
nogenic than on glial precursors. They also revealed that
exogenous EDN3 could drive embryonic peripheral nerve
cells to express a melanogenic potential [97, 98]. There-
fore, EDN3 could be one of the crucial signalings that,
together with NRGI1, IGF1, PDGF, and Wnts, might
compete in vivo at the nerve endings to regulate the
balance between SCP and melanocyte fates during
development.

The multipotent Schwann cell precursor

Several studies have implied that SCPs may represent a
transitory bipotent population of post-migratory NC stem
cells that retain the capacity to differentiate into both
melanocytes and SCs [99-102]. The authors proposed a
cell fate change to explain the transition from glial cells
into melanocytes. This idea was further supported by in-
vitro culture experiments that illustrate the reversion of
melanocytes and peripheral glial cells to a bipotent glial-
melanocyte progenitor, which would lie upstream in the
NC lineage hierarchy [97, 103—105]. In addition, the same
group showed that SCs in culture can be de-differentiated
to generate myofibroblasts [106]. They also noted that
mature pigmented melanocytes can be reprogrammed in
culture to give rise to glial cells, myofibroblasts, and
multipotent-like NC progenitors capable of self-renewing
[107]. However, such plasticity of glial and melanocyte
phenotypes was argued to reflect the flexibility of NCC
when challenged in vitro with a new environment rather
than a phenotypic differentiation occurring during embry-
onic development. This issue was resolved by new fate-
mapping experiments which conclusively demonstrated
that a large number of melanocytes in vivo are linearly
related to SCPs [4]. The finding that nerve-associated SCPs
undergo multilineage differentiation indicates that nerve
development is more complex than previously thought.
Among other functions, the growing nerves might then be
regarded as stem/progenitor cell niches from which diverse
cell types could be generated via inductive recruitment.
Melanocytes and SCs have been identified as such cell
types [4], but the NC contributes with numerous cell types
to a large number of tissues during embryogenesis. Hence,
in line with this idea, it will be interesting to verify whe-
ther, for instance, endoneurial fibroblasts could be regarded
in vivo as SCP-derived. Indeed, both SCs and endoneurial
fibroblasts arise from a common desert hedgehog (Dhh)-
expressing progenitor population within the nerve envi-
ronment [108, 109], suggesting that SCPs could give rise to
endoneurial fibroblasts in vivo.

With regard to the SCP multipotency, it is particularly
interesting to note that the expression of the forkhead box
transcriptional repressor FOXD3 [110] is present in the
precursors of all NC lineages in the mouse. FOXD3
gradually switches off in those precursor cells as they
commit to a specific cell fate and persists in glial precursors
at the DRG level and along the peripheral nerves until E14,
when SCPs differentiate into SCs [111, 112]. Functionally,
FOXD3 has been implicated in the control of differentia-
tion in multiple systems, mostly preventing appropriate
maturation [40, 112-115]. Interestingly, accumulated data
suggest that this mode of action, through cell fate restric-
tion, is a central hallmark of stem cells in general [116—
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119]. As such, it has been shown that ectopic expression of
FOXD3 in the neural tube promotes a NC-like phenotype
and continued expression of FOXD3 in migrating NCCs
interferes with their subsequent differentiation in NC
derivatives [112, 113], suggesting that FOXD3 may play a
critical role in establishing or maintaining proliferating and
self-renewing progenitor cell populations. Therefore,
retention of FOXD?3 expression in SCPs during NC lineage
specification strengthens the idea that SCPs are indeed
multipotent stem cells. It is also worth noting that SCPs are
generated and positioned along the nerves as early as E9.5,
and provide trophic support to the nerves. They then
differentiate into SCs only from E14 onwards, when
peripheral nerves have already grown towards their
peripheral targets. Thus, one might ask logically what
SCPs do during these 4-5 days? It may be simply assumed
that SCPs are deployed along the nerves provisionally
before they differentiate into SCs. Instead we propose that
they represent dormant stem cell elements deployed along
highways and easily recruited locally by environmental
signals. As such, SCPs could be regarded as NC stem cell-
like cells positioned along the nerves and forced to occupy
this spatial niche. During that time, the pool of SCPs must
proliferate and respond accurately to secreted signals to
differentiate into multiple cell types. It is then crucial that
these precursor cells maintain their multipotency through-
out these critical stages and expand their cell numbers
appropriately. From this point of view, FOXD3 would be
one of the factors essential for postponing cell fate decision
in the SCP population. Thus, the identification of key
factors regulating FOXD3 and expressed at critical loca-
tions along the peripheral nerves pathway during
development might be an important step towards under-
standing the cell fate transition from SCPs into the wide
range of potential derivatives.

Human pathologies potentially associated
with Schwann cell-melanocyte cell fate transition

Numerous pathologies in humans are characterized by
pigmentation disorders associated with abnormalities in the
peripheral nervous system and are commonly referred to as
neurocutaneous diseases. Although for some there are good
prognoses they can also be high-risk indicators of mela-
noma cancer and therefore represent serious medical
conditions.

Until recently, there has been no clear link between
nervous system disorders and the associated pigmentation
in most neurocutaneous diseases. Novel data regarding the
role of the nervous system in producing pigmentation and
the SCP origin of melanocytes may provide a new per-
spective towards understanding these diseases. Although

the existence of a glial cell-melanocyte fate transition and
of SCPs themselves has not yet been established under
physiological condition in adulthood, this speculative sec-
tion is intended to provide examples of diseases in which
this transition might occur with pathological outcomes.

Vitiligo vulgaris is a well-known pigmentation disorder
caused by obliteration of pigmented melanocytes in the
patches of affected skin. Although the physiological mech-
anisms accounting for this disease are still under question, a
few observations suggest involvement of the nervous system
[120]. One type of vitiligo, called segmental vitiligo, was
found to occur with functional disruption of the cholinergic
sympathetic nerves [121]. Moreover, two vitiligo-negative
patients who underwent thoracoscopic sympathectomy
developed depigmentation areas resembling vitiligo mani-
festation in the regions with disrupted sympathetic
innervation [122]. Another neurocutaneous disease,
acquired bilateral nevus of Ota, is manifested by symmet-
rical hyperpigmentation of the head skin along the branches
of the trigeminal nerve [123, 124]. The bilateral symmetry of
such hyperpigmentation, and its clear position relative to
innervation pattern, makes it possible to hypothesize an SC
origin of the excess melanocytes, potentially recruited from
the trigeminal nerve. Moreover, nevus of Ota has been
associated with segmented vitiligo and melanoma cancer in
different human patients [124, 125].

The association between pigmentation disorders and the
nervous system has also been noted in some cases of
extraepidermal melanoma tumors appearing only within
the nerve sheaths and ganglia, without any pigmentation
abnormalities at the skin level [126]. For instance, pig-
mented paragangliomas have been observed along the
vagal trunk, in the adrenal gland, and in the uterus, spine,
retroperitoneum, bladder, mediastinum, and orbit [127].
Moreover, melanotic Schwannoma is characterized by the
presence of SCs together with pigmented melanocytes in
the same tumor. Such deadly aggregates can be found deep
in the body inside the nerve sheaths and hence are often
called nerve sheath tumors [128]. It is not known how these
tumorigenic melanocytes appear within the nerve sheaths
and other extraepidermal locations. Recent data on the SCP
origin of melanocytes and the SC-melanocyte cell fate
change in adults under specific conditions [4] could lead to
new directions in investigation of the origin of these
extracutaneous melanomas, which are the worst kind, and
almost 5% of all melanoma tumors.

The data on the SCP origin of melanocytes may also
help to explain the association between abnormal pig-
mentation and nervous system disorders observed in
patients with neurofibromatosis type 1 (NF1) disease, in
which the identification of a common progenitor for the
primary tumorigenic cells, identified as early glial cells,
and the associated pigmented cells has been substantially
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Fig. 2 Common post-NC
origin of melanocytes and
tumorigenic SCs in A
neurofibromatosis type 1
disease. a Mouse model of
neurofibromatosis based on the
Dhh-Cre/NF1floxed mouse
strain. Dhh promoter activates
Cre expression in SCPs starting
at E12-E12.5 causing deletion
of the floxed NFI gene. Later
these mice develop pigmented
neurofibroma tumors.

b Neurofibromatosis type 1 in
humans. Melanocytes in café-
au-lait macules (CALMs) are
deficient in NF/ gene on the
background of normal

melanocytes in the rest of the T .
body. Patients with both "
neurofibromatosis type 1 and
melanoma show biallelic
deletion of NF/ in tumorigenic
melanocytes. These data
inspired us to propose a
hypothesis implying common
post-NC origin of melanocytes
in pigmentation abnormalities
together with melanocytes in
melanoma tumors and mosaic
tumorigenic SCs of B
neurofibromatosis type 1

patients

NF-/-, NF+/-

Other tissues

supported by experimental data (Fig. 2). NF1 disease is a
well studied example of a pigmented body tumor affecting
1 in 3,500 individuals worldwide. Neurofibroma cancer
usually consists of axons, SCs, fibroblasts, perineurial cells,
mast cells, and melanocytes. Neurofibromas are usually
classified into dermal and plexiform neurofibromas. Plex-
iform neurofibromas can grow from nerves in the skin or
from more internal nerve bundles and extend through
multiple layers of tissue, a profile that emphasizes its high
invasiveness. In addition, approximately 10% of plexiform

Schwann cells

Human Neurofibromatosis I:

Mouse model of Neurofibromatosis I:

gmented neurofibroma
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Melanoma
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neurofibromas undergo malignant transformation [129].
Other primary features are the associated abnormal pig-
mentary defects and the higher incidence of simultaneous
occurrence of malignant melanoma [130-132]. Genetic
studies on mosaic inactivation of the NFI gene (neurofi-
bromin) in several patients with NF1 disease identified SC
as the major tumorigenic cell type. At the same time, they
identified a biallelic inactivation of NFI in tumorigenic
SCs together with associated malignant melanoma cells
and NF1-related café-au-lait macules, supporting the idea
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that melanocytes in neurofibroma tumors could originate
from early SC lineage in humans [132, 133]. However, it is
only recently that, using different transgenic mice, a post-
NC origin of the tumorigenic cell type has been revealed in
neurofibroma tumors. More specifically, crossing an NFI
conditional knockout mouse with a battery of deleter
strains (Dhh-Cre, Krox20-Cre, PLP-CreERT, and PO-Cre-
ERT) driving Cre expression in early glial lineage resulted
in successful induction of plexiform neurofibromas asso-
ciated with hyperpigmentation [134-136]. Conversely,
inactivation of NF/ in mature SCs or uncommitted NCCs
did not induce tumorigenic properties in the lineage and
subsequent NC-derived tissues [136, 137]. These genetic
studies provide compelling evidence that plexiform neu-
rofibromas arise most efficiently as a result of NF/ deletion
from fetal stem/progenitor cells in developing peripheral
nerves. Considering the specific time-dependent require-
ment of NFI gene inactivation in SC lineage, one may
propose an SCP and/or immature SC origin of melanocytes
in NF1 tumors and the associated pigmentation abnor-
malities and melanoma.

The existence of a stem cell of glial lineage residing in
adult peripheral nerves is still controversial. If true, such
quiescent stem cells could be involved in the development
of pigmented and non-pigmented tumors throughout the
body. Further advances in our knowledge of the connection
between SCPs, SCs, and melanocytes in some pathological
conditions, and our understanding of the signaling path-
ways involved in cell fate changes may help us to treat
extracutaneous melanomas, melanocytosis, and other dis-
eases. Further, more complete knowledge of mechanisms
controlling production of melanocytes from nerves may
assist in drug development toward preventing concomitant
melanoma in neurofibromatosis type 1 disease and skin
cancer in regions subjected to high solar activity.

Dorsolateral and nerve-derived melanocytes
in evolution: a speculative view

NC-like cells have been described already in Tunicata
(Urochordata) in a course of vital dye labeling experiments.
The labeled cells were born at the top of the larval neural
tube and later migrated to the body wall and siphon pri-
mordia where they became pigmented cells. During their
migration these cells expressed the typical NC markers
HNK-1 and Zic. Those migrating cells could be the only
NCCs-like cells in Tunicata, because no other fates and
destinations have been identified for them [138-140]. On
this basis it has been hypothesized that evolution of the NC
lineage started with melanocyte-like migratory cells born
in the CNS to generate adult pigmentation in the common
ancestor of Tunicata and vertebrates [139]. Millions of

years later these cells might have acquired multipotency
and hence additional functional properties, eventually
spreading their repertoire of fates to glia, sensory neurons,
cartilage, and other NC-derived cell types. Alternatively,
NCCs have been proposed as originally being derived from
primary sensory neurons in antecedent invertebrates
[141, 142].

Unlike Tunicata, Amphioxus, a member of Acrania,
does not have NC stem cells and cutaneous pigmentation.
These animals have very few glia-like supporting cells of
uncertain origin in the peripheral nervous system and only
extracutaneous ocellus melanocytes [143]. The latest
hypothesis in the field of evolution and systematics sug-
gests that currently living members of Tunicata and
Acrania represent the side branches on a stem of the evo-
lutionary tree leading to the higher vertebrate taxons [144].
Therefore, these organisms belong to their own crown
groups leaving the last common ancestors with vertebrates
far away in the past. This particular detail significantly
biases our interpretation of how organs and tissues
(including NC and pigmentation) evolved in line of early
Chordata animals, especially taking into account the pas-
sive lifestyle and degeneration of many structures of
currently living members of these ancient groups.

Quite modern NC stem cells are found in Agnatha
(jawless) fish, and obtain pigmentation and only non-mye-
linating glial cells. Agnathan fish preceded the emergence
of the Gnathostomata group, which includes the real jaw
fish, amphibians, reptiles, birds, and mammals. Ultrastruc-
tural research on developing larvae of Japanese lamprey
(Lampetra japonica) showed the clear presence of mature
pigmented melanocytes along the vagal nerve and in con-
tact with other parts of the peripheral nervous system. In
particular, the position of their melanocytes strikingly
overlapped with the morphology of the cranial nerves and
ganglion anlage at specific developmental stages (st28-
st29) [145]. This finding is important, because it indicates
that some Agnatha potentially have already possessed both
mechanisms of making melanocytes: from NC and from
SCPs situated along peripheral nerves. An alternative model
proposes only migration of pigmented melanocytes along
the nerves from NC to cutaneous destinations, thus
assigning only navigational function to the innervation.

These studies on lamprey larvae raise questions about
the time of origin and intermediate steps in the develop-
ment of the nerve-derived pathway of melanocytes
(Fig. 3). Did this pathway appear simultaneously with the
NC-derived pathway of melanocytes or did it appear later
as a progressive novelty? Was it evolving through the stage
of simple migration and navigation of NC-derived mela-
noblasts along the nerves in primitive Chordata animals or
was the recruitment of glial stem elements from the nerve
required in the very beginning?
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Both pathways

GFP-tracing and ablation
experiments confirm
SCP-melanocyte transition

Reptilia:

Predicted: both pathways

No experimental data J

‘ Osteichthyes:

Melanocytes reg from
unknown stem cell source

Fishes possess Erbb-dependent
precursors of glia and
melanocytes

Acrania:
No NC-cells

No cutaneous
pigmentation

Urochordata:

Neural crest-like cells migrate
to the siphon and give rise to
pigment cells

Fig. 3 Emergence of the nerve-derived pathway of melanocytes in
evolution. This evolutionary tree holds landmarks showing different
phenomena putatively related to the conversion of SCPs into
melanocytes. Pigmentation of cranial nerves in cyclostome larva
and the presence of enigmatic ErbB-dependent nonpigmented mela-
nocyte precursors in zebrafish are good examples of preliminary data
showing that nerve-derived melanocytes could potentially appear at
one of those levels of organization. Pictograms outline the crucial
experiments and observations corroborating the aforementioned idea.
Mammalia: on the left pictogram, green symbolizes the NCC-derived
melanoblasts with origin in the neural tube (gradient green), and red
outlines are melanoblasts derived from SCPs positioned along the

Mammalia:

Both pathways

Genetic tracing together
with nerve grafting
experiments confirm
SCP origin of melanocytes

Amphibia:

No experimental data

;i Agnatha:

Pigmented melanocytes
surround cranial nerves and
ganglia

nerve (gradient red). The right pictogram depicts the nerve transec-
tion experiment (grafted piece is labeled with dark color surrounded
by newly formed melanocytes). The Aves pictogram depicts the
experiment with surgical ablation of the NC-derived pathway of
melanoblasts combined with GFP tracing of NC derivatives. GFP
melanoblasts (small circles) are found later in the limb of the embryos
with previously deleted dorsal skin and dermamyotome. Osteichtyes;
red symbolizes newly formed melanocytes after fin ablation in
zebrafish. Melanin does not redistribute in those cells in the presence
of PTU, confirming their alternative origin. Agnatha: the nervous
system (cranial nerves) of the cyclostome larva is marked by grey
color, pigmented melanocytes are black
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Apparently, birds and mammals share the presence of
both melanocyte-producing pathways suggesting that these
pathways did not appear independently as a result of par-
allel evolution, but were likely to have been present in a
common reptilian ancestor. In chick embryo “hot spots” of
SCP-melanocyte transitions starting at E4 include dorsal
rami of spinal nerves and brachial and lumbosacral plex-
uses. Later during development melanoblasts appear in
proximity to most peripheral nerves, including branches
innervating limbs and ventral parts of the developing
embryo. In mouse embryo detachment of melanoblasts
occurs at dorsal rami of spinal nerves starting from E12, as
observed at brachial and thoracic levels [4]. The tracing
studies were not sufficient to cover all necessary develop-
mental stages and body regions to confirm that nerves do
not contribute with melanocytes in later mouse develop-
ment. One possible explanation for those differences
between chick and mouse includes the evolutionary change
in expression pattern of paracrine regulators controlling the
process of SCP-melanocyte cell fate transition at the sites
close to innervation.

Advantages associated with the nerve-derived pathway
of melanocytes potentially include facilitated delivery of
stem elements to the remote destinations inside the fast-
growing embryonic body (Fig. 4), simplification of intrin-
sic navigational programs in melanocyte precursors, and
cutback of multifarious pathfinding cues spread in devel-
oping embryo. The nervous system starts to develop early
and reaches all peripheral parts of the embryo very quickly,
following complex navigational cues on the way to target
tissues including skin. Navigation of a single cell to a
specific destination is an elaborate process as the embry-
onic body is overflowing with pathfinding cues intended for
dozens of different cell types. Using nerves as railways for
navigation and as a source of stem cell elements seems to
be a reliable strategy for populating the skin and extracu-
taneous locations with melanocytes. The combination of
likely conversion of one cell type into another in NC-
lineage and the abundance of a pervasive innervation
makes implementation of this strategy highly reasonable
and expected in evolution. As such, melanocytes could be
produced everywhere in proximity to nerve fibers and
within migratory distance of cutaneous sites even in large
embryos, provided that extrinsic master regulators are
appropriately expressed. For example, recent results show
that NC-derived melanocytes are not able to populate
efficiently all parts of the embryonic skin in the chick.
Indeed, after surgical ablation of the nerve-derived path-
way, melanocytes originating directly from the NC stay
restricted to the dorso-lateral area without increasing their
numbers over time. These primary cells do not repopulate
the rest of the skin during later days of embryonic devel-
opment [4]. Although the mature pigmentation pattern in

those animals was not analyzed, it seems likely that chicks
require SCP-derived melanocytes in order to develop suf-
ficient pigmentation covering all parts of the body.

In conclusion, there is no substantial data that con-
vincingly indicate the level of organization at which nerve-
derived melanocytes first appear. Therefore, we cannot
discard an evolutionary scenario depicting the emergence
of a nerve-derived pathway of melanocytes as an advan-
tageous novelty later in evolution (Fig. 4). Like insect
wings that degenerated and reappeared many times [146],
this new acquisition of a nerve-derived pathway could have
followed a similar generation—degeneration profile during
evolution. Conversely, it is conceivable that a nerve-
derived pathway of melanocytes could have been imple-
mented concomitantly with the NC-derived pathway. In
line with this, instead of trying to depict differences in
melanocyte pathways across taxa, dissimilarities would be
rather more noticeable between species (even within one
systematic group) displaying different lifestyles, body
proportions and speed of embryonic and postnatal devel-
opment. Therefore, it will be interesting to compare the
relative contribution of the two identified melanocyte
pathways in regard to the particular morphological,
developmental, and lifestyle characteristics of different
animals.

Concluding remarks

The realization that diverse cell types, including mela-
nocytes, can arise from a common pool of precursors
located along the peripheral nerves raises numerous
questions. An important issue concerns the precise lineage
relationship between SCPs-derived subpopulations. In
particular, the plasticity of the restrictions towards defin-
able SCP-derived subpopulations has to be elucidated. In
this respect, although after nerve injury SCs seem capable
of cell fate transition into melanocytes [4, 147], it remains
to be addressed whether the reverse is also possible and if
such a remarkable reprogramming is valid for other SCP-
derived subpopulations. It will be also interesting to see to
what extent such fate changes are part of normal physi-
ology. Furthermore, it remains unclear what dictates the
decision of SCPs to adopt one fate versus another. NRG1
and IGF/PDGF may play negative and positive roles,
respectively, in specification of melanocyte cell fates.
How these and other signals impinge on the transcrip-
tional machinery that directs SC, melanocytes, and
endoneurial fibroblast cell fates and other yet undefined
SCP derivatives remains to be determined. The relative
contributions of various SCP-derived subpopulations to
the diverse organs or tissues they populate also remain to
be resolved.
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Fig. 4 Advantage of a hypothetical vertebrate possessing the nerve-
derived pathway of melanocytes compared with a fellow creature
with only NC-derived melanocytes. a Development and pigmentation
of imaginary vertebrate with NC-derived melanocytes only. b Devel-
opment and pigmentation of imaginary vertebrate with both pathways
generating primary NC-derived melanocytes and later nerve-derived
melanocytes. ¢ Insufficient pigmentation is disadvantageous to such
individuals (shown in a) faced with active predators. d Presence of
both mechanisms producing melanocyte progenitors ensures better
camouflage and survival. a-d Green color outlines the nervous
system of an animal. Developmental strategies of living creatures
always meet environmental criteria and constraints for better fitting
and survival. Even tiny growing animals, larvae, should be safe
during their growth and maturation. For this reason the speed of their
development and their body size should be dependent on their ability
to become fully pigmented at the proper time. Furthermore, the
number of melanocyte progenitors generated at such early stages must

Another issue is the possible heterogeneity of the SCP
pool during development and in different anatomical
regions. Evidence has been provided that endoneurial
fibroblasts are linearly derived from a Dhh-positive SCP
population [109]. Analysis of Dhh expression in NC line-
age revealed its presence in SCPs starting from E12.5
onwards [108]. In parallel, results demonstrated that this
particular Dhh-positive precursor population does not give
rise to melanocytes in the hair follicle [148] whereas, in

ﬂonstra‘mts in lifestyles,
body size and speed
of growth

Broader repertoir of lifestyles,
faster growing,
bigger body

Advantageous individuals

be sufficient to provide a pigmentation pattern of an adult animal
later. Insufficiently pigmented individuals are easily eliminated by
predators, and, solely because of this, they must hide their bodies,
acquire benthic way of life, their activity becomes restricted to the
dark part of the day, they are forced to adapt to very deep or
permanently dark habitats, for example caves. However, acquisition
of mechanisms providing the animal with nerve-derived melanocytes
could solve these tricky constraints, giving more developmental
flexibility to the system. Animals possessing both ways of making
melanocytes can gain faster growth rates and bigger bodies, solely
because the speed of larval growth no longer depends on the
migration of initial melanocyte precursors. Instead, new precursors
can be recruited locally, providing the animal with specific pigmen-
tation pattern. Hence, the lifestyle of the animal could potentially
reflect the contribution of each pathway of melanocytes. We could
also expect that the nerve-derived pathway of melanocytes appeared
in evolution earlier than vertebrate embryos acquired protecting shells

contrast, earlier PLP-positive SCPs do [4]. Hence, these
results unveil an apparent heterogeneity in SCP population
with distinct preferences for the range of cell types gen-
erated. Such a behavior might arise from changing extrinsic
signals along the SCP pathway. Following this notion,
specific factors would mediate cell fate biases of SCP
subpopulations. A switch in competence or cell fate bias
consequently should be reflected by a shift in the molecular
profile of a particular SCP subpopulation, as exemplified,
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for instance, by Dhh expression in late SCPs [108, 109]. It
could also simply be assumed that cell autonomous
mechanisms might operate over time in mediating changes
in the intrinsic responsiveness of SCPs to particular
extracellular signals. In line with this, SCPs would switch
between different competent states during the successive
stages of SC lineage development. Such -cell-intrinsic
mechanisms could potentially complement the control of
cell fate commitment via extrinsic signaling.

Limited knowledge exists today regarding the existence
of SCPs subpopulations and their derivatives and their
relationships to one another or the molecular networks that
regulate their self-renewal or lineage differentiation states.
Further analysis of embryonic and adult SCPs (if those
cells truly exist) with regard to their derivation promises to
enhance our understanding of NCC development and
related diseases and may serve as a platform for developing
therapies to treat diseases related to dysfunctions in organs,
tissues, or cell types to which SCPs contribute.
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