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Abstract
Pigment patterns in the integument have long-attracted attention from both scientists and non-
scientists alike since their natural attractiveness combines with their excellence as models for the
general problem of pattern formation. Pigment cells are formed from the neural crest and must migrate
to reach their final locations. In this review, we focus on our current understanding of mechanisms
underlying the control of pigment cell migration and patterning in diverse vertebrates. The model
systems discussed here –chick, mouse, and zebrafish – each provide unique insights into the major
morphogenetic events driving pigment pattern formation. In birds and mammals, melanoblasts must
be specified before they can migrate on the dorsolateral pathway. Transmembrane receptors involved
in guiding them onto this route include EphB2 and Ednrb2 in chick, and Kit in mouse. Terminal
migration depends, in part, upon extracellular matrix reorganization by ADAMTS20. Invasion of
the ectoderm, especially into the feather germ and hair follicles, requires specific signals that are
beginning to be characterized. We summarize our current understanding of the mechanisms
regulating melanoblast number and organization in the epidermis. We note the apparent differences
in pigment pattern formation in poikilothermic vertebrates when compared with birds and mammals.
With more pigment cell types, migration pathways are more complex and largely unexplored;
nevertheless, a role for Kit signaling in melanophore migration is clear and indicates that at least
some patterning mechanisms may be highly conserved. We summarize the multiple factors thought
to contribute to zebrafish embryonic pigment pattern formation, highlighting a recent study
identifying Sdf1a as one factor crucial for regulation of melanophore positioning. Finally, we discuss
the mechanisms generating a second, metamorphic pigment pattern in adult fish, emphasizing recent
studies strengthening the evidence that undifferentiated progenitor cells play a major role in
generating adult pigment cells.
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Introduction: What is a pigment pattern?
Many aspects of the natural world show an innate beauty, but few more so than the integumental
colour patterns of vertebrates. These pigment patterns have drawn our attention for centuries,
but in the last hundred years or so, pigment pattern formation –the mechanisms whereby these
patterned distributions of pigments become established –has become a model system for the
general problem of pattern formation. Several features make pigment patterns exciting as
problems in pattern formation; these include their diversity, the relative ease of observation,
the rapidity of their evolution (exemplified by the diverse patterns of closely-related groups of
species), and the ecological importance of these patterns in mate choice, camouflage,
communication and so on. In this review we focus on the regulation of pigment cell migration
to the integument and the molecular mechanisms that guide these cells to the appropriate
location. We consider both the relatively simple process in the chick and mouse embryo, as
well as the more complicated fish pattern that requires the development of an early embryonic
pattern and a subsequent adult, post-metamorphic pattern that is dependent on undifferentiated
progenitor cells. We explore how studies of these models systems have depended on a
combination of genetic screens to identify new signaling components and experimental
perturbations to elucidate key molecular and cellular processes important in pigment pattern
formation.

Pigment cell morphogenesis in three model systems
In all vertebrates, pigment cells, except for the pigmented retinal epithelium, arise from the
neural crest. During embryogenesis, pigment cell precursors migrate away from the
neuroepithelium in an extraordinary journey to contribute to one of the largest organ systems,
the integument (for comprehensive review, see [1]). Variation in migration, population size,
organization and differentiation of pigment cells within the integument generates the diversity
of pigment patterns. Our conceptual understanding of pattern formation derives primarily from
studies of three model systems: chick (and quail), mouse, and zebrafish. Although many aspects
of the patterning process are shared among these organisms, there are huge differences in the
timing; Table 1 compares the process of melanocyte morphogenesis in the three systems
considered here.

In mouse and chick, neural crest cells that migrate in the space between the somites and the
neural tube (ventral pathway) give rise to neuronal and glial cells, whereas those that migrate
between the somite and the non-neural ectoderm (dorsolateral pathway) differentiate into
pigment cells, or melanocytes (Figure 1)[2–7]. Melanocyte precursors, or melanoblasts,
initially just dorsal to the neural tube, migrate subectodermally to intermingle with the dermis,
generated from the dermamyotome. Melanoblasts subsequently invade the ectoderm, and
rapidly colonize the feather bud (chick) or hair follicle (mouse) where they differentiate to
produce their characteristic pigment, melanin. In the adult bird, melanocytes persist primarily
in the feather follicles and the epidermis [4]. In the mouse, at birth, melanocytes are observed
in both the epidermis and hair follicles, but within a few days redistribute primarily to the hair
follicle. As a consequence, the skin in the adult mouse is mostly unpigmented [8–10].

Unlike in mouse and chick, where the pigment pattern is exclusively produced by melanocytes,
the zebrafish pigment pattern is generated by a combination of different pigment cell types (or
chromatophores), including melanophores, xanthophores and iridophores [11]. In zebrafish,
the migratory pathways of the three cell types are differentially regulated and this contributes,
in part, to their pigment pattern (Figure 1 and 2). Thus, iridoblasts utilize just the medial
pathway, xanthoblasts migrate on and spread out within the lateral migration pathway [12–
14], and melanoblasts migrate prominently on both ventral and lateral pathways [15].
Furthermore, many fish, including the danios (e.g. zebrafish) and medaka, develop a
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characteristic early larval pigment pattern before acquiring the definite adult pattern (Figure
3) [13,16–23]. In zebrafish, this first pattern begins to be formed in the embryonic stages and
consists of four melanophore stripes, three with associated iridophores, and a network of
xanthophores occupying the intervening regions. During metamorphosis, a combination of
embryonic and later metamorphic chromatophores contributes to the adult pattern (discussed
in detail below). In further contrast to birds and mammals, fish melanophores reside in the
uppermost layer of the dermis, and mostly do not invade the epidermis [24,25].

How is the development of pigment cells controlled to generate the highly reproducible patterns
observed in nature, and to what extent are the mechanisms shared between poikilothermic
(cold-blooded) and homeothermic (warm-blooded) vertebrates? At one level, pigment pattern
formation in poikilotherms must be distinctive from homeotherms, since colour differences in
fish result primarily from the arrangement of the different combinations of pigment cell types
in particular locations (morphological patterning), rather than from the alteration of the pigment
structure and/or abundance (and thus colour) within the melanocyte (physiological patterning)
(for detailed review, see [17]). However, the initial dispersal of pigment cell precursors away
from the neural tube is conserved between all vertebrates, and in this process we may find some
similarities.

Melanoblast specification in early pathfinding
In the chick embryo, fate specification as a melanoblast is necessary for neural crest migration
on the dorsolateral pathway. This specification results in molecular changes that alter the cells’
response to signals on the dorsolateral pathway that are otherwise inhibitory to neural cell
migration, but which are attractive to specified melanoblasts [26–28]. There is substantial
evidence that melanocyte specification begins very early in many species, perhaps even prior
to delamination from the neural tube. For example in the chick, neural tube cultures produce
early migrating neural crest cells that give rise to neuronal fates, whereas late migrating cells
differentiate into melanocytes [29]. Furthermore, iontophoretic labeling of these emigrating
cells reveals that the early and late-migrating cells are lineage-restricted, and express distinct
cell-surface markers [30,31]. Consistent with this, almost all neural crest cells on the
dorsolateral pathway express melanoblast markers [32]. Those that do not express these
markers rapidly undergo apoptosis [33]. Thus, it appears that specification as a melanoblast is
required to migrate along the dorsolateral pathway. Transplantation experiments in which
various subpopulations of neural crest cells were isolated and then grafted into the space
between the neural tube and somite support this hypothesis; only melanoblasts are able to take
the dorsolateral pathway [34].

What is the molecular basis for appropriate pathway choice by these distinct populations of
neural crest cells? Specifically, what prevents neural and glial precursors from migrating
laterally, but permits melanoblasts to invade this space? In the chick, numerous extracellular
matrix molecules and cell surface-associated signaling molecules that typically inhibit neural
crest migration are found in the dorsolateral space, including chondroitin sulfate proteoglycans
and PNA-binding molecules [35,36], slits [37], semaphorins, spondins [38] and ephrins [39].
Experimentally, slits, F-spondin and ephrins have all been demonstrated to prevent early
migrating crest from invading the dorsolateral pathway [37–39]. Perplexingly, there is no
change in the distribution of these inhibitory molecules at the time melanoblasts enter the lateral
path, with the exception of PNA-binding molecules that appear to retreat as the melanoblasts
invade [36]. Given that melanoblasts can migrate in the dorsolateral space precociously when
they are grafted into an early stage-12 embryo [34], the evidence suggests that autonomous
molecular changes occur during melanoblast specification that permit dorsolateral migration.
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What specific changes in the melanoblast allow access to the lateral pathway? Genetic studies
in the mouse have made a considerable contribution to our understanding of pigment cell
development, identifying over 127 genes essential to normal pigmentation [40]. Of the loci
that have been cloned, over one third comprise genes that regulate melanocyte development
(with the remainder involved in melanosome biogenesis and the production and deposition of
melanin pigment). Mutations in these genes often manifest themselves as ‘white-spotting’
phenotypes, as a consequence of defects in melanocyte precursor proliferation, survival,
migration and/or tissue invasion [41]. From these studies, several molecules involved in
melanoblast pathfinding have been identified, including both receptor tyrosine kinases (e.g.
Kit) and G protein-coupled receptors (e.g. Ednrb) and their ligands (KitL and Endothelin3,
respectively).

Unlike in birds where neural crest subpopulations arise in temporally distinct waves [29],
melanoblast precursors in the mouse appear and migrate concurrently with other non-
melanogenic neural crest cells [7]. Like in birds, however, it appears that melanogenic fate is
specified in mouse neural crest cells prior to migration. In the mouse, the melanoblast marker,
Kit, can be identified in premigratory neural crest cells restricted to the dorsal midline of the
neural tube [42]. Soon after, both Kit and the melanoblast-specific transcription factor, Mitf,
colocalize in cells just dorsal to the neural tube [43]. In the mouse, it is unclear whether prior
specification dictates pathway choice, however it is apparent that melanoblast survival and
their subsequent dispersal into and along the dorsolateral path are dependent on the activation
of Kit by KitL (also known as Steel factor) [44–47]. Melanoblast dispersal into and within the
dorsolateral pathway is preceded by transient expression of Kitl by the dermatome. Kitl exists
in two forms, soluble and membrane-bound, with the former implicated in melanoblast
migration and the latter in survival [45]. In Nf1−/KitSl− mouse mutants, where melanoblasts
survive in the absence of Kitl, melanoblasts remain sequestered in the migration staging area
(the extracellular space between the dorsal neural tube and somite). This observation suggests
that Kitl provides a necessary guidance cue to direct Kit+ melanoblasts laterally.

There is increasing evidence that, in fish too, pigment cell migration on both pathways may
require prior specification. Early markers of melanoblast, xanthoblast and iridoblast
specification have been noted to be expressed in premigratory (but not necessarily non-
delaminated) neural crest in zebrafish [14,48–50]. Indeed, it is conceivable that most pigment
cells in the fish are specified prior to migration, since xanthoblasts and iridoblasts show strict
localization to the lateral and medial pathways, respectively [14,49,50], and since most
premigratory neural crest cells appear to be lineage-restricted [51,52]. Furthermore, in
zebrafish colourless/sox10 mutants, where pigment cell specification fails, there is an almost
total absence of migrating neural crest cells on the lateral pathway [53–55]. Genetic studies in
zebrafish also show that, as in mouse, melanophore survival and migration are also both Kit-
dependent and that these two functions are genetically separable [56,57]. Two kit orthologues,
sparse/kita and kitb, as well as two kit ligands (kitla, kitlb), have been identified in zebrafish,
but only Kita/Kitla have roles in melanophore development [56,58]. kita is expressed in the
melanoblasts and melanophores, whereas kitla is expressed transiently in a subset of muscle
cells, some very dorsal, and others adjacent to the notochord and thus next to cells migrating
in the medial pathway [58]. Using temperature-sensitive conditional mutations, Rawls and
Johnson have shown that Kita signaling is needed only transiently, between 1 and 2 dpf, for
melanophore migration [57]. This correlates well with the time when pigment cell precursors
invade and migrate along the migration pathways and suggests that Kita signals may drive
pathway invasion, but equally could have roles in continuing migration, at least on the medial
migration pathway.

Interestingly, the expression patterns of Kit/Kitl do not support a homologous role for this
particular receptor in early melanoblast pathfinding in the chick; Kit is detected in melanoblasts
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after they have already invaded the dorsolateral pathway and Kitl is upregulated in the
epidermis at a similar time period [59]. Instead, recent studies have identified two other
signaling systems that are required for lateral melanoblast migration in the chick. Santiago and
Erickson showed that although the ventrally migrating crest cells are inhibited by ephrins in
the dorsolateral pathway, melanoblasts are stimulated to migrate on ephrins [39]. The receptor
mediating this migration response is EphB2; when EphB2 expression is knocked-down by
short hairpin RNA, melanoblasts fail to migrate in the dorsolateral pathway [60]. These studies
also provide an explanation for why melanoblasts migrate inappropriately along the ventral
pathway to invade the ventromedial tissues of Silkie fowl embryos [61]. In this chicken strain
ventral migration of melanoblasts correlates with the absence of the usual barrier molecules
[61,62], and also with a substantial increase in ephrins on the ventral pathway (Faraco, Harris
and Erickson, unpublished data).

Endothelin signaling via the Endothelin receptor B2 (EDNRB2)/Endothelin-3 (ET-3) receptor/
ligand pair is a second pathway that positively regulates melanoblast migration. Endothelins
are 21-amino-acid peptides that bind to the endothelin receptors and mediate a number of
physiological and cellular responses, including the development of neural crest cells (Baynash
et al., 1994; Hosoda et al.,1994; Hall et al., 1999; Gether, 2000). In the chick, early migrating
neural crest cells express EDNRB, but early melanoblasts upregulate a second, melanoblast-
specific receptor, EDNRB2 [63]. The ligand ET-3 is expressed in the ectoderm and
dermamyotome, beginning at stage 12 [64]. When EDNRB2 is knocked-down, there is a
significant reduction in melanoblasts along the lateral pathway. Conversely, when EDNRB2
is misexpressed in neural and glial precursors, they migrate ectopically on the lateral pathway.

The EphB2 and EDNRB2 signaling systems appear to act additively to overcome negative
cues [60]. For example, if EphB2 is knocked-down in melanoblasts at the same time that
EDNRB2 is overexpressed, EDNRB2 can rescue the loss of EphB2. Thus, one model of
melanoblast pathfinding is that the ability to migrate in the lateral pathway depends on the
balance of stimulatory and inhibitory migratory cues. Neural crest cells and neural progenitors
are sensitive to negative cues (e.g., PNA-binding molecules, chondroitin sulfate proteoglycans,
ephrins, Slit) and do not bear the receptors that will positively mediate their migration (e.g.,
EDNRB2, EphB2). Melanoblasts, however, upregulate EDNRB2 and EphB2 just prior to their
invasion, and thus become able to exploit the lateral pathway even though inhibitory molecules
still remain. Another observation that supports this general model of migration being
determined by the balance between stimulatory and inhibitory influences comes from
overexpressing either alpha4 or alpha5 integrin (components of fibronectin-binding integrins)
in sarcoma-180 cells grafted into the migration staging area of the early neural crest migratory
pathways. Their ability to adhere more avidly to fibronectin allows the transfected cells to
migrate in the lateral pathway [65], whereas untransfected control cells only migrate ventrally
[66].

Whether this model explains early pathfinding of pigment cells in mouse and fish has not been
examined directly. Where analysed, investigations of the factors mentioned above in these
species have identified roles for these proteins in other aspects of pigment pattern formation.
For instance, neither mouse nor zebrafish have a second endothelin receptor directly
orthologous to EDNRB2 although they do express one endothelin receptor subtype, Ednrb
[22,67]. However, although Ednrb is expressed by mouse melanoblasts during their early
dissemination, they are only dependent on this receptor to mediate their continued migration
subectodermally once already in the lateral pathway; in Ednrb mutant embryos, melanoblasts
stall at the dorsal-medial end of the dermatome (Lee et al. 2003, Shin et al. 1999). In zebrafish,
rose/ednrb1 mutants have no embryonic pigment pattern defect but in the adult exhibit
disrupted stripes in ventral regions due to a deficit in stripe melanocytes and interstripe
iridophores during metamorphosis (see Figure 5B; [22]; E. Greenhill and RNK, unpub. data).
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Similarly, to our knowledge, no published studies have reported roles for ephrin signaling in
pigment cell development in mouse or fish, and we postulate that this is due to redundancy in
this receptor family. However, the study of Eph/ephrin signaling in these species might pay
dividends, and it would be especially interesting to see whether, in zebrafish, changes in ephrin
expression or Eph receptor signaling correlates with the dual pathways of migration taken by
melanoblasts. Another aspect worthy of further study is how the migration pathways become
shut-down. Thus, time-lapse analysis of lateral pathway migration in zebrafish indicated that
invasion of the lateral pathway by melanocytes can only occur during a short time-window and
then normally becomes inhibited [68], yet we have no idea of the molecular basis for this change
in cell behaviour.

Terminal migration, invasion of the epidermis and follicle, and spatial
organization

Melanoblast morphogenesis after invasion of the lateral pathway is best characterized in the
mouse embryo, where studies reveal how active melanoblast migration is maintained and how
the invasion of the epidermis and organization of melanocytes in the integument is controlled
(summarized in Figure 4).

After melanoblasts enter the lateral pathway they migrate subectodermally at the same time as
the dermatome undergoes an epithelial-to-mesenchymal transition into dermis. The recent
characterization of the belted (bt) mouse mutant suggests that Kit activation is again required
at this time to maintain melanoblast survival. Bt mice are identified by a white lumbar band,
reminiscent of a belt, which is the consequence of nonsense or missense mutations in
ADAMTS20. ADAMTS20 (a disintegrin-like and metalloproteinase domain with
thrombospondin type-1 motif) is a secreted protease in the ADAM family of metalloproteinase
and is expressed in the dermal mesenchyme preceding melanoblast migration [69]. Expression
of ADAMTS20 is also coincident with the downregulation of Kitl mRNA, leaving only Kitl
protein associated with the dermal mesenchyme [45,70]. Melanoblast distribution is normal
up to E12.5 in bt embryos, however, between E13.5–14.5 the number of melanoblasts decreases
in the presumptive belt region as a result of apoptosis. ADAMTS20 is thought to participate
in melanoblast survival by modulating Kit signaling. Accordingly, mutations in both bt and
Kit or Kitl results in synergistic white spotting. Furthermore, in bt/bt skin explants,
melanoblasts are unable to respond to soluble Kitl [71]. However, it is unknown whether
ADAMTS20 acts directly on Kitl or by regulating the extracellular matrix.

Melanoblast invasion of the epidermis is coincident with its stratification and it is likely that
events inherent to this process tightly regulate its colonization by melanoblasts[72]. For
example, the cell adhesion molecules, E- and P-cadherin (E- and P-cad), are expressed in
complementary regions of the developing skin and are required to maintain the correct
organization of the epidermis, dermis and hair follicle (Figure 4). In general, E-cad is expressed
by keratinocytes of the epidermis, P-cad by keratinocytes of the hair matrix, and neither in the
dermis [73]. Similarly, between E12–16 when melanoblasts are invading the epidermis and
then hair follicles [9,74], they diversify into three cadherin-expressing subpopulations each of
which correlates with the tissue that they colonize: dermal melanoblasts are E-cad−/P-cad−,
epidermal melanoblasts are E-cadhigh/P-cad−/low and melanoblasts in the hair matrix are E-
cad−/P-cadmed/high [75].

Kit signaling also appears to be important for getting melanoblasts to their appropriate position
in the skin (Figure 4). Kitl has been detected in the dermis [76,77], the epidermal basal layer
and hair follicles at times that correspond with the invasion of melanoblasts into these tissues
[78]. Application of Kit function-blocking antibodies (ACK2) to embryos in utero shows that
Kit is required at the specific period when melanoblasts are invading the epidermis and
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colonizing the hair follicle [79]. Further investigations demonstrate that in hk14-SLF
transgenic embryos, where ectopic expression of Kitl in the basal layer of the skin is achieved
by driving Kitl under the control of human cytokeratin 14, melanoblasts are observed in regions
(like the oral ectoderm) where they do not normally migrate [80]. When Jordan and Jackson
[81] implanted Kitl-soaked beads into embryonic skin explants they found that the presence
of Kitl did not direct melanoblasts toward the bead, but rather enhanced their migration into
the hair follicles. This suggests that Kitl acts as a chemokinetic cue rather than a
chemoattractant and implies that other mechanisms may be involved in directly guiding or
maintaining melanoblasts in the correct location.

Until recently it was unclear why the epithelial cells of the hair matrix are the only targets for
melanin deposition by melanocytes. One pigmentary unit in essence requires two types of cells
—the pigment cell donor (the melanocyte) and the pigment cell receiver (the epithelial cell).
A study of the Foxn1 mouse mutant may hold the key to our understanding of how these two
cell types communicate [82]. Foxn1 codes for a transcription factor that is essential for the
normal development of several epithelial tissues, and mutations in this gene in rodents results
in the nude phenotype [83]. In the epidermis, Foxn1 expression is localized to the epithelial
cells of the hair cortex, and is also required for their normal pigmentation. If Foxn1 is placed
under the control of the keratin 5 promotor, targeting Foxn1 to the epidermis, melanocytes are
ectopically recruited to the skin. As these transgenic mice develop, and Foxn1 distribution
changes, so does the distribution of the melanocytes [82]. Interestingly, Foxn1 expression is
similar to that of Kitl during development [84,85]. Foxn1 is thought to mediate the ‘pigment
cell recipient’ phenotype through the upregulation of Fgf2, so perhaps Fgf2 and Kitl together
coordinate the organization of the melanocytes that make up one half of the pigmentary unit.

Significantly less is understood about how the terminal migration and organization of
melanoblasts into the feather follicle is regulated in the chick. Preliminary evidence suggests
that, as in mouse, migration through the ectoderm may be regulated by KIT signaling (MLH,
CAE). Several studies have shown that KIT is upregulated by melanoblasts until after they
invade the dorsolateral pathway. Similarly, KIT ligand is not expressed in the ectoderm until
a similar stage [59,86]. These in situ hybridization studies suggest that KIT ligand may regulate
invasion into the ectoderm rather than the earlier event of migration into the dorsolateral path.
In support of this notion, melanoblasts enter the dorsolateral pathway on schedule when KIT
is knocked down, but are reduced in their ability to enter the ectoderm and instead accumulate
in the dermis [60]. Additionally, KIT ligand may regulate the accumulation of melanoblasts
in the feather germ, since at the time when melanoblasts are concentrated in the tips of the
feather germ and have begun to differentiate [87], the expression of KIT ligand is intensified
in the same locations [59,87]. An alternative possibility is that KIT controls differentiation and
survival at these later stages. There is also evidence from the investigation of melanoblast
migration in the limb bud that FGF-2 and IGF-1 are responsible for their directed migration
toward the AER [88].

The cell autonomous processes by which melanoblasts invade the ectoderm in the chick are
unknown but it seems likely that proteolysis of the basal lamina is important since the ectoderm
basal lamina is degraded in those regions where melanoblasts closely associate with the
ectoderm [27]. However, although a number of proteases are expressed by early migrating
neural crest cells, including plasminogen activator, MMP-2 and ADAM10 [89], none of these
has been demonstrated to facilitate melanoblast invasion of the basal lamina.

Because the majority of pigment cells in zebrafish do not cross the epidermal basal lamina and
do not invade a follicular structure that would define their final position with the embryo, the
question remains in this species how the spacing of chromatophores is controlled. Contact
inhibition may be sufficient to generate the relatively even spacing of xanthophores, but this
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remains to be tested. In contrast, other pigment-cell types, at least in the zebrafish and medaka,
show more localized patterns into striped arrangements, and aspects of the embryonic/larval
pattern shown by these fish can be traced to other fish and even to amphibians. As we have
argued before [17], the limited evidence that we have at present indicates that both cell-cell
interactions and localized positional cues determine the localized (patterned) distribution of
chromatophores in zebrafish and medaka. Such mechanisms have also been deduced from
studies of amphibian embryos [90–95], so these basic mechanisms are evolutionarily
conserved. Recently, study of the zebrafish embryonic pigment pattern mutant choker
identified a key role for localized Sdf1a, a molecule well-known for its germ cell and axonal
guidance properties [96–104], in determining one part of the melanophore pattern in zebrafish
[68,105]. Three pigment pattern defects characterize choker mutants: loss of melanophores in
the lateral stripe (along the horizontal myoseptum), gain of melanophores in an ectopic patch
in the anteriormost trunk, and loss of xanthophores in this same area (Figure 5A; [68,105].
Both melanocyte defects in choker mutants appear to depend, at least in part, on sdf1a; loss of
expression from its normal location in the horizontal myoseptum results in loss of the
embryonic/larval melanophore stripe that forms in that region, and ectopic expression of Sdf1a
in the anterior somite region results in ectopic melanophores [17]. These latter cells invade the
lateral pathway after it has normally been shut-down and hence Sdf1 signaling allows them to
overcome the inhibitory signals that predominate in the wild-type. Interestingly, the usual
Sdf1a receptor, Cxcr4b, was not detectably expressed in the melanophore lineage, so the
molecular mechanism for pigment pattern formation here remains incomplete, although low-
level transcriptional expression of a cxcr4 gene remains a possible explanation of the
phenotype. The loss of xanthophores from the collar region was shown to be independent of
melanophore invasion, but the link to Sdf1a remains to be explored. Likewise, the other three
melanophore stripes must be regulated by different cues, and their elucidation will be a major
goal for the future.

Pigment cell number modulates pattern
Pigment patterns are also regulated by the total number of melanoblasts, which can result in
varying levels of population pressure and subsequently cell dispersion. A commonality in many
white-spotting mouse mutants is the loss of pigmentation at the ventral-most portion of the
trunk (belly-spot) or along a band extending dorsally from this region (belt). These
characteristic pigment patterns are likely to result from a melanoblast progenitor pool that is
distributed disproportionately. Specifically, regions that normally produce more melanoblast
progenitors (cranial and sacral axial levels) are coincident with those areas that remain
pigmented in the adult mutants, and regions with fewer melanoblast progenitors (thoracic level)
are coincident with white spotting [41,106]. Consequently, the lower number of melanoblast
progenitors in the thoracic level of the trunk makes this area more sensitive to changes in cell
survival or proliferation. So, how is the number of melanoblasts in the embryo determined?

Dark-skinned mouse mutants from a large-scale chemical mutagenesis screen may provide
part of the answer (Figure 4; [107]. The dominant dark skin (Dsk) mutations, Dsk1, Dsk7 and
Dsk10, have been identified as gain-of-function alterations in two G-protein α-subunits of the
Gαq class, Gnaq (Dsk1 and Dsk10) and Gna11(Dsk7). Mice carrying these mutations are
characterized by the presence of excess dermal melanin in the adult [108]. Embryos carrying
both the Dsk mutation and a Dct-lacZ transgene (produces lacZ under the promoter of the
melanoblast-specific enzyme, dopachrome tautomerase) demonstrate that the dark skin
phenotype is not the consequence of increased pigment production or the failure of
melanoblasts to invade the ectoderm, but rather results from the early expansion of melanoblast
precursors. Crosses into Gnaq or Gna11-null backgrounds demonstrate that these mutations
are hypermorphic, and furthermore, multiple copies of any or a combination of Dsk alleles
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leads to a stepwise increase in dermal pigmentation. Thus, the number of melanoblasts may
be controlled directly by Gαq activity.

Gα-subunits like Gnaq and Gna11 directly mediate the transduction of signals from G protein-
coupled receptors (GPCRs). One GPCR we have already discussed for its role in melanogenesis
is Ednrb. Ednrb likely interacts with Dsk gene products because it is known to couple to both
the Gnaq and Gna11 subunits [109]. Ednrbs-l/s-l/GnaqDsk1/+ (or Gna11Dsk7/+) double mutants
are indistinguishable from Ednrbs-l/s-l single mutants, which demonstrates that the mechanism
by which Dsk1 or Dsk7 affects melanogenesis depends on functional Ednrb [108]. Thus Ednrb
is likely the main mediator of Gnaq and Gna11 signaling in melanoblasts. Variable
amplification of the endothelin signal can therefore explain how this particular receptor might
influence the number of initial melanoblast precursors, and subsequently, the final pigment
pattern within the embryo. Further assessment of the mechanisms involved in defining initial
melanoblast number and later cell survival (e.g. AdamTS20) will increase our understanding
of how cell number affects final pigment pattern in the mouse.

The control of pigment cell number in zebrafish has been barely addressed, although a
conserved role for Kit signaling in melanoblast survival is clear. In an interesting parallel to
the mouse, both zebrafish and medaka mutants that result in reduced numbers of embryonic
chromatophores show defects that are concentrated ventrally, reminiscent of the white belly-
spot seen in mouse mutants (see [17]. Amongst these mutants are those in sparse/kita, an
orthologue of the mouse mouse white-spotting gene, Kit. Kita function in melanoblast survival
becomes important only from around 2 dpf [57]; upregulation of kitla transcripts in the skin at
4 dpf presumably contributes to this later survival phase [58]. At some level, Kita/Kitla
signaling clearly limits melanophore number in zebrafish, since overexpression of Kitla results
in a Kita-dependent increase in melanophore number, although interestingly the melanophore
pattern is largely unaffected [58]. Further study of three medaka mutants with decreased
melanophore numbers will be of interest in this regard [12], but an exhaustive screen for
mutants affecting cell number for each of the chromatophore types is conceivable in the
zebrafish and medaka systems [110,111] and would be highly informative.

Fish have not just one, but two pigment patterns
In contrast to the highly conserved early larval pigment pattern in fish and even amphibians,
the adult phenotypes are highly variable and usually very different from the larval phenotype.
This suggests that the formation of these two patterns is not only evolutionarily, but also
developmentally, uncoupled [21]. Since the zebrafish remains the primary fish species in which
anatomical, genetic and modeling studies have been combined, we focus here on the adult
pigment pattern in zebrafish.

To the eye, the striking aspect of the adult zebrafish pigment pattern is a series of blue-black
stripes running along the length of the body and in most of the fins, separated by silver
interstripes (see Figure 5B). Electron microscopy studies have been crucial in identifying the
locations of each pigment cell-type in the adult skin and reveal a consistent pattern in the striped
region of the body [24, 25]. Pigment cells contribute to the hypodermis. Xanthophores
consistently occupy the most superficial position and are underlain by iridophores with
relatively small reflecting platelets (type S iridophores). In the stripe regions the type S
iridophores are underlain by melanophores and then iridophores with larger reflecting platelets
(type L iridophores). This layer order of xanthophores/iridophores/melanophores is also seen
in the dermal chromatophores unit of frogs and implies a conserved mechanism of
chromatophore patterning [11, 24]. Interestingly, these cells are organized in close contact with
each other, suggesting that stripe maintenance may involve cell-cell adhesion. Direct
experimental support for this role is provided by studies of fms mutants, showing that genetic
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ablation of xanthophores results in disintegration of the stripes [112]. As we shall see, such
interactions are commonly proposed to explain pattern formation too, but a major gap in our
knowledge remains the physical relationships of these and other cells at stages when pigment
pattern formation is occurring.

Formation of the adult stripe pattern has been described at the level of light microscopy and
has been summarized before (Figure 3B)[16, 18, 23, 113]. The larval pattern remains stable
from around 5 dpf until 14 dpf, but then early metamorphic melanophores differentiate in a
widely scattered distribution over the dorsal and ventral myotomes for a period of around 7
days. These, plus some persisting larval melanophores, aggregate dorsal and ventral to the
myoseptum to form the first two adult stripes; the appearance of xanthophores adjacent to the
horizontal myoseptum marks the position of the interstripe and correlates with formation of
the melanophore stripes. Melanophores in the interstripe region, including those from the larval
pattern’s lateral stripe in the myoseptum itself, either migrate into the nascent stripes, or die in
situ. Subsequently, between 21 and 28 dpf, a late metamorphic phase of melanophore
production forms further melanophores within the stripes, contributing to melanophore density
within them. As the body grows further, stripes and interstripes are added dorsal and ventral
to the primary stripes. Careful study of the timing and position of appearance of xanthophores
reveals differentiated xanthophores to be prominent only in the interstripe regions during these
metamorphic phases [23, 113, 114]; what becomes of the early larval xanthophores that are
widely distributed throughout the lateral pathway at 5 dpf has not been described. Furthermore,
the localized nature of these early metamorphic xanthophores contrasts with the ubiquitous
layer of xanthophores seen in striped regions of the adult skin [24, 25] and emphasizes the
importance of electron microscopic study of the metamorphic fish to confirm and extend the
light microscopic studies. In particular, data on the precise locations in the flank where
xanthophores form, their numbers and their proximity to melanophores and iridophores is
required to evaluate the interactions postulated from genetic studies (see below). Little attention
has been paid to iridophores, but since homozygous viable mutant alleles of both rose/
ednrb1 and shady/ltk result in adult pigment pattern defects, including severe effects on both
iridophores and on melanophore stripes, and since both genes are prominently expressed in at
least embryonic iridophores [14, 22], a role for iridophores in adult patterning deserves active
study.

Genetic studies of adult pigment pattern formation in zebrafish
Zebrafish adult pigment pattern mutants and the natural ‘mutants’ fixed during Danio
speciation provide important resources for studying Danio pigment pattern formation. These
studies have been recently reviewed [17,113] so we will just highlight specific biological
characteristics of the pigment patterning process that have been revealed by these studies (Table
2). One key finding is that new chromatophores are generated from unpigmented precursors,
and interestingly a reduction in the extent to which metamorphic melanophores contribute to
the adult pattern seems to contribute to the distinctive pattern of D. nigrofasciatus in which
secondary stripes are reduced [113,115]. Another prominent finding is that interactions
between different types of chromatophores are important to the patterning process. To date,
tests have been restricted to the xanthophore and melanophore lineages[16,18,19,112,114,
116], but as noted above, consideration of iridophores as a further component is needed.
Finally, even in the absence of one cell-type, hints of stripes are seen, suggesting that cues exist
in the skin that contribute to the formation of stripes [114]. All these mechanisms (latent
progenitors, xanthophore-melanophore interactions, environmental cues) have been postulated
to be important in formation of the early larval pattern in ectothermic vertebrates, including
fish and salamanders, and hence are likely to be widespread phylogenetically [90,93,94]
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In recent years, adult pigment pattern genes have begun to be identified molecularly and this
provides an exciting opportunity to understand the molecular basis of fish pigment patterns.
Mutations in the gap junction protein Connexin41.8 underlie the leopard phenotype, leading
to the suggestion that pigment pattern formation depends upon gap junctions likely consisting
of an unidentified connexin in addition to Connexin41.8 [117]. Interestingly and importantly
the authors show that connexin41.8 is expressed in melanophores and probably xanthophores
in striped regions, fully consistent with the demonstration that leopard acts cell-autonomously
in pigment cells [114]. Clearly, gap junctions provide a mechanism for (short-range) cell-cell
communication and thus the molecular identification of leopard is fully consistent with the
deduction from cell-transplantation experiments that short-range, xanthophore–melanophore
interactions drive local patterning [114].

Mutations in the inwardly rectifying potassium channel 7.1 (Kir7.1) gene underlie the jaguar/
obelix phenotype [118]. The broader, more diffuse stripes of jaguar/obelix/Kir7.1 mutants
appear to result from changed melanophore adhesion since in mosaic fish, wild-type
xanthophores intermingle with jaguar/obelix/Kir7.1 melanophores, but wild-type
melanophores always form good stripes [114]. The authors suggest that reduced melanophore-
melanophore adhesion results in a failure to separate fully melanophores and xanthophores and
results in broader stripes. Does the identification of the jaguar/obelix gene as Kir7.1 illuminate
the adult pigment pattern mechanism? Kir7.1 is expressed in melanocytes consistent with the
interpretation of transplantation experiments, although intriguingly it is also expressed in
xanthophores, despite no role for jaguar/obelix being identified in this cell-type [114]. When
misexpressed in a cell-line, Kir7.1 proteins localize to the plasma membrane, but only wild-
type protein results in detectable inwardly rectifying potassium currents [118]. These proteins
affect the transport of K+ ions across the membrane, allowing depolarization of the membrane
[119]. Thus, in the absence of Kir7.1 function, it might be expected that membrane
depolarization is inhibited; this in turn might disrupt receptor-mediated signaling cascades.
The authors provide a test of this latter idea but do not identify which signaling system
underlying pigment pattern formation is affected [118]. Identification of these signaling
processes will be crucial in illuminating the mechanisms of pigment cell pattern formation,
and this is clearly a priority for future research.

Adult pigment pattern formation and stem cells
There is currently enormous interest in the developmental and regenerative roles and
therapeutic potential of stem cells, i.e. in undifferentiated cells that can, under appropriate
circumstances, both extensively self-renew and generate differentiated progeny. Neural crest-
derived stem cells capable of producing melanocytes have now been described by multiple
groups looking at mammalian skin [120–124], recently reviewed in [125,126] and see also
review by Fisher in this volume. To date, definitive evidence for neural crest stem cells in cold-
blooded vertebrates remains to be demonstrated, but studies of pigment pattern formation and
regeneration in zebrafish do reveal the production of melanophores de novo from quiescent
unpigmented precursors, and a persistent population of adult melanophore stem cells is an
attractive hypothesis [127,128].

A new and exciting opportunity to identify chromatophore stem cells comes from studies of
picasso/erbb3b mutants by Parichy and colleagues [129]. Erbb3b is a receptor tyrosine kinase
and a zebrafish orthologue of human epidermal growth factor receptor 3 (HER3, ERBB3)
which, together with ERBB2, forms a receptor for Neuregulin. Earlier studies by another group
had shown that zebrafish Erbb2/Erbb3 functions in migration, proliferation and differentiation
of embryonic Schwann cells from the neural crest [130]. In picasso mutants, which are likely
null erbb3b alleles, the early larval pattern forms normally, but adult stripe formation at
metamorphosis is defective. The authors’ analysis shows that de novo production of

Kelsh et al. Page 11

Semin Cell Dev Biol. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



chromatophores is severely reduced in picasso mutants at metamorphic stages.
Pharmacological Erbb kinase inhibitors were used to examine the temporal requirements for
Erbb signaling, and revealed the key stage for Erbb activity to be embryonic. Although the
embryonic pigment pattern is unaffected in picasso mutants or by Erbb inhibition, Erbb
signaling is required in embryonic stages, in particular during neural crest migration, to allow
adult pigment pattern formation to proceed normally. Thus picasso/erbb3b seems to be crucial
for chromatophore progenitor/stem cell formation or maintenance. puma mutants also have
defects in numbers of metamorphic chromatophore progenitors and show similar, but less
severe changes, in the peripheral sox10+ glia [131]. Further work is required to identify the
cellular source of the metamorphic chromatophores and how these are affected in picasso/
erbb3b and puma mutants. When identification of these cells becomes possible in vivo it will
provide a unique opportunity to study pigment progenitors in their endogenous niche.

Conclusion
Some of the fundamental molecular mechanisms that guide melanoblasts to the skin have now
been determined. In homeothermic vertebrates, ephrins, endothelins and Kitl are known to play
a critical role in directing melanoblasts into the dorsolateral pathway, but whilst Kitl promotes
migration in zebrafish, the roles for these and other molecules in pathway choice remain to be
tested in fish or amphibian systems. In poikilothermic vertebrates, roles for specific molecular
cues in determining where pigment cells stop their migration are now beginning to be
uncovered, although whether their roles are conserved throughout vertebrates remains to be
established. In addition, it is likely that further signaling pathways underlying pigment pattern
formation will be discovered by a combination of mutagenesis screens in zebrafish and mice,
small molecule screens in zebrafish and frog [132,133], and experimental perturbations in the
chick.

An important part of pigment morphogenesis in the chick and mouse is the migration of pigment
cells into the hair follicles and feather germs. The mechanisms that control this latter process
are only beginning to be understood but it appears likely that Kitl and FGF’s may be critical
for the migration and maintenance of melanoblasts in the hair and feather. Fish also have
epidermal melanocytes and in zebrafish these cells are lost in kita mutants [56], although the
cellular role for Kit signaling here remains to be investigated.

Pigment pattern formation in fish and amphibians is significantly more complex in that there
are three or more chromatophores that must be assembled into the embryonic and then an adult
pattern. These patterns are, in part, formed separately, with the latter dependent on stem or
progenitor cells generated during embryogenesis. Analysis of these complex patterning
processes is increasingly utilizing theoretical modeling, as discussed by Kondo elsewhere in
this issue. Molecular identification of pigment pattern mutations is beginning to refine the
patterning mechanisms involved and this will soon help to constrain the mathematical models.
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Figure 1. Schematic of neural crest cell migration in transverse sections
Significant differences are observed in the timing and pathways of neural crest cell migration
when comparing mouse, chick and zebrafish during early embryogenesis (see text for details).
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Figure 2. Chromatoblast migration in zebrafish
Transverse sections of trunk of prim-5 (A,B) or prim-15 (C,D) stage wild-type embryos
showing mRNA expression for melanoblast (dct, A, B), iridoblast (ltk, C) and xanthoblast
(gch, D) markers. Note how iridoblast migration is restricted to the medial pathway, whereas
xanthoblasts occupy the lateral pathway and melanoblasts migrate on both pathways (cf mouse
and chick). m, muscle; nt, neural tube. Red arrow, medial pathway; green arrow, lateral
pathway. Scale bar: 20 μm (A, B); 35 μm (C, D). A, B) reproduced with permission from
[134].
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Figure 3. Wild-type zebrafish pigment patterns and pigment pattern morphogenesis
Lateral views of wild-type early larval (A) pigment pattern. B–E) Pigment pattern
metamorphosis. B) The larval pattern consists of 4 melanophore stripes, but only one, the lateral
stripe (LS) is shown in this close-up of the lateral flank (horizontal black bars). C) From 14
dpf, early metamorphic melanophores (small, grey stars) differentiate in the vicinity of the
horizontal myoseptum over a period of around 7 days; some larval melanophores (large black
stars) emerge onto the flank from the early larval stripes (e.g. LS) and may persist. D)
Melanophores aggregate dorsal and ventral to the myoseptum to form the first two stripes,
while xanthophores (yellow stars) form adjacent to the horizontal myoseptum. Melanophores
in the interstripe region, including those from the larval pattern’s lateral stripe in the myoseptum
itself, either migrate into the nascent stripes, or die in situ (faint grey). E) Late metamorphic
phase of melanophore and xanthophore production increases the pigment cell density within
the stripes and interstripes; a second interstripe of xanthophores begins to form ventral to the
primary melanophore stripes. Anterior to the left, dorsal up. Stages not drawn to scale. Scale
bar in A): 0.5 mm. C–F) adapted from [21,114].
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Figure 4. Regulation of melanoblast patterning in mouse skin
Schematic of embryonic skin in wild type (A), transgenic or mutant (B, C), and cadherin-
immunolabeled (C) embryos. A) Melanoblasts from the dermis (light gray) sequentially invade
the epidermis (dark gray) and then the hair follicle (brown). B) In Dsk or Gnaq/11 mutants
melanoblasts are produced in elevated numbers during early melanogenesis which results in
ectopic pigmentation of the dermis. These results provide a basis for the regulation of cell
number in maintaining normal patterning. C) Transgenic mice expressing Kitl or Foxn1 under
keratin promotors results in the retention of melanocytes in the epidermis. This suggests that
both play a role in the maintenance or localization of melanocytes to this tissue. Exogenous
Kitl applied to skin explants causes a chemokinetic increase of melanocytes to the hair follicle.
D) Cadherin expression by melanoblasts correlates with cadherin expression patterns seen in
the skin and suggests an extrinsic regulation of melanoblast localization that is coincident with
the development of the skin.
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Figure 5. Pigment pattern mutants in zebrafish
A) choker mutants at 5 dpf show ectopic melanophores in the anterior trunk region (left panels),
and lack the lateral stripe melanophores of the body (right).
B) Adult pigment pattern phenotypes of wild-type and various homozygous mutant strains.
See text for further details. (Adapted, with permission, from Kelsh and Parichy 2007).
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Table 2
Key characteristics of Danio pigment patterning mechanisms

Characteristic Key mutants Consequence of mutation References

Many adult chromatophores are generated de
novo from unpigmented progenitors

sparse/kit (EM) Delayed formation of normal stripes [16,56,57,143,144]

rose/ednrb1 (LM) Fewer, broken stripes [22]

puma (EM and LM) Reduced chromatophores, delayed
formation of stripes

[23,131]

D. nigrofasciatus (EM and LM) Fewer stripes, secondary stripes
broken

[113,115,129]

picasso/erbb3 (EM and LM) Fewer, broken stripes [129]

Early and Late metamorphic melanophores are
genetically distinct

sparse/kit (EM) Delayed formation of normal stripes [16,56,57,143,144]

rose/ednrb1 (LM) Fewer, broken stripes [22]

Melanophore migration/death in interstripes sparse/kit, Danio albolineatus Melanophores remain dispersed;
stripes obscured

[144]

Xanthophores provide trophic support for
melanophores

panther/salz/pfeffer/fms/c sf1r LM melanophores mostly die, so
melanophore density lower

[112,114]

Xanthophores pattern melanophores panther/salz/pfeffer/fms/c sf1r Melanophores form scattered small
clusters, stripes obscured

[112,114]

leopard/’D. frankei’ Melanophores form scattered small
clusters, stripes obscured

[16,18,19,114,116]

Melanophores pattern xanthophores nacre/mitfa Xanthophores cluster [114]

Melanophore aggregation (adhesion?) obelix/jaguar Melanophore stripes broadened, and
xanthophores intermingled

[114,118]

Prepattern directs xanthophore distribution nacre/mitfa Even in absence of melanophores,
xanthophores concentrated near
horizontal myoseptum

[48,114]
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