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Abstract

The neural crest is a vertebrate specific, developmentally
transient population of pluripotent stem cells capable of
crossing germ layer boundaries and differentiating into a
multitude of different tissues. In Zebrafish, one of these cell
types, the pigment cells of the body, first appear and
differentiate in early embryos contributing to a stereotypical
larval pigmentation pattern composed of melanophores,
xanthophores and iridophores. At juvenile stages the larval
pigmentation pattern undergoes a rapid transformation with
the appearance of large numbers of newly arriving pigment
cells that develop into the adult striped pattern of zebrafish
skin. Thesemelanophores arise from an undifferentiated cell
population . Although ontogenetically derived from the neural
crest, their exact source in juvenile and adult fish has
remained unclear.

Here | present the source of the late appearing melanophores
of the adult pattern to be derived from a stem cell population ,
set aside early in development at the future site of the dorsal
root ganglia as part of the peripheral nervous system. The
melanophore progenitors use the spinal nerves as migratory

routes leading to the hypodermis at the periphery. Using



mutants, morpholino and small molecule inhibition, | dissect
the specific roles of ErbB and Kit signaling in the
establishment of the melanophore stem cells and the role of
dorsal root ganglia as their niche. By combining blastula
transplantation and live imaging techniques | have identified

melanophore progenitor cells during regeneration becoming
active at the site of the dorsal root ganglia. | have followed
their lin eage until melanization, thereby confirmin g their
specific fate. Furthermore, | show the requirement of these
melanophore stem cells for the adult pigment cell population.

Continuing along with melanophore maturation and

differentiation, | have positionally cloned the zebrafish albino
mutant and present mutations in slc45a2encoding a solute
carrier protein as causing the phenotype. In humans,
mutations in SLC45A2lead to oculocutaneous albinism type
IV and single nucleotide polymorphisms (SNPs)at this locus
are associated with skin color variation, but little is known

about the function of SLC45A2 in melanization. | present
evidence for a role of Slc45a2in pH and ionic homeostasis
inside melanosomes and show how variation of these
conditions affects the key melanin producing enzyme,
tyrosinase. | also show that mutations in sandy tyrosinasdead
to a destruction of melanosomes with toxic effects to

neighboring tissues. Taken together these results provide



insight into the large amount of variation in SLC45A2across
many animals as opposed to the relative low variation

associated with TYROSINASE in humans.
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Zusammenfassung

Die Neuralleiste besteht aus einer Population von
pluripotenten Stammzellen, die als embryonale Anlage bei
der Entwicklung von Wirbeltieren entstehen. Zellen der
Neuralleiste sind in der Lage, sich zu einer Vielzahl von
Zelltypen zu differenzieren, wie unter anderem zu
Pigmentzellen. In Zebrafischen erscheinen Pigmentzellen
zuerst wahrend der Embryonalentwicklung, und bilden ein
typisches larvales Farbmuster aus. Spater, wahrend des
jugendlichen Stadiums, entstehen eine Anzahl von neuen
Pigmentzellen, die das Farbmusters des adulten Fisches
bilden. Die Melanophoren dieses Musters entstammen einer
undifferen zierten Zellpopulation, die von der Neuralleiste

abgeleitet ist. Jedoch war ihr genauer Ursprung im

jugendlichen und adulten Fisch bisher unbekannt.

Ich beschreibe hier, dass die Vorlauferzellen der adulten
Melanophoren einer Stammzellpopulation entstammen, die
bereits friih wahrend der Entwicklung segmental neben den
Ganglien (Dorsal Root Ganglion, DRG) des peripheren
Nervensystems angelegt wird. Nach ihrer Aktivierung

wandern die Melanophorenstammzellen dann entlang der
Spinalnerven in die Haut des Fischeshinein. Durch Analyse

verschiedener Zebrafischmutanten, Injektionen von

11



Morpholinos oder Nutzung von Hemmstoffen konnte ich die
spezifischen Rollen der ErbB-und Kit-Signalwege bei der
Anlage dieser Stammzellen am DRG und die Rolle des DRGs
als Stammzellnische aufgliedern. Durch
Transplantationsexperimente von Blastulazellen kombiniert
mit Zeitrafferflmen konnte ich die Aktivierung der
Melanophorenstammzellen am DRG beobachten, ihre
Entwicklung bis zum Zeitpunkt der Melanisierung verfolgen
und somit ihre spezifische Herkunft nachweisen. Desweiteren
zeige ich, dass diese Melmophorenstammzellen die adulten
Melanophoren hervorbringen.

Im Zusammenhang mit meiner Analyse der Differenzierung
von Melanophoren habe ich die albino Zebrafischmutation
positional kloniert und zeige, dass Mutationen im Gen
slc45a2 welches ein Transmembran-Transportprotein kodiert,
den albino Phanotyp verursachen. Im Menschen fihren
Mutationen in SLC45A2 zu okulokutanem Albinismus Typ
IV. Polymorphismen an diesem Genlocus sind mit
unterschiedlichen Hautfarbe n assoziiert, jedoch ist sehr wenig
Uber die genaue Funktion von SLC45A2 im
Melanisierungsprozess bekannt. Ich zeige, dass Slc45a2
moglicherweise eine Rolle bei der Kontrolle der pH - und
ionischen Homoostase innerhalb der Melanosomen spielt,

und demonstriere, wie eine Verénderung der Bedingungen
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ein Schisselenzym des Melaninstoffwechsels, Tyrosinase,
beeinflussen. Weiterhin zeige ich, dass Mutationen in
sandy tyrosinasezur Zerstérung von Melanosomen und damit
einhergehenden toxischen Effekten auf das umliegende
Gewebe filhren. Diese Ergebnisseerklaren das Auftreten der
vielfaltigen bekannten Variationen in SLC45A2 in vielen
Tierarten, im Gegensatz zu der relativ seltenen Variation im

TYROSINASE Gen.
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Overview 1

Pigment cells in developing vertebrates are derived from a
transient and pluripotent embryonic cell population called the

neural crest (NC). These cells ariseat the border between the
neural ectoderm and the epidermis during early

development, migrate throughout the embryo, and give rise

to widely diverse cell types, including chromatophores, t he
peripheral and enteric nervous system, ectomesenchymal
tissues like the craniofacial skeleton and smooth muscle to
name a few.

NC specification and development is a multi -step process,
which is orchestrated by BMP, Wnt and FGF signals at the
border between neural and non-neural ectoderm inducing the
cells there to become the neural crest. NC cells then
delaminate and segegate from the neural epithelium of the

developing neural tube and become migratory. NC cells
disperse and migrate along specific pathways; for example, in
the trunk the NC cells choose between two distinct pathways.
Cells destined to become melanocytes migrate along the
dorsolateral pathway between the ectoderm and the

dermomyotome of the somites, whereas NC cells destined to

14



become synpathetic chain and dorsal root ganglia take a
ventromedial path between the myotome and the neural tube
and notochord. Following delamination NC cells migrate,

proliferate and differentiat e into their final fates. Historically,

the majority of initial neur al crest studies were carried out in
chick and mouse embryos. These studies have formed the
basis of contemporary knowledge of NC development but it

is important to point out that each vertebrate species has
evolved its own nuances of neural crest development. For
example, zebrafish like other fishes and amphibians have
three pigment cell types. In addition to dark melanophores, it
displays yellowish colored xanthophores and silver iridescent
iridophores. It has been noted that in the zebrafish, pigment

cells are capable of migrating along both trunk neural crest

routes.

In the fishes, different pigment patterns arise during larval

and adult stages. Larval pigmentation consists of three
melanophore stripes along the dorsal and ventral myotomes
and the horizontal myoseptum. Siver iridescent iridophores

appear along with melanophores and y ellowish xanthophores
(Fig. 1). This pattern remains until the zebrafish goes through

a metamorphosis asjuveniles and begins to develop the adult
pigment pattern at about three weeks of development. This

process is marked by the appearance of new melanophores
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between the larval melanophore stripes. These
Omet amor phico6 mel anophoferansthec ont i nue
three weeks and it is thought that a portion of this population
is derived from cells retaining an undifferentiated stem cell
like state, throughout the fish & life (Yang and Johnson, 2005
A very well described example of pigment stem cells
contained and maintained as undifferentiated melanoblast are
those of the mammalian hair follicle bulge, which are called
upon in every hair rejuvenating cycle (Tanimura et al., 2011J).
These cells represent om of only a limited number of
examples of post embryonic developmental stem cells
identif ied in their respective niche. Another source of
melanoblasts recently described in chicken and mouse arise
through a Schwann cell precursor intermediate from neural
crest cells, which originally migrated along the ventral
medially path. These two sources of melanocyte precursors
represent fundamentally different cases the first is an
example of a classical stem celniche situation while the la tter
could be described as phenotypic switching.

Once a melanoblast has been specifiedit still require s a set of
specific genes involved in its differentiation . For example, in
order for a melanocyte to produce the dark pigment melanin
it first must generate subcellular lysosom al-related vesicles

called melanosomes. Within the melanosomes there is a

16



stepwise synthesis of eumelanin from precursor substances
such as tyrosine and dopamine. Fully differentiated
melanophores of fish and amphibians are also capable of
dynamically modu lating the internal distribution of their

melanosomes in response to environmental cues.
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Figure 1: Pigment patterning of the zebrafish and the

appearance of metamorphic melanophores. The first
melanophores of both the RPE and the neural crest can eaily be identified as
they melanize at 28 hpf. At 5 dpf the larval pigmentation pattern consisting of

a dorsal, medial and ventral stripe s are now present. During metamorphosis,

chromatophores continually appear until the first two juvenile stripes are
readily visible at about 30 dpf. By 90 dpf the fish have assumed their adult
morphology and pigment pattern ( A). The continual addition of
melanophores during juvenile stages appears to arise from undifferentiated

precursors which can be seen as newly formed clusters in the flanks of
juvenile fish (blue arrowheads). Their new melanophores appear bluish due
to lower levels of melanin in contrast to the darker melanin of older
melanophores (B).

18



Aim of this thesis:

The process of specifying, differentiating, maintaining and
localizing a melanophore is highly complex and requires
many different signals and factors in a specific temporal and
spatial manner. This work intends to elucidate novel
developmental elements of these processes by following
melanophore ontogeny from the birth of their precursors in
the neural crest to their final migration and differentiation

throughout the body of the zebrafish.
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Introduction 2

The Neural Gest

2.1 Discovery

The NC can be described as both the morphological structure
consisting of the folds of the neural ectoderm along the dorsal
neural tube during its invaginationes, and as the transient
population of pluripotent stem cells, which are induced at the
folds in developing vertebrates. Wilhelm His (1831-1904) was
the fir st to identify a group of cells tucked between the future
ectoderm and the dorsal neural tube that he termed the
Zwischenstrangof a developing chicken embryo (His, 1868).
His along with Arthur Milnes (1852 -1893), who was the first
to use t he term ©Oneur al crestod
discovered NC cells to be the source of spinal and cranial
ganglia (Hall, 1999). A little more than a decade later Julia
Platt (18571935) demonstraied that jaw cartilage and tooth

dentine cells in salamander Necturus maculossiarose from an

20



area of the ectoderm flanking the dorsal neural tube (Platt,
1897. These findings were largely rejected by her
contemporaries because they were in direct conflict with the
almost dogmatic acceptance of the germ-layer theory of the
day. Almost 50 years would pass until SvenHorstadius (1898-
1996) along with others was able to show in detail and to
convince the community that indeed NC cells were a source
of mesenchymegiving rise to bones (Horstadius, 1950) (Raws,
1947.

These findings helped to lead to the abandonment of a rigid
germ-layer theory and were not only important from a
developmental but also from an evolutionary standpoint. In
our modern era, it has been put forth by Brian Hall and others
that NC is a fourth germ layer while ectoderm and endoderm
can be considered primary germ layers and mesoderm and
NC secondary germ layers (Hall, 1999). Just asthe evolution
of mesoderm has allowed for a vast expansion of body plans
and structures seenin chordates, the NC is an invention of
vertebrates which provides them with a pool of highly
migratory progenitor cells capable of developing into many
different cell types, which can be crafted and molded under

the forces of development and evolution. (Hall, 1999).

21



2.2 ldentification of neural crest cells

The ability to distinguish NC cells in a developing embryo
and the faithful tracing through all possible derivatives has
been intensely investigated since the initial discovery of the
NC. It is astonishing that after more than a century of lineage
studies, new crest derivatives are still being discovered. The
study of NC cells poses a number of intrinsic challenges due
to their highly migratory nature and the ability of NC cells to
generate such a wide variety of different tissue types. Two
major issues must be resolved in order to follow NC cells
through their development; the first is the in situ (or in vivo)
access to NC cells in the embryo and the second is the ability
to mark these cells either physically (with dyes), molecularly
or genetically.

The use of monoclonal antibodies (Mab) and avian models of
NC (quail chick chimeras) created a number of influential
advances in the 1980s and 1990s(Le Douarin, 1982, Le
Douarin, 1986b). The discovery of the antibody HNK -1
(Vincent and Thiery, 1984) allowed the visualization of NC
cells along their initial migratory routes shortly after they had
left the dorsal neural tube. Although HNK -1 Mab is able to
mark premigratory NC cells the signal diminishes in

immunoreactivity in later NC cells and loses specificity.
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Therefore it is not appropriate for long term labeling of NC
derivatives. The construction of quail -chick chimeras through
either grafting or injection of dissociated quail cells into chick
allows for the long term tracking of NC cells and their
derivatives (Le Douarin, 1986a Le Douarin, 1986b) (Le
Douarin, 1982). Transplanted quail cells are readily identified
in their chick hosts by either nuclear morphological feature s
or the QCPN (quail non-chick perinuclear antigen) Mab.
Although these methods do allow for visualization in toto and
at later stages with resolution at the single cell level they do
not allow for in vivo experimentation.

Embryos of teleost fish, for example the zebrafish, are
particularly well suited for studying NC early development
and ontogeny. Being completely transparent and developing
at a rapid pace in a simple petri dish zebrafish embryos are an
ideal in vivo developmental model system. They can also be
easily manipulated through basic embryological techniques
such as heterotypic transplantation and ablation. Zebrafish
NC cells are relatively large in size and can be observed
within a developing embryo under simple light microscopy
conditions. In initial NC fate -mapping experiments, Raible
and Eisen took advantage of these qualities and describel

early NC cell differentiation by injecting vital dyes into NC
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cells followed by thorough observation through early

development (Raible et al., 1992 (Raible and Eisen, 1994.

2.3Neural crest formation

The first steps of NC specification occur during gastrulat ion
as the presumptive areas of neural, ectodemal, epidermal
and NC tissuesare induced prior to neurulation. The forces of
epidermalization and neurulation meet at the border of the
neural and epidermal ectoderm, exactly where NC is induced
(Raven, 1945. The establishment of the NC is a multi -step
process where first inductive signals (Bmp Wnt, Fgf and
Notch/Deltg (Marchant et al., 1998 (LaBonne and Bronner-
Fraser, 1998 (Cornell and Eisen, 200Q Garcdla-Castro et al.,
2002 (Mayor et al., 1997 (Sauka-Spengler, 2008 establish the
presumptive birthplace of NC at the neural plate borders by
up regulation of important transcription factors of the Msx,
Pax and Zic families (Saint-Jeannet et al., 199) (Bang et al.,
1997 (Deardorff et al., 2001 (Lewis et al., 2004 Sauka
Spengler, 2008. These transcriptional regulators then induce
a second tier of transcription factors specific for NC cells such
as Snail, SoxE FoxD3 etc, and are also thought to play a role
in the ensuing epithelial to mesenchymal transformation

(EMT), where NC cells delaminate from the folds of the dorsal
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neural tube (Dutton et al., 2001, Monsoro-Burq et al., 2005
(Luo et al., 2003 (Sato et al., 2005Sauka-Spengler et al., 2007
(Werner et al., 2007. Furthermore, these second tier factors
also regulate expression of a third tier set of genes which play
a role in migration and differenti ation of NC cells into specific
tissue types (Fig. 2B).

Neurulation of mammalian and avian embryos occurs
through the invagination of the neural plate as it forms the

neural tube. In contrast, in most teleosts (bony fishes) the
neural tube is formed throu gh a cavitation process, which
intermediately produces a neural keel structure (Hall, 1999).
Following the formation of the neural t ube, regardlessif via
invagination or cavitation , NC cells undergo a loss of cell to
cell adhesion. They degrade their basal lamina and modulate
their intracellular components as the epithelial apical-basal
polarity is lost and migration ensues, being the hallmark

features of epithelial- mesenchymal transition (EMT) (Hall,

1999.

2.4 Neural crest migration

The initiation of NC cell migration occurs in a wave-like
cranial to caudal progression. NC cells migrate ventrally

along distinct paths within the developing embryo
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(Horstadius, 1950, Weston, 1963 (Le Douarin, 1982, Dupin et
al., 2009. Ectomesenchymal NC cells of the cranium migrate
out in streams to populate the future jaw and nasal processes
and will later contribute to bones, cartilage and connective
tissue of the head. Non- ectomesenchymal NC cells also
migrating in the anterior forming cranial ganglia, neurons,
Schwann cells, pigment cels, etc. The specific paths these cells
follow are largely the same across all vertebrates but the
timing of migration of different NC cell types has been shown
to vary (Fig. 2B)(Le Douarin, 1982) (Hall, 1999).

NC cells of the trunk migrate alon g two major paths typically
referred to asthe dorsolateral (or lateral) or the ventromedial
(or medial) path (Le Douarin, 1982 (Raible et al., 1992 (Hall,
1999 (Kelsh et al., 2009. Commencement of migration along
these paths again varies from species to specie®.g.: NC cells
in mouse begin migration along both routes simultan eously
whereas in avian and teleost first the ventromedial NC cells
migrate and after a delay the dorsolateral cells. NC cells
migrating along the dorsolateral path move superficially
between the epidermis and the somites forming more
ventrally. Migration along this route is restricted to cells of a
melanocyte fate in mammals and birds, and cells of

chromatophore fates in fish and amphibians (Raws, 1947
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Weston, 1963 Le Douarin, 1986a Bronner-Fraser and Fraser,
1989 Erickson et al., 1992 Raible et al., 1992.

Cells migrating along the ventromedial path collect at specific
points in a metamerized fashion along the ventral neural tube

and then proceed further as streams of cellsin a ventral

direction . These cells migrate between the neural tube and the
adjacent dermomyotome and sclerotome positioned laterally.

The metameric array of the NC cell streams along this path

directly determin esthe segmental arrangement of the future

dorsal root ganglia, sympathetic ganglia and extending

peripheral nerves and Schwann cells (Le Douarin, 19863
Bronner-Fraser and Fraser, 1989 The positioning of these
segmental streams was found to be restricted to the more
rostral myotomal region in chick, whil e in a central position of
the myotome teleosts; it has been correlated with the similar

migratory path of the spinal motor axons. Guidance
moleculesinvolved in short range cell-cell interactions as well

as long range diffusion gradients have been extensively

studied in axonal guidance (Goodman and Shatz, 1993
(Keynes and Cook, 1999. These factorsare thought to also
play a role in NC migration . There is also emerging evidence
that the axons themselves may play a role in NC migration

(Mongera, Dooley, Nisslein-Volhard unpublished data) . The

space between neural tube/notochord and somites are rich in
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ECM and could allow for the neural crest themselves to shape
their molecular surround ings as they pass through (Hall,
1999.

2.5Formation of the dorsal root ganglia

NC cells migrating along the ventromedial path give rise to
the dorsal root ganglia and autonomic ganglia, including
sympathetic ganglia and parasympathetic ganglia (Weston,
1963 Le Douarin, 1982, Bronner-Fraser M, 1989. As these NC
cells migrate through the somatic mesoderm, subpopulations
of these cells coalesce at the presumptive site of the dorsal
root ganglia. Other cells on the ventromedial route conti nue
to migrate further where they accumulate above the dorsal
aorta and give raise to the sympathetic ganglion chain. As the
DRGs form there is crosstalk from one DRG anlagen to the
next along the rostral-caudal axis. Once cells commit to a
condensing DRG they take up positions as more quiescent
interior cells or cells of the exterior which display active
filopodia extensions to the surrounding environment

(Kasemeier-Kulesa et al., 200%.
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A Zebrafish trunk neural crest migration

B

1. Induction
Paxa7 W gy

2. Specification teapis AP2
Ectomesenchymal v 5710 Non-Ectomesenchymal - _J
Sox Soxo . snai Sox10
| Rhog Cad
Osteocyte  Chondrocyle: - Sensory neuron
Connectve isue. Enormtt
Odontoblast  goin muscles. Parasympatheti neuron o
Xanthophore.
Ligand control of neural crest specification
G =Glia TN
N = Neuron * *
C = Cartilage SN LN
M = Melanocyte

3. Differentiation

Cranial ganglla =
4 " T2npt
Craniofacial bones” pharyngeal arches

Figure 2: Neural crest induction, specification, migration
and differentiation is orchestrated by a complex gene

regulatory network. Neural crest development separates cranial neural
crest development from trunk neural crest. The migration in the trunk occurs
as a wave along the anterior to posterior axis beginning at about 14 hpf and
completes at the tip of the tail at about 28 hpf (A). A gene regulatory network
orchestrates eat step of neural crest ontogeny. The stepwise process is he
induction followed by speciation and then differentiation. Intrinsic factors
push crest cells to adopt either an ectomesenchymal or a non-
ectomesenchymal cell fate. NC cells encounter extracellular factors, e.g.
ligands, along migratory routes can also play a role in pushing neural crest
cells to adopt specific fates. Once a specific fate has been determined a further
set of genes are activated to allow for the terminal differentiation . (B)
*Adapted fronMartinez-Morales et al., 2007
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26 Neural crest gene regulatory network

The events of NC induction, specification and final
differentiation are coordinated through a complex set of
intrinsic and extrinsic signals governed by a precise
hierarchical gene regulatory network. Each of these steps
employs a specific set of genesand signals, which guide NC
cells to their terminal positions and fates (SaukaSpengler,
2008.

Genes required for the induction of NC program the cells at
the neural folds and bestow upon them properties of
multipotency and migrational capacity. Neural crest cells at
this point are true stem cells as they have been shown to be
self-renewing as well as having the potential to differentiate
into multiple derivatives (Stemple and Anderson, 19929. For
example, acquisition of new cell surface recepors,
metalloproteases and cell adhesion molecules allow the
forming NC cells to receive new signals as well as to interact
with their environment. Another important role of the
inductive signals and their downstream targets is to initiate
the expression o the second tier of the NC gene regulatory
network which represent genes required for cell type

specification of NC cells (Alfandari et al., 2001).
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The NC specifiers (Snail, SoxE, FoxD3 AR, Twist, cMyc)
begin to specifically mark NC cells in situ and initiate a new
regulatory state (Dottori et al., 2001, Britsch et al., 2003}
(Knight et al., 2003, Sauka-Spengler, 2008. These genes play a
major role in NC specification which is thought to occur
directly in the dorsal neural tube or immediately following
the initiation of migration. One of the first major tasks of this
new state is to undergo the process of EMT so that these now
mesenchymal cells are free to move out and investigate their
surroundings (Le Douarin, 1982) (Hall, 1999, Strobl-Mazzulla
and Bronner, 2019. Although the exact hierarchy still remains
to be clarified, it has become clear that these transcription
factors and signals regulate each other in specific ways
whereby, specifying certain subtypes of NC cells is not only a
matter of turning on and maintain ing certain transcription
factors but also turning off others.

NC cells are initially pluripotent cells, but this pot ency is
thought to be consolidated in a process termed restrictive
specification, which could function through different modes
for example through intrinsic mechanisms even before or
during EMT (Hall, 1999) (Bronner-Fraser M, 1988§.
Furthermore, restriction through migrational processes has
also been observed and could function in two particular

modes (Le Douarin, 19863 Bronner-Fraser and Fraser, 1989
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NC cells of certain fates are limited to specific migrational
routes. For example in higher vertebrates there seems to be an
overall inhibition of NC cells to migrate dorsolaterally with
the exception of melanoblasts Interestingly, lamprey NC cells
only migrate dorsolaterally and lack ventromedial migrating
NC cells as well assympathetic ganglia (SaukaSpengler et al.,
2007. The other migrational mode is the restriction through
extrinsic signals as NC cells migrate along their particular
paths. Thesesignals can be celtto-cell interactions, membrane
bound and soluble ligands, extracellular matrix (ECM)
components. This process of restriction , reduces the number
of pluripotent NC cells and lead them to multipotent,
bipotent or specified cells.

One well-described example in zebrafish of the multiple
responsibilities of a NC specifier can be seen in therole of the
SoxE genessox9 and sox10 It has become clear that even
though sox9 and sox10are expressedthroughout NC they
play a major role in dividing NC cells into either a
ectomesenchymal or non-ectomesenchymal fate respectively
(Kelsh et al.,, 1996 (Akiyama et al., 2002). colourless(cls)
mutants carry lesions in the sox10gene and NC cells of the
trunk fail to migrate away from the dorsal neural tube ,
however the ectomesenchymal crest cells of the cranium

remain normal. Conversely, the sox9a mutant jellyfish,
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presents sevee cartilage differentiation defects (Yan et al.,
2002.

Further examples of the interplay among NC specifiers is the
roles of sox1Q foxD3 and mitfa in the differentiation of glia and

melanophores (Lister et al., 1999. sox10is required early in
the specification of glia and melanophores and Sox10 directly
activates the expression of mitfa, which is a transcription

factor required for the differentiation of melanophores
(Dutton et al., 2001). If a cell is to remain specified along a
glial fate, then the expression of sox10and foxD3 s required to
be maintained and expression of mitfa must be down
regulated. Instead, for the specification of melanophores,
foxD3 must be repressed and high levels of mitfa are required
(Curran et al., 2009 (Curran et al., 2010.

Extrinsic signals also play important role s in the specification
of NC cells through receptor-ligand-mediated processes.
Interactions with neuregulirs, endothelis and steel (SCF)
ligands (to name a few) play profound roles in pushing NC

cells into specific fates while also acting as migrational cues
and cell survival factors (Imokawa et al., 1992 Saldana
Caboverde and Kos, 2010 Lemmon and Schlessinger, 2010.
Neuregulins and their binding partners, the Erbb/EGF
receptor tyrosine kinases (RTK) class proteins, have

previously been shown to participate in glia/Schwann cell
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migration and differentiation in mammal s and zebrafish,
while stee] also known as kit ligand, has been shown to guide
melanoblasts and act as a cell survival factor in mouse
(Parichy et al., 1999 (Rawls and Johnson, 2009 (Hultman et

al., 2007%.

As NC cells migrate, they invade areas rich in ECM, a fibrillar

meshwork rich in hyaluronan, glycosaminoglycan, collagen,

tenascin, laminin and fibronectin. These components help to
facilitate the migration of NC cells by offering different

surfaces to bind to. NC cells also deposit nhew components
and modify the ECM, as they pass through, for example
through metalloproteases (Hall, 1999).

2.7 Derivatives of neural crest

NC cells do not self-differentiate but require a complex set of
interactions among their intrinsic factors (i.e. transcription

factors) and extrinsic factors, in order to reach a terminal
differentiated state. The culmination of intrinsic and extrinsic

forces eventually determines the final fates of NC cells as they
emerge from the dorsal neural tube to migrate out into the
periphery . Over the last 150 years NC cells hae been shown
to give rise to craniofacial cartilage, smooth muscles, cardiac

cells, sensory neurons, enteric neurons,
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sympathetic/parasympathetic neurons, Schwann cells, and
chromatophores, to name the most important NC derivatives
(Fig. 2 B) Of particul ar interest for the scope of this work is
the relationship between the differentiation of neuronal, glial
and chromatophore cell types which will be described in

more detail in the following chapters.

28 Haploid is just not enougl® at least in
mammals

Waardenburg syndrome is associated with mutations in the
transcription factors PAX3, SNAIL2, SOX10, MITF or the
EDN3 & EDNRB signaling pathway (Pingault et al., 2010.
Patients present a variety of symptoms ranging from
craniofacial abnormalities, lack of pigment along the facial
midline, heterchromia to bilateral isohypochromia and
deafness There are associations with other neural crest
congenital defects such as Hirschsprung disease These traits
are inherited in mammals in an autosomal dominant manner
and, has been shown to be caused byhaploinsufficiency , i. e.
one instead of two functional copies cause the mutant
phenotyp e, with the exception of the EDN3 - EDNRB (Edery,

1996. Interestingly, the zebrafish sox10mutant coulorlessand
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the mitfa mutant nacreare indistinguishab le as heterozygotes
compared to wild type siblings and it remains unclear why
these processes inmammals are much more dosage sensitive

than in fish (Dutton et al., 2007) (Lister et al., 1999.

29 Making a melanocyted specification,
differentiationand maturationof specific neural
crest cels

All melanocytes of the body, with the exception of the retina |
pigment epithelium (RPE), are either derived directly from
melanoblasts migrating along the dorsolateral route or arise
via a second population of cells capable of detaching from
nerves. Irrespective to their particul ar ontogeny, melanocytes
must be initially specified from their precursor cells
predominantly through the action of the FoxD3, Sox10, Pax3
and Mitf transcription factors (SaukaSpengler, 2008.
Secondly, these specified cells further require modulation of
extracellular signals such as Wnt, Edn, Kitl g, and other still
unknown signals. This combination of intrinsic and extrinsic
signals culminate in the activation of melanocyte specific
genes,encoding Tyr, Dct, Tyrpl and Pmel to only name a few,
leading to the final maturation of a melanoblast to a

melanized melanocyte (Thomas and Erickson, 2008.
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2.10 Melanocyte specificatiolichoosing a path

A traditional view of the melanocytic linage is that
specification begins to take place very early, even before
migration away of the cells from the dorsal neural tube. In the
mouse, cells destined to become melanoblasts are the first to
migrate away from the dorsal neural tube and move to
migrational staging areas where they stall before proceeding
underneath the ectoderm along the dorsolateral route
(Weston, 199). In avian and zebrafish embryos multipotent
neural crest cells first migrate along the ventromedial path
while crest destined to become melanoblasts migrates later
along the dorsolateral path (Erickson et al., 1992 Raible et al.,
1992. It is interesting to note that both vertebrates separate
the directly forming melanoblast s are distinguished from the
rest of the multipotent neural crest cells in a temporal and
spatial manner.

Recently, a more complex picture of the neural creg
melanocyte lineage has begun to emerge with the
identification of neural crest derived melanoblasts migrating
along nerves innervating the skin in mouse and chick
(Adameyko et al., 2009. These late arriving melanocytes were
shown to be derived from precursors, which had migrated

along the ventromedial path. Using a Cre/LoxP -based system
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in the mouse Adameyko et al. were able to reveal that a
considerable complement of dermal melanocytes were indeed
derived from these nerve associated precursors Therefore it
was proposed that these cells aredifferentiated from common
precursors of Schwann cells and melanocytesassociated with
the peripheral nerves.

Careful embryology and lineage tracing work carried out in

zebrafish more than a decade earlier had already shown that
melanoblasts were capable of traveling down the
ventromedial path (Raible and Eisen, 1994. Indeed iridoblasts
were also shown to follow this route (Kelsh et al., 2009. Much
in line with the data from mouse and chick, a report of
zebrafish adult melanophores emerging from the tips of

nerves at the periphery during stripe formation described a
much more developmentally important role of these cells
(Budi et al, 201). Taken together, these omigratory

exceptionso initially observed in zebrafish melanophore
migration have become more the rule for vertebrate
melanocyte origins.

Melanocyte precursors migrate as undifferentiated cells called
melanoblasts and only begin to differentiate as they approach
their final destination. Mammalian melanoblasts require Kit
ligand signalling to disperse across epidermal tissues and to

colonize hair follicles (Jordan and Jackson, 2000 In humans,
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melanocytes are also capable of colonizing and remaining in
the epidermis itself, where they form extensive dendritic

connections to epidermal keratinocytes (Wehrle-Haller, 2003).

2.11 Melanocyte differentiatio® the dark side
of neural crest

The transcription factor Mitf not only plays a decisive role in
the specification of melanocyte precursors but also directly
regulates downstream genes involved in melanogenesis. This
is carried out in complex coordination together with TfAP2,
Sox10, Pax3 and is influencedby extrinsic signals such as Wnt
and melanocyte stimulating hormone (MSH) and Mrcl.
Through loss of function analysis Mitf has been shown to be
necessary (Hodgkinson et al., 1993 (Lister et al., 1999
(Opdecamp et al., 1997 as well as sufficient to specify and
differentiate melanocytes by misexpression experiments
(Tachibana et al., 1998.

Melanogenesis begins with the expression of Dopachrome
tautomerase (Dct), Tyrosinaserelated proteinl (Tyrp-1) and
shortly thereafter Tyrosinase (Tyr); all enzymes directly
involved in the conversion of Tyrosine and L-DOPA to
melanin. These reactions occur in specialized membrane

bound lysosome-related vesicles called melanosomes. As

39



melanosomes mature, melanin is deposited along their
internal fibrillar matrix until they become dark and solid
vesicles (Thomas and Erickson, 2008§. Melanosomes of
melanocytes are then transported along cytoskeleton by the
molecular motors kinesins, dynein and myosins to the tips of
dendritic processes where they are exported to other tissues,
for example keratinocytes in amniotes. In fish and amphibians
melanosomes are reained within the cell and therefore these
pigment cells are specifically called melanophores. Although
not exported, melanosomes are dynamically trafficked in the
same manner inside the cells in response to intrinsic and

extrinsic stimuli (Raposo and Marks, 2003.
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Melanogenesis

Stage IV
Det Trpl

Figure 3: Melanosome maturation is classified into a
four stage process leading to dark melanin -filled

vesicles. Melanosomes are lysosomerelated organelles housing the
production of and later acting as the stores of melanin. Stage |
melanosomes contain no melanin and can appear as empty vesicles.
Vesicles arriving from the tran s-Golgi network merge together with
stage | melanosomes adding vital components such as fibril forming
factors and enzymes such as tyrosinase and TYRP1. The internal
environment of melanosomes is specific to the requirements of melanin
producing enzymes. Melanin is initially synthesized along internal
fibrils and the melanosomes are continually filled. Homeostasis of these
conditions is achieved through a wide variety of solute carriers such as
Slc45a2 and Slc24a5 along with other membrane bound components
such as +ATPase proton pumps (A). Mature melanosomes are about
~500nM in diam eter, become dense with melanin and take on a sausage
shaped form (B). Scale bar is 750nM
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2.12 Pigmenting a human and pigmenting adish
more than shades of grey

Although slight differences do exist among vertebra te
melanin producing cells, there are deep similarities which
make this system both powerful and fascinating to study . An
example of this is the occurrence of albinism acrossvertebrate
species. Oculocutaneous albinism (OCA) describes a group of
rare human congenital diseases which can spedically be
characterized by poor vision and a variable
hypopigmentation phenotype. Reduction of pigmentation can
occur in the eyes, skinand hair. In humans OCAI is the most
common form of albinism and is caused by mutations in
TYROSINASE (Spritz et al., 1988. Mutations in the same gene
are the underlying cause of the sandyzebrafish mutant with a
visually defective and hypopigmented phenotype (Page
McCaw et al., 2009.

Human skin color variation is another example of the
similarities between zebrafish and human pigment biology
and their ability to model each other. The zebrafish mutant
goldenwas shown to carry mutations in the solute carrier
slc24a5(Lamason et al., 200%. The same study also showed
that missense mutations in the human SLC24A5gene were

partly responsible for skin coluor variation between
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Europeans and Africans. Nevertheless, despite the knowledge
of more than 100 different genes associated with coat and skin
color there still remains much to be resolved in order to fully

understand the striking color variation seen across the

vertebrates.
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Results and discussicB

Publication 1:

Dooley CM, Mongera A, Walderich B, Nusslein -Volhard C.
(2013).0n the embryonic origin of adult melanophores: the
role of ErbB and Kit signalling in establishing mel  anophore
stem cells in zebrafish. Developmeni 40, 10031013

3.1 On the embryonic origin of adult
melanophores

The onset of this chapter begins with a simple question, where
do adult melanophoreis zebrafisharise from?With increasing
body size, azebrafish larvae progress through juvenile stages
and then to adulthood ; during this transition, there is an
explosion in the number of chromatophores, creating the
typical stripped pattern of the zebrafish. A vast collection of
knowledge had laid out the ontological origins of all pi gment
cells of the body at the ridges of the neural tube, the
birthplace of the neural crest, but the specific ontology

between the birth and the final differentiation of
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melanophores and mammalian melanocytes remained largely
unclear. It was observed that newly arising melanophores
were derived de novofrom unpigmented precursor s (Parichy
and Turner, 2003 but their actual source remained to be
defined.

A two -pronged approach was undertaken, with the first to
trace neural crest cells from their birthplace to their final
differentiated state. Secondly, mutants lacking adult
melanophore were analyzed to try to under stand the role
their responsible genes play in normal melanophore

development.

3.1.1Melanoblasts migrate along motor neurons

Streams of organized NC cells migrating along specific routes
have been described in allinvestigated vertebrates. While the
rostral-caudal position of these streams relative to the somite
does vary between species, the migratory route of medially
migrating neural crest cells overlaps with extending motor
axons (Le Douarin, 198638 (Raible et al., 1992 (Rickmann et
al., 1985 (Krull, 2010) (Bonanomi and Pfaff, 2010. Organized
streams of medially migrating neural crest cells labeled with

GFP under the control of the mitfA promoter Tg(mitfa:gfp,
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assumea distinct metamerized pattern by 16 hpf (Fig. 4, A-C).
Time-lapse imaging of double transgenic
Tg(mitfa:gfp;nbt:DsRed) fish allows for the simultaneous
observation of both neural crest cells and developing motor
axons (DsRed driven by the b-tubulin promoter which is
specific for neurons) (Fig. 4, D-J). Neural crest cells initially
migrate ventrally along the neural tube arriving at the
positions of the motor neuron cells bodies Fig. 4, D-E). Motor
axons extend from the ventral base of the neural tube initially
in a ventral direction and eventually extend out to the

periphery. Following the axonal extension , mitfa:gfp positive
NC cells of the medial path move along the motor axon in a
ventral direction ( Fig. 4, B-D). The first mitfa:gfp positive cells
to migrate along the motor axons quickly reach the ventral
trunk and dis associate from the motor axon (Dooley et al.,
2013 Supplemental Fig. 1) Subsequenty mitfa:gfp positive
cells begin their differentiation into mature melanophores as

they complete their ventral migration along the motor axon

(Fig. 4, H-J). A small subset of mitfa:gfp positive cells, often a
single cell in each segment migrates only a short distance
along the motor axon and then becomes stationary at the
future site of the forming DRG (Fig. 4, D,G). These cells
become quiescent do not differentiate into melanophores ,

and often lose their GFP label.
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Although the spatial-temporal association of migrati ng neural
crest cells and the motor axons has been longnoted (Le
Douarin, 198648) (Le Douarin, 1986b), these observations show
a much more intimate association between the two cell types.
Medial neural crest cellsonly commence their migration once
the motor axon has begun to extend ventrally. Neural crest
cells then specifically migrate along the motor axon and only
disassociate once they reach the tip of the axon. Furthermore,
the identification of a specific mitfa:gfp positive cell that
migrates to the position of the future DRG is highly
interesting in the context of its future developmental fate and

will be further described in this work.
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6 hpf|
00:00h:00m 00:04h:00m

Figure 4: Ventromedial neural crest cells migrate along

primary motor axons . Neural crest derived cells labeled with the
mitfa:gfptransgene at the anterior most region of the trunk begin their medial
migration at about 14 hpf. Organized streams of cells can be readily identified
by 16 hpf (arrowhead, A). These streams initialize in an anterior to posterior
fashion along the trunk over the next 12-14 hours of development (A-C).
Migrating glia of the lateral line can also be seen asit moves anteriorly to
posteriorly (arrow, B-C). Following ventromedial migration , neural crest cells
specified for the dorsolateral pathway begin their migration ( C). Lateral trunk
view with optical sectioning to the level of the extending primary motor

axons, labeled here with the nbt:DsRedtransgene (D-J). mitfa:gfp positive cells
can be identified as they migrate along primary motor axons. Some cells
complete the ventral migration and move away from the tips of the motor
axons. Other cells move to the future locations of the forming dorsal root
ganglia (arrow, G). Melanophores of the ventral larval stripe begin to
melanize as they complete their migration along the motor axon. The initial
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melanin can be seenas part of the mitfa:gfppositive cells (arrowheads, H) and
they are localized to the position of the motor axon (arrowheads, J). Cells
located at the position of the forming dorsal root ganglia remain stationary
(arrow, J) as the mitfa:gfp labeling begins to fade. A schematic depicting the
level of the optical sectioning as well as the lateral view of the trunk (J, lower
left). Adapted from Dooley et al. 2013

3.1.2 ErbB receptors are required for neural
crest migration along the ventral medial
pathway

ErbB receptors involved in the ventral medial migration of

NC cells have been described using mutant erbb3B48in the
Tg(-4.9s0x10:gfppackground to facilitate the visualization of

migrating neural crest cells (Honjo et al., 2008. Honjo et al.
describe the neural crest cells failire to stop at specific points
along their ventromedial path. They observed cells beginning
a ventral migration but then changing directions . They
interpreted this as the NC cells overshooting these points in
their migration followed by the cells wandering off.

Closer inspection of Tg(-4.9sox10:gfp;nbt:DsRedjsh treated
with the EGF inhibitor PD 168393 revealed motor axons
already completely devoid of neural crest cells at 24 hpf
(Dooley et al. 2013, Fig. 6 AB). Time-lapse imaging of Tg(-
4.9s0x10:gfp;nbt:DsRedyirther revealed that sox10:gfgpositive
cells are capable of moving to the motor axon cell bodies at

the ventral neural tube but never initiate migration al ong the
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axon (Fig. 5 A-H). An example of normal migration in Tg(-
4.9s0x10:gfp;nbt:DsRed)s given in Dooley et al. 2013,
Supplemental Fig. 1.

Small molecule inhibition of EGF receptors functions
indiscriminately on all ErbB receptors. Therefore, to uncover
the role of specific ErbB receptors a genetic approachwas
taken. For this purpose erbb20604 embryos were time-lapse
imaged in Tg(mitfa:gfp;nbt:DsRedembryos. Just as with EGF
inhibition, neural crest cells fail to migrate along motor axons
(Fig. 51-N; Dooley et al. 2013 Supplementalmovie Fig. 4).
Tg(mitfa:gfp;nbt:DsRedgmbryos were also injected with erth3b
morpholino previously shown to phenocopy erlb3b’- mutants
(Budi et al.,, 200§. Although weaker th an EGF receptor
inhibition and erbb2 knockouts, erth3b morphants lack NC
cells along the medial path (Dooley et al. 2013 Table 1, Fig6
C-E).

These observations are in contrast to the work published by
Honjo et al. as the interpretation of my data implies a
complete failure to migrate along motor axons while Honjo et
al. propose a failure of cells to pause. Key to these differences
is the ability to optically section live images from a lateral
view and also the use of the nbt:DsRedtransgene to visualize
the motor axon. Defects in ErbB signaling does not affect

neural crest migration along the dorsolateral path. A
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maximum image intensity projection of a cell moving along

the dorsolateral path could easily be misinterpreted for a cell

in the ventromedial path.
ErbB receptor inhibitor PD168393

00:00:00}% 01:04:00 02:08:00 02:40:00)
»S .

05:20:00]

sox10:gfp; nbt:DsRed

07:12:00

mitfa:gfp; nbt:DsRed

Figure 5: Neural crest cells fail to migrate ventrally in lack

of properly functioning ErbB receptors. Time-lapse imaging of
Tg(-4.9s0x10:gfp;nbbsRed)fish. Neural crest cells are capable of moving to
the bodies of motor axon cells (arrowheads) but fail to migrate along
extending motor axons when the EGF receptor inhibitor PD168393 is applied
(A-H). In homozygous erbb220604 fish NC cells also fail to migrate properly
along motor axons (I-N). In lack of a proper route a few neural crest cells
move away from the motor neuron cell bodies in random directions
(arrowhead, arrow).

51



3.1.3Dorsal root ganglia are required for adult
pigmentation

A defect in EGF receptor signaling also leads to the absenceof
DRGs in all of the above-mentioned cases.erbb2- fish are not
viable, while knockouts in erbb3b- are (this work & (Budi et
al., 2008). Adult erbb3k®1441 fish display abnormal gaps in
their adult pigment pattern (Dooley et al. 2013 Fig. 5 A). As
these fish have astrongly reduced number of DRGs, there
appeared to bea correlation between the presenceabsenceof
DRGs and adult pigmentation.

To test the potential association both a chemical and a
physical ablation of the DRGs was carried out. Treatment of
embryos for short pulses at different developmental stages
with the EGF inhibitor causes a selective spatial-inhibition of
neural crest migration along the anteroposterior axis. When
neural crest cells fail to migrate, DRGs also fail to form.
Embryos treated with the EGF inhibitor at earlier time points
(12-16 hpf) displayed defects in the more anterior adult
pigment patterns while embryos treated at later
developmental stages (18-24 hpf) presented a more posterior
phenotype (Dooley et al. 2013 Fig 5 BE). Using a laser
ablation system, 8 consecutive DRGs of 3 dpf larvae were

ablated on the left side. Fish raised to adulthood showed a
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clear reduction of adult melanophores on the ablated left side
(Dooley et al. 2013 Fig 5).

Failure to form dorsal root ganglia, as shown in the EGF
inhibition experiments or ablation of the DRGs at 3 dpf,
results in localized reduction of adult melanophores and gaps
in the adult pigment pattern. Taken together, these
experiments show that the dorsal root ganglia along with
their associated cells are required for juvenile and adult

melanophores.

3.1.4 Ablation of embryonic melanophores
activates melanophore precursors at the site o
the dorsal root ganglia

mitfa is required for the differentiation of melanophores from

the neural crest lineage and mutations in this gene lead to
embryonic and adult fish lacking all melanophores of the
body (Lister et al., 1999. When mitfa morpholino is injected
into zygotes it phenocopies mitfa’- fish until about 3 dpf. After

this time point, new melanophores begin to appear and
eventually the melanophores are restored by about 5-7 dpf
(Dooley et al 2013 Fig. 3 AC). This indicates that

melanophores are regenerated aftermitfa knockdown.
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In order to investigate where these regenerating melanoblasts
arise from, mitfa morpholino was injected into
Tg(mitfa:gfpnbt:DsRed) zygotes followed by time-lapse
imaging focusing on the DRGs. mitfa:gfp positive cells were
identified as they emerged from DRGs of injected embryos at
60 hpf, they migrated in tight association along the spinal
nerves (Fig.6 A-E).

To confirm th at thesenewly appearing migrating cells had in
fact emerged from the DRGs and were destined to take on a
melanophore fate a more robust set of experiments was
carried out to follow the linage from initiation to
differentiation .

To knockdown mitfa expresson, now, albino (slc45a®9
embryos producing unpigmented melanophores were
injected at the one cell stagewith the mitfa morpholino . These
morphants were then used as hosts for blastula
transplantation experiments. Tg(mitfa:gfp) embryos, injected
with a rhodamine dextran at the one cell stage were
subsequently used as donors. The logic behind this
experiment was that all transplanted cells would be visible
via the rhodamine dextran allowing for the identification of
clones at appropriate locations. Labeled donor cells associated
to the area of the DRGs could then be identified by the GFP
label, and, in adults, by their dark pigmentation. With this
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approach it was possible to image previously quiescent
melanophore progenitors becoming mitfa:gfp positive at the
position of the DRGs. Newly active GFP positive cells began
to migrate and to undergo a few cell divisions. Their daughter
cells continued to migrate out to the periphery and began the
process of melanization, thereby confirming their

melanophore fate specification (Dooley et al. 2013 Fig. 4 AH).
Furthermore, when chimeric fish were grown to adulthood

they displayed dark melanophore patches in the albino

background the area of the larval DRG clones in their flanks

(Dooley et al. 2013 Fig 4 1-J).

Figure 6. Recoveling melanophores following mitfa
morpholino knockdown emerge at the site of the dorsal root

ganglia and migrate along spinal nerves. Lateral view with
optical sectioning of Tg(mitfa:gfp;nbt:DsRed)embryos, which were injected
with mitfa morpholino at the one cell stage. The position of the DRG is
indicated by an asteriskin each frame. Following injections, embryos were
imaged for several hours starting at 60 hpf. Cells carrying the mitfa:gfp label
emerge from the DRG and migrate along spinal nerves (white arrowhead, A-
E). Other mitfa:gfp positive cells extend filopodia but remain stationary over
the course of time (blue arrowhead, A-E). Adapted from Dooley et al. 2013
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3.1.5 Dorsal root ganglia are an early
established niche for adultmelanghore
progenitors

Failure in the formation of the dorsal root ganglia or their
ablation leads to a reduction of adult melanophor es. When
melanophore progenitors are prematurely activated after
removal of embryonic melanophores, cells within the DRGs
become active, and their progeny migrate along spinal nerves
and begin to regenerate the larval melanophore population.
These multiple lines of evidence make a compelling case for
the DRG as a cellular niche containing undifferentiated

melanophore progenitors. When activated, these cells have
the potential to produce cells differentiating into

melanophores. Another important aspect is that these cells are
specified and set aside at an early developmental time point,

most likely within the first 24 hpf.

3.1.6 sparse likeencodes Kit ligand a and
expressed in migrating neural crest cells

Fish mutant for sparse likeare adult viable but present a
reduction in early embryonic melanophores as well as a

dramatic reduction in adult melanophores (Dooley et al. 2013
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Fig. 7 and Fig. 8 A).Positional cloning of the sparse likenutant
revealed a premature stop in the kit ligand a gene. kitlga®
receptor kita is a receptor tyrosine kinase also known as c-Kit
in mammals and is required for melanophore/melanocyte
development in amniotes. It shares the phenotype with sparse
like. kitlga is expressed by neural crest cells as they migrate
along the ventromedial path (Dooley et al. 2013 Fig. 8 BD).
This is a curious observation because the receptor for kit
ligand g kita, has been shown to be expressed in neural crest
derived melanoblasts (Parichy et al., 1999 Hultman et al.,
2007. Based on this evidence, neural crest cells themselves are
providing kitlga along the ventromedial path and in doing so
could be playing a role in the establishment of melanophore

stem cells at the site of the future dorsal root ganglia.

3.17 Early Kt ligand a signaling is required for
specific melanophore precursors and for the
maintenance of embryonic melanophores

kitlga- fish develop a normal appearing peripheral nervous
system and normal DRG. Melanophores specified for the
dorsolateral pathway of the trunk initially differentiate into

normal numbers but then immediately start to die and are all

but absent by 5 dpf. Melanophores derived from
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ventromedial migrating neural crest cells belonging to the
ventral larval stripe, medial larval stripe and yolk sac stripe
fail to appear (Dooley et al. 2013 Fig. 7).As this phenotype is
present in both kita’- (spars¢ and kitlga /- (sparse likeloss of
function alleles, this highlights firstly the specific interaction

of Kita and its ligand Kitlga in the context of melanophores
and secondly the different modes of action of Kita signaling.
Melanophores have been classified into kita-dependent and
kita-independent  populations  (Parichy et al., 1999.
Melanophores of the dorsal larval stripe are kita independent
in terms of their specification from the neural crest but are
kita-dependent for their maintenance and survival.

Melanophores of the ventromedial path are kita dependent for
their specification from the neural crest lineage and in lack of

this signaling fail to differentiate (Dooley et al. Fig. 7).

In adults, this picture becomes more complex. Adult kita’- and
kitlga- present a 90% reduction in melanophoresof the flanks
(Dooley et al. 2013 Fig. 7). Twolikely situations could be
occurring: the adult melanophores require kita signaling for

their differentiation from melanophore progenitors to mature
melanophores, or kita signaling is directly required for the

establishment of adult melanophore progenitor cells. It is also

possible that both situations are indeed the case

simultaneously.
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To add some insight to these possibilities, the following

experiments were carried out. A morpholino specific for kitlga
was injected into embryos at the single cell stage.
Morpholinos have a limited time of action until it is
eventually diluted out over the course of development; much

like the injection of mitfa morpholino, which begins to lose its
effect at about the third day of development (see above).
Morphant kitlga fish phenocopy kitlga’- fish all through

embryonic development. Indeed, even at 20 dpf Kkitlga
morphant fish still fail to rescue their ventral, belly, lateral
and yolk sac stripes, long after the effects of he morpholino
have worn off. It is only at mid metamorphosis that
melanophores begin to appear in the flanks possibly from a
separate undefined source.

A possible explanation would be that early kita signaling is
required for the establishment of larval and juvenile
melanophore progenitors. Early perturbation of kita signaling
leads to the failure in the establishment of melanophore
progenitor cells. It is then only at the onset of metamorphosis
that new melanophore progenitor cells can be produced by

stem cells independently from early kita signaling.
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3.18 Distinct populations of melanophore
progenitors and theispecifiomigratoryroutes

In summary of these new observations, an emerging picture
of multiple melanophore classesbegins to take form. Early
melanophores of the dorsal larval stripe are both ErbB and
Kita receptor signaling independent for their spe cification and
differentiation but require Kita signaling for their

maintenance once mature. Ventromedially migrating neural

crest cells require EbB signaling to properly follow along the
extending motor axons. Defects in ErbB signaling result in the
failure of medial NC crest migration, absence of dorsal root
ganglia and overall defects in the peripheral nervous system.
Melanophore progenitors deri ved from neural crest cells
migrating along the ventromedial path require early
embryonic Kita signaling for their establishment. The DRG act
as niche for melanophore progenitor cells. Dorsal root ganglia
and peripheral nervous system-associated melanophore
progenitors persist and contribute to the majority of adult

derived melanophores.
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On the embryonic origin of adult melanophores: the role of
ErbB and Kit signalling in establishing melanophore stem

cells in zebrafish
Christopher M. Dooley'?, Alessandro Mongera', Brigitte Walderich' and Christiane Niisslein-Volhard*

SUMMARY
Pigment cells in vertebrates are derived from the neural crest (NC), a pluripotent and migratory embryonic cell population. In fishes,
larval melanophores develop during embryogenesis directly from NC cells migrating along and ial paths. The

embryonic origin of the melanophores that emerge during juvenile development in the skin to contribute to the striking colour
patterns of adult fishes remains elusive. We have identified a small set of itor cells (MPs) in the zebrafish (Danio
rerio, Cyprinidae) that is established within the first 2 days of embryonic development in close association with the segmentally
reiterated dorsal root ganglia (DRGs). Lineage analysis and 4D in vivo imaging indicate that progeny of these embryonic MPs spread
segmentally, giving rise to the melanophores that create the adult melanophore stripes. Upon depletion of larval melanophores by
morpholino knockdown of Mitfa, the embryonic MPs are prematurely activated; their progeny migrate along the spinal nerves
restoring the larval pattern and giving rise to postembryonic MPs associated with the spinal nerves. Mutational or chemical inhibition
of ErbB receptors blocks all early NC migration along the ventromedial path, causing a loss of DRGs and embryonic MPs. We show
that the sparse like (slk) mutant lacks larval and metamorphic melanophores and identify kit ligand a (kitiga) as the underlying gene.
Our data suggest that kit/ga is required for the establishment or survival of embryonic MPs. We propose a model in which DRGs

provide a niche for the stem cells of adult melanophores.

KEY WORDS: Kit ligand a, ErbB, Dorsal root ganglia, Melanophore stem cells

INTRODUCTION
Colour patterns arc prominent features of many animals: they
evolve rapidly and vary between closely related species, providing
an important target for both natural and sexual selection (Darwin,
1871: Roulin, 2004: Hockstra ct al., 2006; Protas and Patel, 2008).

In vertebrates, all pigment cells of the body are derived from the
neural crest (NC) except Ihc plyncnlcd retinal cpnhclmm The NC
is an embryonic of g cells that
contribute to a variety of organs and tissues. The NC is largcl\
responsible for the emergence of many of the

must arise from hy pothetical NC-derived stem cells that are set aside
in the embryo (Rawls ct al., 2001: Parichy ct al.. 2003: Yang and
Johnson, 2006; Budi et al., 2011). These cells are quiescent during
embryonic development but start to proliferate during juvenile
development (Quigley ct al., 2004: Mellgren and Johnson. 2004;
Hultman et al., 2009).

Several zebrafish mutants in which melanophores are reduced or
completely absent have been collected (Streisinger et al., 1986;
Haffter et al., 1996: Kelsh et al., 1996 Lister et al., 1999). Mutations

characteristics involved in head and bod\ shape, pro(ccuon and
pattern diversity that evolved in this phylum over 550 million years
(Gans and Northcutt, 1983).

The pigment patterns observed in birds and mammals are duc to

variations in meclanin synthesis within a single type of
the melanocyte. However, iotes and reptiles

several chromatophore types. In mbraﬁle blnck
yellow and silvery iri

arranged in distinct patterns in the hypodermis during larval and

adult stages.

Although the carly melanophores contributing to the larval
pattern can be traced back directly to the migrating NC. the
ontogeny of the melanophores that compose the continuously
growing and expanding adult pattern during metamorphosis wecks
later remains unclear. As the NC is no longer present. these cells

display

TMax-Planck-Institut fir Entwicklungsbiologie, Spemannstr 35, 72076 Tabingen,
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in the colourless (cls) gene, which encodes the HMG-box
transcription  factor Soxl0, climinate all threc types of
chromatophores as well as glia and the peripheral nervous system
(Kelsh et al., 1996: Dutton et al., 2001). Mutations in genes such as
nacre (nac: mitfa— Zebrafish Information Network), sparse (spa kita
— Zcebrafish Information Network) and sparse-ike (slk) specifically
affect melanophores of the body whereas the other chromatophore
types are present (Kelsh et al.. 1996: Haffter ctal.. 1996: Lister ct al.,
1999). mitfa mutant fish lack all body melanophores throughout their
lives. mitfa encodes a helix-loop-helix transcription factor (Elworthy
et al.. 2003). mitfa is expressed in melanoblasts at all stages of
migration and differentiation (Lister et al.. 1999). Interestingly, mitfa
morphants, although completely deficient in carly larval stripe
formation. do recover and adopt normal larval and adult pigmentation
(Mellgren and Johnson. 2004). This finding and evidence from
(cmpcmmn:—scnsm\ ¢ nuya allclcs indicate that mitfa is not required

for or stem cells (Johnson et
al., 2011). In Ju\cmlc fish. a population of poslcmbnomc MPs
ing mitfa was described in the and iated with

the Schwann cells of the spinal nerve cs.and the DRGs (Budi et al.,
ZOII) Although the proliferation and migration of these MPs
gives rise to pigmented melanophores in the skin. the
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cmbryomc origin of postembryonic MPs remains unknown.
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