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SUMMARY

Waardenburg-Shah syndrome combines the reduced These cells die by apoptosis between 35 and 45 hours post
enteric nervous system characteristic of Hirschsprung’'s fertilisation. We provide evidence that melanophore defects
disease with reduced pigment cell number, although the cell in colourless mutants can be largely explained by
biological basis of the disease is unclear. We have analyseddisruption of nacre/mitf expression. We propose that all

a zebrafish Waardenburg-Shah syndrome model. We show defects of affected crest derivatives are consistent with a
that the colourless gene encodes asox10 homologue, primary role for colourless/sox1dn specification of non-
identify sox10 lesions in mutant alleles and rescue the ectomesenchymal crest derivatives. This suggests a novel
mutant phenotype by ectopic sox10 expression. Using mechanism for the aetiology of Waardenburg-Shah
iontophoretic labelling of neural crest cells, we demonstrate syndrome in which affected neural crest derivatives fail to
that colourless mutant neural crest cells form be generated from the neural crest.

ectomesenchymal fates. By contrast, neural crest cells

which in wild types form non-ectomesenchymal fates Key words:Danio rerio, Waardenburg-Shah syndrome,

generally fail to migrate and do not overtly differentiate.  Hirschsprung’s disease, Pigment cells, Melanophore, Apoptosis

INTRODUCTION (Attié et al., 1995; Edery et al., 1996; Hofstra et al., 1996;
Pingault et al., 1998; Puffenberger et al., 1994; Southard-Smith
The neural crest is a vertebrate tissue of developmental aetlal., 1999). Thus, mutations in loci encoding the G-protein-
medical importance. Developmentally, neural crest igoupled transmembrane receptor protein endothelin receptor B
intriguing because the cells are initially multipotent and(Ednrb) or its natural ligand endothelin 3 (Edn3) result in
subsequently form a great diversity of derivative cell typesaganglionosis of terminal gut in homozygous mutants
including ectomesenchymal fates, such as craniofacial skelet¢Baynash et al., 1994; Hosoda et al., 1994), as do heterozygous
and fin mesenchyme, and non-ectomesenchymal fates, suchnastations in theSry-related transcription factor gergox10
neurones, glia and pigment cells (Le Douarin, 1982; SmitliHerbarth et al.,, 1998; Southard-Smith et al., 1998).
et al.,, 1994). Medically, neural crest is important becausélomozygous Sox10 mutant animals show a more severe
some diseases, known as neurocristopathies and includipienotype with aganglionosis of the whole gut (Herbarth et al.,
diverse conditions such as albinism, neurofibromatosis antb98; Southard-Smith et al., 1998). Additionally, mutations in
Hirschsprung’s disease (aganglionic megacolon), affect cedlll these genes affect body pigmentation (Lane and Liu, 1984;
types derived from this tissue (Bolande, 1974). Mayer, 1965; Mayer and Maltby, 1964), but onBox10
Understanding the genetic and embryological basis afnutations result in widespread peripheral nervous system
neurocristopathies has depended on animal models. Thuwdefects (Herbarth et al., 1998; Kapur, 1999; Southard-Smith et
models for Hirschsprung’s disease, in which individuals haval., 1998).
few or no enteric ganglia in the colon, or the related The Sox gene family encodes a large family of transcription
Waardenburg-Shah syndrome, in which individuals combinéactors, with vertebrates likely to have more than 20 Sox genes
Hirschsprung'’s disease with pigmentary anomalies of the skimach (Wegner, 1999). Their precise roles are not well
hair and irises, have been described in several speciagyderstood, although many are presumed to function in cell
including mouse and zebrafish (Hosoda et al., 1994; Kelsh affidte specification (Pevny and Lovell-Badge, 1997). For
Eisen, 2000). Analysis of such models in mice has identifiedxample, the founding family membe3yy, is likely to be
three loci that are crucial for Waardenburg-Shah syndromeesponsible for Sertoli cell specification, and thus male sex
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determination, in mammals. Whil&ox10 is clearly an Heterozygous Fwere incrossed and separate poolsydfdmozygous
important transcriptional regulator in neural crest cell (NCCYls fish and their wild-type siblings were used for simple sequence
development, the cellular basis of Bex10mutant phenotype length polymorphism analysis (Knapik et al., 1996). Linkages from
remains unclear. It has been suggested that peripheral nervd)@ pools were confirmed and refined by genotyping individual
system and pigmentation defects result from loss of NCC&MPYos, as described by Rauch et al. (Rauch et al., 1997).

(Southard-Smith et al., 1998; Kapur 1999), although thes|ation, sequencing, phylogenetic analysis and radiation
developmental status of these cells at the time of l0ss |§brid mapping of zebrafish  sox10

unknown. Furthermore, roles in defining regional identity ingT.pcR was performed using total RNA of 19 hpf stage wild-type
the cranial neural crest and in glial cell differentiation have alsgmpryos using published conditions and degenerate primers (Yuan et
been proposed (Bondurand et al., 1998; Herbarth et al., 1998;, 1995). Sequencing of resulting clones identifiedoal0like
Kuhlbrodt et al., 1998a; Pusch et al., 1998; Southard-Smith etquence. Theox10clone was extended by RACE PCR using gene-
al., 1998; Britsch et al., 2001). specific primers (Clontech, SMART RACE kit) and sequenced on an

Mutations at thecolourless(cls) locus have been identified ABI DNA sequencer. All primer sequences available on request. The
in zebrafish mutagenesis screens (Kelsh et al., 1996; Malicfyll S0x10 cDNA sequence is available in Genbank (Accession
et al, 1996). We have previously characterised the cre mber AF402677. The zebrafishbx10homologue was mapped on

At ; . the radiation hybrid panel LN54 (Hukriede et al., 1999) by PCR with
derivative defect displayed lzys mutants (Kelsh et al., 2000a; fimers BACCGTGACACACTCTACCAAGATGACC.3 and &

Kelsh and Eisen, 2000), noting extensive loss of pigment Cells xr ATAAAATTTGCACCCTGAAAAGG-3, which generate a
and enteric nervous system, together with large reductions §1p, 3 UTR fragment.

sensory and sympathetic neurones and putative satellite gliaror phylogenetic analysis sequences were extracted from Genbank
and Schwann cells. By contrast, we found little effect omnd coding sequences automatically extracted using Genetrans (within
ectomesenchymal derivatives, craniofacial skeleton and fi@CG9). These were translated and then aligned using ClustalX
mesenchyme. Based on the severity and details of tH&hompson et al., 1997). The nucleotide alignments were
phenotype, we proposed thels functions in specification, reconstructed from the protein alignments using MRTRANS

proliferation or survival of a progenitor(s) for all non- (www.hgmp.mrc.ac.uk/Registered/Option/mrtrans.html). Tree-szzIe
ectomesenchymal crest derivatives. (v 4.0.2) was used to construct an unrooted tree by maximum

The cls phenotype, and the cell-autonomyote gene action likelihood (Strimmer and von Haeseler, 1996). It automatically

Lo - assigns estimations of support to each internal branch, figures for
in pigment cell types (Kelsh and Eisen, 2000), suggeseto which are presented in the figure. To model the substitution process

as a candidate gene. We provide an experimental test of thig Tamura and Nei (Tamura and Nei, 1993) model was employed and
hypothesis. We report the mapping of telocus and cloning g sites were used. Gamma distributed variation in rates of evolution
of a zebrafistsox10homologue. We show linkage betweds  was permitted with eight variable sites and one invariable. Parameters
andsox10Q identify sox10esions in four mutant alleles and show were estimated using quartet sampling and the neighbour-joining tree.
rescue of thels phenotype bypox10expression. In addition, we o
describe iontophoretic labelling experiments to examine thgharacterisation of mutant  sox10 alleles

precise cell-biological role afls/sox10gene function in neural Total RNA from 27 hpf homozygous embryos of mutant alleles
crest development. We show in live embryos that NCC clones S cls"# andcls*! was prepared using TRI reagent (Sigma).
cls and wild-type embryos differentiated into ectomesenchym irst strand cDNA was generated using random hexamers and

. . . . - uperscriptll RT (GibcoBRL). For each allele four overlapping RT-
fates after migration to appropriate sites. Remaining NCC cIonerCR fragments were sequenced to identify mutant lesionst3For

adopted non-ectomesenchymal fates in wild-type embryos. Byenomic DNA was extracted from individuz&® mutant embryos, a
contrast, ircls embryos differentiation to non-ectomesenchymalgenomic fragment encoding the N-terminal of the Sox10 protein was
fates was rarely observed. Instead, most clones failed to migraigpliied by PCR and sequenced commercially (Oswell,
and underwent late cell death by an apoptotic mechanisrBouthampton). Thé3 insertion sequence is available in Genbank
Finally, for the melanophore fate, we show disrupted expressidAccession Number, AF404490).

in cls mutants of genes vital for melanophore specification an . o .
opic expression in zebrafish embryos

he full coding region otls™618was amplified by RT-PCR using
imers Clal-S21 (B3-CCATCGATACCTACCGAAGTCACCTGT-

migration. Together, these data demonstrate a complex pheno
in clsembryos that can be explained by proposingdiséatox10

has a primary role in specification of non-ectomesenchymal fate%rG_g) and S27Xbal (5-GCTCTAGAGTTTGTGTCGATTGTGG-

Defects in cell migration, survival and d|fferent|at_|on .‘.areTGC-s‘). The 1615bp fragment was subcloned intoGled/Xbal site
therefore likely to be secondary consequences of an inability @f the heatshock vector pCSHSP (Halloran et al., 2000) to generate
these cells to adopt specific fates. hs>s0x10(L142Q) The wild typesox10 construct, hssox1Q was
generated by site-directed mutagenesis ofstis:0(L142Q)using
QuikChange Site Directed Mutagenesis Kit (Stratagene). Sequencing
confirmed the successful generation of both clones. DNA purified for
injection using Microcon Filter Devices (Millipore) was diluted to a

) concentration of 25 ngl, with 0.1% Phenol Redclsm618 or their

Fish husbandry wild-type siblings were injected with 2 nl of either Bsx10or
Embryos were obtained through natural crosses and staged aCCOde@%oxlO(LMZQ)at the one- to two-cell stage and incubated at
to Kimmel et al. (Kimmel et al., 1995). We usedlidalleles M618 28 5C. As appropriate, embryos were heatshocked twice (at 10-13

MATERIALS AND METHODS

t3, tw2 andtw11). hpf and 22-24 hpf), by incubation at°g7for 1 hour.cls embryos
) were scored for rescue at 48 hpf using a MZ12 dissecting microscope
Mapping of cls (Leica). Rescue was defined as the presence of at least one

clsW11 heterozygous fish (Tulbingen background), were crossed tmelanophore of wild-type morphology; these are never seen in
wild-type strain WIK11 to produce a reference mapping crossuninjected mutant embryos.
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lontophoretic labelling and clonal analysis of single neural type siblings and morphants. Probes for the following genes were
crest cells used: nac/mitf (Lister et al., 1999)spa/kit (Parichy et al., 1999);
lontophoretic labelling of individual neural crest cells was performecdopachrome tautomeragect) (Kelsh et al., 2000b)jIx2 (Akimenko
using essentially the method of Raible et al. (Raible et al., 1992%t al., 1994);forkhead 6(fkd§) (Odenthal and Nuesslein-Volhard,
except that micropipette tips were filled with 3% lysinated rhodamind 998). S . .

dextran and 3% biotinylated dextran (bothx1G® My, Molecular Antibody staining with anti-Hu, mAb 16A11 (Marusich et al., 1994),
Probes) mixture dissolved in 0.2 M KCI and the needles backfilledas performed using peroxidase-antiperoxidase (VECTASTAIN
with 0.2 M KCI. Embryos from heterozygotes fds allelest3, tw2  Elite ABC kit) and DAB substrate.

and twllwere used; no phenotypic differences between these alleles
were seen, so we do not distinguish them here. Individual NCCs we ESULTS
labelled by intracellular injection with dye. Premigratory cranial cres

cells, between the posterior eye and the anterior boundary of somite .

1, were labelled in 4-14 somite (11-16 hours post fertilisation, hpf?/S and a zebrafish sox10 homologue map to the

embryos, while premigratory trunk NCCs at the level of somite 7 weréame region of Linkage Group 3

labelled in 16-22 somite (18-20 hpf) embryos. Premigratory trunkThe strong phenotypic similarity betwesox1®°™ mice and
hpf) embryos. Embryos were recovered and raised for several ho%andidate gene forls. We used RT-PCR to clone a partial

at 28.5°C in embryo medium with 1% v/v penicillin/streptomycin . -
solution (Gibco). Embryos were remounted and examined to identif?oxlonke HMG box and RACE RT-PCR to cloné and 3

those with only a single labelled NCC; only these embryos wer egions. Sequencing these clones r_evealed an open reading

analysed. rame encoding aox10homologue, which we refer to asx10
Labelled cells were monitored using Nomarski and fluorescencé™ig. 1A,_B)- ) i o

optics on a BX50WI microscope (Olympus), and documented on a Genetic mapping of 274 meioses placéson LG 3 within

Eclipse E800 microscope (Nikon) using low light level, video-a 3.9 cM interval between markers z872 and z13387 (Fig. 1C).

enhanced fluorescence microscopy. Labelled cells were monitoréflvo oligonucleotide primers amplified a 931 bp fragment

twice daily for up to 3 days until progeny could be identified usingfrom zebrafish, but not from control mouse genomic DNA.

published morpho!qglcal criteria (Raible and Eisen, 1994; Ram'?\mplification from the DNAs in the LN54 radiation hybrid

et al.,, 1992; Schilling and Kimmel, 1994). Thus, melanophoreEapping panel (Hukriede et al., 1999) with these primers

contained melanin granules; xanthophores were visibly yellow an
autofluoresced at a wavelength near that of fluorescein; iridophoresappedsoxlOto LG 3, OcR from the marker 28492 (LOD

contained iridescent granules; dorsal root ganglial neurones Wep&ore—l?.ﬁ, F_'g' _1C)' The_ str_lklng "”kf?‘ge @$ and s_oxlO
identified by position ventrolateral to the neural tube combined witfogether with in situ hybridisation experiments showsng10

a visible neurite; sympathetic neurones were positioned ventral afgKpression in neural crest (see below), strongly supported our
lateral to the notochord and showed neurites; Schwann cells webypothesis thatls might encodesox10

elongated and positioned along axonal processes, e.g. trigeminal

nerve; satellite glia were associated with the ganglionic sheath &0x10 is disrupted in cls mutants

appeared to be wrapped around neuronal stomata; craniofaci@le used RT-PCR to amplify tls®x106coding region from 27
cartilage formed characteristic stacks of vacuolated cells in the jaw %pf homozygous mutants of @s alleles. Sequencing these

gill arches; fin mesenchyme occupied a position within the dorsal iR products identified sequence differences from wild-type
fold and showed characteristic asymmetric organisation of prOJectlorg

(Smith et al., 1994). Cells which could not be assigned to any of th %nlsz's'[?rm W'Itlh I therE causnETthe m“tar?t pheno}y'pe .(F'g'
described groups, owing to their position in regions of limited optical-="’ ). Two alleles show a}n transyersmn, resulting In .
resolution or lack of distinctive morphologies, were classified ag Premature Stop codon; the third is a non-conservative
‘unidentified’. In cranial regions, these cells undoubtedly includedsubstitution (L142Q) of a fully-conserved residue in the HMG

cells of connective tissue fates (Schilling and Kimmel, 1994). domain. A fourth allelet3, showed highly reduced RNA
expression using a’' probe for whole-mount RNA in situ
TUNEL hybridisation. PCR from genomic DNA identified a 1.5 kb

TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediatedinsertion in allt3 mutants that was not present in wild types.
deoxyuridinetriphosphate (dUTP) nick end-labelling) of dOUb|e'Sequencing genomic DNA from3 homozygotes identified a

strand DNA fragmentation was used to confirm apoptosis in cells Witﬁ_397 bp insertion with sequence homology to a transposon
apoptotic morphologycls® and their wild-type siblings were fixed cr%

overnight at 4°C in 4% paraformaldehyde and TUNEL performe rsrt] 'Eer;\;'f'elg In ? TUtiggz ta_lllhalle_le (dt‘?ta F“;‘ Sho}Nn;th
using fluorescein dUTP and developed using 4-Nitroblue tetrazoliu chuite-Merker et al., )- € Insertion nterrupts the
chloride and 5-Bromo-4-chloro-3-indolyl-phosphate  (BoehringerS0X106coding sequence upstream of the HMG domain and

Mannheim; Reyes, 1999). adds eight novel amino acids before prematurely truncating
o the protein (Fig. 1D).
Morpholino injections To test further whethezls encodesox1Q we attempted to

AB wild-type embryos at 25, 30 and 35 hpf were injected with eitherescue thels phenotype with ectopisox10expression under
a high (16.5 ng) or low (9 ng) dose of a morpholino designed to knockeat shock control. We took advantage of the consistent
down;oxlo as dgscrjbed previously (Dutton et al., 2001). Effects orypsence of large, stellate melanophores in egtsrgmbryo.
nadmitf expre__%?lon In njelanoltl)la_sts at hZE?f h?fh""ere ‘E".aluateﬁ ?Ectopic expression of wild-typesox10 rescued 1-40
ggugggggggg}'tégéﬁrggzg'g cells in-one half of the trunk in each o melanophores to a wild-type morphology in 48%ctsM618

' mutants, while ectopic mutasbx10(L142QYailed to do so
Whole-mount in situ hybridisation and antibody staining (Table 1; Fig. 2). Furthermore, whibés melanophores always
RNA in situ hybridisation was performed as described by Kelsh anfémain dorsal to the neural tube, rescued melanophores
Eisen (Kelsh and Eisen, 2000), dgM618 clsWllandcls®, their wild-  frequently migrated, even to very distal positions (Fig. 2).
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Fig. 1.A zebrafishsox10homologue maps to the region of ttis Table 1. Rescue ofls phenotype using ectopicox10
locus. (A) Sequence comparison of predicted zebrafish Sox10 expression

homologue (44, 45 and 60% identity to mouse Sox8, Sox9 and
Sox10, respectively). Blocks of identity corresponding to all
proposed functional domains can be seen, including the HMG

Mean number of
Heat Injectectls Rescueals™ melanophores per

) . . =T ) . Construct shock that survived (% rescued) rescued embryo
domain (red underline; 95% amino acid identity), N-terminal
synergy domain (1-105; 48% identity), dimerisation domain (66-105';2:2%%8 + Zg i‘; ggg* 153
78% identity), C-terminal transcriptional activation domain (395- hs>sox10(L142Q) : 122 0(0) 0

485; 76% identity) and a domain C-terminal to the HMG domain
corresponding to a putative protein-protein interaction domain (234- A similar degree of leakiness with this promoter has been reported by
325; 64% identity; Bondurand et al., 2000; Kuhlbrodt et al., 1998a; Lister et al. (Lister et al., 1999): note that the degree of rescue is much less in
Kuhlbrodt et al., 1998b; Liu et al., 1999; Peirano and Wegner, 2000)the absence of heat shock.

(B) Maximum likelihood phylogenetic tree of subgroup E Sox genes:
Zebrafishsox10clusters within thé&Sox10clade of vertebrate Sox
genes. The Accession Numbers for the sequences are as follows:

on the medial pathway is organised in segmentally arranged

chickenSox8(AF228664); trouSoxP1(D83256); mous&ox8 clusters adjacent to the notochord, presumably developing
(AF191325): humaBOX8(AF226675); frogSox9a(AB035887); Schwann cells associated with the segmental nerves (Fig. 3Q);
alligator Sox9(AF106572); trouSox9(AB006448); zebrafissox9a sox10expression is lost from this site by 48 hpf. Although
(AF277096); zebrafishox9b(AF277097); chickerSox9 NCCs are found extensively on the lateral pathway from 24 hpf
(AB012236); pigSox9(AF029696); humaisOX9(246629); (Raible et al., 1992), counts sbx10expressing cells show
zebrafistrsox10(AF402677); chickerBox10(AF152356); mouse that expression was essentially absent from cells on this
Sox10(AF047389); raSox10(AJ001029); humasOX10 pathway (Fig. 3M,N). This demonstrates the rapid

(NM_006941). (C) Mapping using the LN54 panel plaseg10on

LG 3 in the region of thelslocus identified using microsatellite downregulation ofsox10 from pigment cell precursors, as

markers (we found four recombinants betweksrand z13387 in 274 N.CCS on this pathvx_/ay form' only' pigment cells (Raible and
meioses). Note that z8492 was not polymorphic and could not be E_|Sen, 1994). Consistent with this, xanthophores an_d most
analysed in the mapping cross. (D) Schematic to illustrate changes pigmented melanophores show no detectatie Oexpression
Sox10 mutant proteins. ris"618a T425A substitution resultsina ~ (Fig. 3L), although some weakly expressing melanophores
non-conservative change (Leu142GIn) within the HMG domain were noted at earlier stages (Fig. 3K). Expression was not seen
(red). InclsW2 andclsW1l a A1126T substitution introduced a Stop  in fin mesenchyme nor olix2-expressing craniofacial cartilage
codon truncating the protein just N-terminal to the transactivation precursors (Fig. 3D,E), although differentiating jaw cartilage
domain (blue). Insertion of a 1.4 kb transposon at the site indicated shows weak expression by 60 hpf (data not shown). Cells
by the arrow in A disruptsox10in cls® and introduces a C-terminal  gypressingox10accumulated in clusters corresponding to the
e I et b i pocecr Joming craml ganglia and extending along the posierior
- - o C i mE1s ateral line nerve by pf (Fig. 3F,H), in a pattern reminiscent
Zﬂg\évlsr:x; leotide changes affectisgx16coding regions irels™ of fkd6 expression (Kelsh et al., 2000a), suggestingsbai 0
is expressed in satellite glial and Schwann cells. Consistent
with this interpretation, double labelling with anti-Hu antibody
sox10 expression is disrupted in  cls mutants confirmed the non-overlapping expressionsok10and this
We used in situ hybridisation to examisex10expression in  neuronal marker (Fig. 3J30x10is maintained in developing
wild-type andcls embryos. In wild types, expression was first Schwann cells on the posterior lateral line nerve up to 60 hpf
detected at the one-somite stage in cells in the lateral neufdlata not shown)sox10expression was prominent in enteric
plate (data not shown). Throughout somitogenesis stageservous system precursors at 60 hpf (Fig. 3S).
strongsox10expression was seen in premigratory NCCs and At early stages, premigratory crest showed equivalent
extended progressively more caudally in older stages (Fig. 34atterns ofsox10positive cells in wild-type andls*!! and
C,F). Double RNA in situ hybridisation studies show that therels™618mutant embryos. Counts at 24, 30 and 35 hpf revealed
is extensive, but incomplete, overlap s6x10and fkdg, a  that although in wild typsox1Gexpressing cells were rapidly
marker expressed widely in premigratory NCCs (Fig. 30,Plost from the premigratory position, they remained here in
(Odenthal and Nuesslein-Volhard, 1998px10 expression cls™618 mutants; by contrassox10expression in migrating
was maintained in some migrating NCCs on the mediarunk NCC was broadly comparable between wild type and
migration pathway (Fig. 3C,F). By 30-40 hgufx10expression  cls™618 mutants (Fig. 3M,N). Additionallycls mutants were

A __ S| - B Ve *
Fig. 2.cls phenotype is rescued by ectopir - - V. o w2 &
sox10expression. Wild-type embryos sho Mﬂ' "b -

D

A

many large, strongly pigmented
melanophores at 48 hpf (A; close-up of a

i ——
=
region in D), while hssox10(L142Q)- ' '
injectedclsM818mutants (B) show only tiny ~ e {.R"’# *

melanised spots in position of premigrato
NCCs (arrowheads). (C,E,F) By contrast,
clsm618embryos injected with hsex10and
heat-shocked, show mosaic rescue of melanophores. This embryo showed one rescued melanophore in the dorsal stripeirf*theC), two
ventral stripe (arrows in C; close-up in E) and one on the yolk sac (F). Scale bam 112%-C; 70um in D-F.
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Fig. 3. Embryonicsox10expression in
wild-type andcls embryos.

(A,B) sox10is expressed in most
cranial (A; five-somite stage) and tru
(B; 14-somite stage) premigratory
NCCs; double mRNA in situ
hybridisation withfkd6 (O, purple) anc
sox10(P, green) in a six-somite stage
embryo reveals extensive overlap,
although some individual NCCs lack
sox10(arrowheads). (C) 18-somite
stage embryo shows strong expressi
in premigratory (black arrow) and
migrating (asterisk) NCCs and otic
vesicle (0). (D,E) Double mRNA in
situ hybridisation withdIx2 (D, purple)
andsox10(E, green) in 29 hpf stage
embryos shows absencesoix10
expression in developing branchial
arches (1-5). (F) By 24 hpf in wild
types, strong expression is associate
with cranial ganglia (white
arrowheads) and posterior lateral lint
nerve (black arrowhead; enlarged in
inset), otic vesicle (0), migrating NC(
throughout trunk (asterisks) and in
premigratory crest (arrow). (G) At 24
hpf in cls mutants, expression in the
head is clustered (white asterisks) ai
cranial ganglia have reduced labellin
(white arrowheads). Cells expressing
sox10extend along the posterior late
line nerve (arrowhead and inset).
Rostral trunk shows some migrating
cells (black asterisk), bsbx10
positive cells are clustered dorsal to
neural tube (arrows) in trunk and tail
(H,I) Combinedsox10in situ
hybridisation (purple) and anti-Hu
antibody labelling (orange) shows
strongsox10expression associated
with wild-type (H) posterior lateral lin
ganglion (g), much reduced ats
mutant (I). (J) In transverse section ¢ i _
wild-type ganglion (approximate pre MP LP pe MP LP

position indicated by white line in H),

sox10expression is strong peripherally (non-neuronal cells), but absent centrally (neurones). (K,L) 36 hpf wild-type embryoakshow we
expression in some melanophores, but not all. Thus, weak expression (arrowhead) is seen in some cells of the dorsalustnipeifidells

on the yolk sac (L). (M,N) Number sbx10expressing NCCs in different locations (premigratory, pre; migrating on medial pathway, MP;
migrating on lateral pathway, LP) of trunk and anterior tail (somites 1-20) at 24 (M) and 30 hpf (N) in W3 raothnts. (Q,R) Segmentally
arranged lines aox10positive cells lying adjacent to the notochord (no), presumably glia, are abundant in wild type (Q) and only weakly

affected incls mutants (R) at 40 hpf. (S,T) Transverse section of trunk of 60 hpf wild-type embryo (S) shows enteric nervous system expression

(arrowheads) lateral to the gut (g), abserismutant (T). e, eye; m, muscle; s, somite; vs, ventral stripe melanophores. All images are lateral
views, rostral towards the left, dorsal upwards, except dorsal views of A,K,O,P. Scale ham 204; 50um in B,H-I,K-L; 120um in C;
75um in D,E; 150um in F,G; 35um in J; 65um in O,P; 55um in Q,R; 45um in S,T.

distinguishable from 24 hpf by the clustered, not scatteredhowed reduced expression in the putative Schwann cells
distribution ofsox10positive cells in the head (Fig. 3F,G) and found as segmental clusterssok10positive cells (Fig. 3Q,R).

a variable reduction in the number siix10positive cells in  Enteric nervous system precursors were absent at 60 hpf (Fig.
cranial ganglia and on cranial nerves (Fig. 3H,l). By 35 hpf3T) in cls mutants.

cls mutants were readily distinguished from wild types by their In contrast to the other mutant alleles examineld3
reduced number ofox10positive cells, concentrated in a mutants consistently show highly reducsaix10 transcripts
premigratory position dorsal to the neural tube or clusteredthen examined using thé Sox10probe at all stages. When
near the posterior lateral line ganglia; putative Schwann cellsxamined using a probe lying ® the insertion sitesox10
were missing from the posterior lateral line neslemutants  expression levels were comparable with those in other mutant
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Table 2. Fates of single neural crest cells injected with lineage tracer

Trunk (somite 14) Cranial*
Wild type colourless Wild type colourless
Fate Number Percentage Number Percentage Number Percentage Number Percentage
Ectomesenchymal
Cartilage - - - - 6 7 2 6
Fin mesenchyme 5 7 2 8 - - - -
Non-ectomesenchymal
Pigment
Melanophore 26 34 - - 12 14 - -
Xanthophore 9 12 9 16 12 14 P 21
Iridophore 3 4 - - 2 2 - -
Mixed pigment 10 13 - - - - - -
Neural
Cranial ganglia - - - - 9 11 - -
Dorsal root ganglia 6 8 - - - - - -
Sympathetic neuron 3 4 - - - - - -
Schwann cell 1 1 - - - - - -
Mixed neural 5 7 - - - - - -
Mixed pigment/neural
Melanophore
+ Dorsal root ganglia 1 1 - - - - - -
Other
Died 1 1 18 76 11 13 18 45
Unidentified 5 7 - - 33 39 9 27
Total 75 100 25 100 85 100 33 100

*All progeny within a single clone adopted the same fate in every case, as shown previously (Schilling and Kimmel, 1994).

*Only single injected cells that survived and were identified as NCCs in the afternoon on the day of labelling are inclodetheFaeepresent the number
of clones whose cells adopted the indicated fates, using the criteria outlined in the Materials and Methods.

SAll xanthophores identified iols embryos subsequently died; hence in total, 23 (92%) and 22 (66%) cells died in the somite 14 and cranial samples.

fMixed neural fates include clones with both neuronal and glial derivatives.

alleles, suggesting that insertion of the transposon does ndbnes inclsembryos (45/49; 92%) died late on the second day
disrupt transcription of'Ssequences (data not shown). (~35-45 hpf). Most showed no sign of morphological
Outside neural crestsox10 expression was particularly differentiation or pigmentation (34/49; 69%). The only
strong in otic placode and otic vesicle, and from 11-somitexception, clones that developed some xanthophore
stage onwards (Fig. 3C,FH), was detected in pectoral fin arqmigmentation (11/49; 22%), always had abnormal morphology,
in some spinal cord cells from 36 hpf. Expression in the edveing rather rounded and blebbed, and died soon after
was significantly weaker icls mutants by 40 hpf (data not differentiation (Fig. 4N). A series of single cell injections in

shown). NCCs at the axial level of somite 7 gave similar results, with
92% ofcls cells dying by around 48 hpf, in contrast to only

cls non-ectomesenchymal neural crest cells die 2% in wild-type siblings (data not shown); note that at this

prior to differentiation axial position no ectomesenchymal fates have been reported

Previous characterisation ofs embryos catalogued a strong (Raible and Eisen, 1994). Our results are consistent with the
reduction in non-ectomesenchymal neural crest derivativesevere reduction in differentiated non-ectomesenchymal fates
(Kelsh and Eisen, 2000). To analyse the cell biological basis cls embryos and suggest that extensive NCC death is
for loss of these neural crest derivatives, we used iontophoretissociated with thels phenotype.

labelling of single NCCs. We labelled premigratory NCCs in o )

cls mutants and their wild-type siblings in two regions thatNon-ectomesenchymal crest derivatives die by

generate ectomesenchymal fates, and scored them for tABOPtosis during a discrete time-window

fate(s) adopted by their progeny (Table 2). In wild-typeThe morphological appearance of dying cells in our clonal
embryos, almost all (148/160; 93%) labelled cells survive@nalyses suggested an apoptotic mechanism of death. We
throughout the experiment, and all major derivatives, botltombined TUNEL with biotin-detection of the labelled clone
ectomesenchymal and non-ectomesenchymal, were identifiédeach of fivecls embryos and showed that the dying cells had
among the clones. Consistent with our previous analysefagmented DNA (Fig. 4A-C). We conclude that many non-
labelled cells generated a similar proportion ofectomesenchymal clones afs embryos die by an apoptotic
ectomesenchymal fatesdts mutants (4/58; 7%) and wild-type mechanism.

siblings (11/160; 7%). Furthermore, evercla mutants, cells Analysis of cell survival in our cranial NCC data set shows
in these clones migrated and differentiated normally. In wildthat death of labelled NCCs occurs within a relatively discrete
type embryos, most cells where fates were identifiabléime-window (Fig. 4L). In bothcls and wild-type embryos,
(111/122; 91%) differentiated into recognisable non-around 10% of labelled clones had died by the morning after
ectomesenchymal derivatives. By contrast, most identifiablamjection. In wild-type embryos, the number of surviving
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Fig. 4.NCC death ircls embryos.
(A-C) NCC clones die by an apopto
mechanism irtls embryos. Lateral
views of 40 hptlsembryo in which
two daughters of a single labelled
NCC contributed to the posterior
lateral line ganglion, lying just
posterior to the otic vesicle (0). In tt
live embryo, both cells show blebbe
morphology typical of apoptotic cell
when viewed with Nomarski optics
(A). After fixation and processing fo
TUNEL (B) and detection of the
biotinylated-dextran lineage-tracer
(C), visible TUNEL signal of these
clonal cells indicates DNA
fragmentation characteristic of
apoptotic cells. (D-K) Whole-mount
TUNEL shows NCC apoptosis @is
embryos. Lateral views of dorsal
spinal cord (sc) in tail of 30 (D,H), 3
(E,I), 40 (F,J) and 45 (G,K) hpf
embryos show apoptotic NCCs
immediately dorsal to the spinal cor
from 35 hpf incls (arrowheads, D-G)
but not wild-type (H-K), embryos.
Scattered TUNEL-positive cells are
prominent in dorsal spinal cord (*) ¢
clsembryos (E-G); these are
occasionally seen in wild-type W e R A

siblings at these stages (data not s asit s

shown). df, dorsal fin. (L) Time-

course of labelled single cranial NCC clone survivall@mutants and their wild-type siblings. Percentage of surviving clones is given at each
of the five standard time points when embryos were examined. The time points correspond to approximately 16, 32, 40,56 and 64 h
respectively. The first time point includes only single labelled NCCs based on examination within a few hours after |aeeléryfds

further details. (M,N) Wild-type xanthophores (arrows) at 48 hpf have a very flattened, thin morphology and are only wasddy(tt)o

while a dyingcls xanthophore (arrow) shows characteristic apoptotic morphology and concentrated yellow coloration, which was usually
visible by 35 hpf (N). Scale bar: 1@@n in A-C; 50um in D-K; 75um in M,N.

Parcent of Total Surviving

clones was essentially unchanged at later times. Howevenigrated normally), only 2/31 (6%) of cranial NCCs appeared
in cls mutants, the number of surviving clones droppedo migrate away from their initial positions. At the level of
precipitously to only 40% within the period of around 5-10somite 14, all wild-type labelled cells left the premigratory
hours between the two observational time-points on the secoagea, and more than 75% migrated at leagriOfrom their
day after labelling (equivalent to ~40 hpf), but then remainedriginal position. Only fin mesenchyme clones migrated
constant. We interpret the early (overnight after injection) losgaormally in cls mutants. Of the remaining clones, only 4/23
of wild-type andcls clones as representing death due to(17%) migrated away from the premigratory crest; another cell
damage during labelling. The subsequent late loss of clones éxtended towards the horizontal myoseptum, but maintained
clsembryos corresponds to the time of appearance of apoptotiontact with the premigratory area. Of these five cells, two
cells and we attribute this to tleés phenotype. migrated on the lateral pathway, but underwent apoptosis after
To examine the extent to which apoptosis contributes to theoving about half way to the horizontal myoseptum. The other
cls phenotype, we used whole-mount TUNEL to examinehree cells migrated on the medial path. In one case, the cell
apoptosis of NCCs (Fig. 4D-K). We saw a notabledid not divide, migrated to a position appropriate for a dorsal
concentration of apoptotic cells dorsal or dorsolateral to theoot ganglion, then died before overt differentiation. The other
neural tube incls embryos, but not in wild-type control two cells divided once; in each clone, one sister cell remained
embryos. A timecourse of TUNEL between 20 and 60 hptlorsal to the neural tube, and may have been an extramedullary
indicated that cell death in NCCs becomes apparent by 35 hpéll (Kelsh and Eisen, 2000), while the other migrated to

and continues to approximately 45 hpf. a dorsal root ganglial position, but failed to undergo

] . axonogenesis, consistent with the impaired touch response of
cls neural crest cells fail to migrate before 5 dpf larvae. We obtained similar results for labelled NCCs
undergoing apoptosis from the region of somite 7 (data not shown). This direct

Our in vivo clonal studies revealed that, while wild-type NCCsobservation of failed NCC migration icls embryos is
migrated extensively on both medial and lateral pathwayssonsistent with our observation @ét-expressing melanoblasts
most cls NCCs failed to leave the premigratory crest areaandsox10expressing NCCs concentrated dorsal to the neural
Thus, excluding ectomesenchymal derivatives (which alwaysibe in mutant embryos (Kelsh et al., 2000b) (this work).
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cls mutants and sox10 morphants fail to express [ — )
genes critical for melanophore specification and 1 ",'l,’" 2. ol ame
L L n

migration

cls mutants combine an extensive failure of NCC migratior

with late apoptotic death of non-ectomesenchymal derivative:

Three recent studies suggested a possible molecular gene

mechanism for these aspects of the phenosparse(spa, a

kit homologue, is crucial for survival and migration of

melanophores and melanoblasts (Parichy et al., 1999; Kelsh

al., 2000b) andhacre (nac), a microphthalmia transcription

factor (mitf) homologue, is crucial for melanophore

specification and required fapa expression (Lister et al.,

1999). We used in situ hybridisation at 20-35 hpf to asl

whetherspaor nac expression was disrupted abs embryos

(Fig. 5). We found that botlpa and nac expression were w&w‘;a

absent from NCCs, even at a time when naoipositive cells

are present, suggesting that ttis melanophore phenotype 1

might result from loss ofhac expression. By contrasgpa

expression in intermediate cell mass aadexpression in the i

pigmented retinal epithelium are unaffectectisimutants.

We have recently shown that injectionsafx10morpholino s dct det

oligonucleotides phenocopies thels mutant phenotype

(Dutton et al.,, 2001). The morphant phenotype varie&ig. 5.cls mutants lackacandspaexpression. Lateral views of

depending upon the amount of morpholino injected, with higttaudal trunk of 25 hpf wild-type aruds embryos after in situ

doses phenocopying all aspects of the phenotype of the strohypridisation withnac(A,B), spa(E,F) anddct(G,H) probes.

cls alleles. Injection of lower doses results in a phenocopy dfC.D) nac/mitfexpression is decreased weakly (C) or strongly (D)

the weakcls allele phenotype, with embryos showing someafter injection with either a low or high dose, respectivelgol0

melanophores, concentrated in dorsal positions (Dutton et af"°"Pholino. n, neural tube; y, yolk sac. Scale bapfs

2001; Malicki et al., 1996). The numberrafc/mitfexpressing

cells in embryos |njected with a low dosesok10morpholino o

(median number=78n=20) is significantly higher than in (Kelsh et al., 1996; Malicki et al., 1996) (data not shown).

embryos |njected with a h|gh dose (med|an numbernggo These conS|derat|0ns combined Wlth the SImI'arlty of these

Mann-Whitney U-testP<0.05; Fig. 5C,D), consistent with the Phenotypes with the maximal morphant phenocopy generated

differences in melanophore phenotype. with a sox10morpholino, lead us to suggest that these alleles
are all likely null alleles. Analysis of the activities of these
mutant proteins will be interesting to test this proposal.

DISCUSSION Zebrafishsox10 expression is consistent with cell types
affected incls mutants and strongly reminiscent of that in

Studies in mice have led to identification ®x10as a key mammals. We have taken advantage of the higher resolution of

gene in human Waardenburg-Shah syndrome. We have showsuch studies in zebrafish, to define more precisely the extent of

that the zebrafishls locus is asox10homologue predicted to sox10expression throughout the neural crest at different stages.

encode a protein with all the major domains identified inn wild type, expression is extensive in premigratory neural

mammals (Fig. 1). We have identified the molecular lesiomrest, but comparison witfikd6é expression shows that a

likely to cause the mutant phenotype ircld alleles. In two  minority of premigratory NCCs lacksox10 expression.

cases, tw2 and twll, both originating from the same Expression persists in some migrating cells on the medial

mutagenised male (Haffter et al., 1996; Kelsh et al., 1996), thmigration pathway, but is rapidly downregulated in

lesions are identical and are presumably independent isolatiod#ferentiating pigment cells. Glia of the developing peripheral

of the same allele. The zebrafish Lys376Stop lesions resembiervous system show strong expression, as has also been

the human059 allele (delGA) in lacking the transactivation described in mice (Kuhlbrodt et al., 1998a; Britsch et al.,

domain, although they lack the C-terminal extension present 2001). Crest cells in forming branchial arches and fin

the human allele. In transient transfection assays human OB%senchyme do not show expression, in agreement with

mutant protein has been shown to have no transcriptionatouse, but not human, expression studies (Bondurand et al.,

activation (Bondurand et al., 2000; Kuhlbrodt et al., 1998b; Liul998; Kuhlbrodt et al., 1998a; Southard-Smith et al., 1998).

et al., 1999). Then618allele substitutes Leul42 in the secondLate expression in cranial cartilages is intriguing, but will

alpha helix of the HMG domain and there is no similarrequire further study to evaluate its roleclamutants sox10

mammalian mutation. The3 allele results in a severely expression in premigratory NCCs is initially unaffected but,

truncated protein that lacks both the DNA-binding andunlike in wild-type siblings,sox10expressing cells soon

transcriptional activation domains. It is thus reminiscent of theccumulate in this position. In the truséx10expressing cells

human Y83X allele which has been proposed to be a functionaligrating on the medial pathway are seen and presumably

null (Kuhlbrodt et al., 1998b; Potterf et al., 2000). All four contribute to the neurones and glia of the dorsal root ganglia,

mutant alleles described here show similar, strong phenotyp®sich are detectable in mutants (Kelsh and Eisen, 2000) (this
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study). NCCs tend to become clustered in premigratorgr differentiation. Although a dying cell might show abnormal
positions incls mutants, consistent with the observed defect irmigration and proliferation, the timing of appearance of defects
NCC migration revealed by our single-cell labelling studies. in cls mutants conflicts with cell survival being the primary
Outside the neural crestspx10expression is also largely defect. We can first distinguisitis mutants at 20 hpf (by lack
conserved. Thus, expression in the developing inner eaf nac/mitf expression), but do not see NCC apoptosis by
epithelium is seen in zebrafish as well as in mammal$UNEL until around 35 hpf; previous work in zebrafish has
(Bondurand et al., 1998; Southard-Smith et al., 1998). lsuggested that the delay between induction of apoptosis and
zebrafish, this expression is remarkably strong and persistegtectable morphological changes and DNA fragmentation is
in wild type, but is downregulated ats mutants by 40 hpf. As at most 3-4 hours (lkegami et al., 1999). Likewise the
pronounced otic defects are morphologically detectabtdsin mutant phenotype cannot be explained as primarily a failure of
mutants by 48 hpf (R. N. K., unpublished), we suggest thanigration, with subsequent failure of exposure to required
sox10is crucial for development of otic epithelium. Limited trophic factors, because for three subsets of affected cells (three
expression in embryonic central nervous system is seen pigment cell types in the stripe dorsal to the neural tube), the
zebrafish and mice (Kuhlbrodt et al., 1998a), although detailegremigratory position is also a final location and hence the
studies will be required to establish the cell types involved imecessary trophic factors must be available. Despite thits in
each case. mutants all pigment cells, including those of the dorsal stripe,
Our single cell labelling studies at three rostrocaudafail to develop properly. Instead, we propose that the primary
positions make clear that defectlamutants are not limited role of cls gene function is in specification of non-
to one axial position, but instead affect non-ectomesenchymeattomesenchymal cell fates; all other defectslsnmutants
rather than ectomesenchymal crest derivatives. Most NCGgould then be secondary effects of a failure to become properly
in cls mutants show restricted migration and poor or naospecified. Thus, ikcls mutants NCCs are unable to adopt non-
differentiation before dying by an apoptotic mechanism withirectomesenchymal fates and so fail to differentiate. This
a discrete time-window. We interpret the dying cells adglifferentiation process would include expression of growth and
being those that would in wild-type siblings form non-trophic factor receptors, and hence secondary defects might
ectomesenchymal fates. Thus, d¢fs embryos, NCCs that include impaired proliferation and later apoptosis. Our
would normally yield these missing neural crest derivatives ariglentification of thecls gene as aox10transcription factor
present in premigratory neural crest in normal numbers, bgene is consistent with this interpretation.
then die before differentiating, usually without migrating. This Indeed, for the specific case of melanophore fate, data
confirms and extends reports that putative NCCs apoptoggesented here and elsewhere permit us to propose a molecular
during migration in mousesox10 mutants (Kapur, 1999; model consistent with this interpretation (Fig. 6). In both
Southard-Smith et al., 1998). zebrafish and mammals, Nac/Mitf homologues have been
The sox10expression pattern inls mutants may appear shown to be important transcription factors for specifying
contradictory to our single cell label results, as the expressianelanophore fate (Lister et al., 1999; Opdecamp et al., 1997;
studies show normal numbers afox10positive NCCs Tachibana et al., 1996). We show here ttlatmutants lack
migrating on the medial pathway, while the single cell labellingexpression ofnac (indeed it is the earliest defect we have
studies show a strong migration defect in the neural crestentified). Thussox10is required fonacexpression and thus
However, our data suggest tisax10is expressed in almost all for melanophore lineage specification. In addition, nac
premigratory cells, but is rapidly downregulated inmutants,nacpositive cells show a failure to migrate highly
ectomesenchymal and pigment cell precursors as they startreminiscent of thecls melanoblast phenotype (Lister et al.,
migrate. Thussox10expression in migrating cells reflects just 1999). Likewise, in bothcls and nac mutants, spa/kit
the neural precursors. Our studies show that these cells aepression is lost in melanoblastpafunction is necessary for
much less defective in migration &is mutants. Consistent both melanoblast migration and melanoblast and melanophore
with this, the labelled cells igls mutants that did migrate survival (Kelsh et al., 2000b; Parichy et al., 1999).
normally all took the medial migration pathway and, if theyFurthermore, the timing of loss of melanoblastspamutants,
survived, adopted a position consistent with a dorsal rodieginning between 30 and 36 hpf, is consistent with the timing
ganglial fate. By contrast, most labelled NCC clones generateaf decrease in melanoblast numbers and with the timing of
pigment cells, consistent with former studies in zebrafishNCC apoptosis ircls mutants (Kelsh et al., 2000b; this study).
These pigment cells are severely defective in migration, adence, a simple model can largely explaindlsenelanophore
shown by molecular markers for xanthophagah{ Parichy et phenotype.cls/sox10has a key role, by direct or indirect
al., 2000) and melanophordct Fig. 5) cell fates (M. Hawkins activation of nac/mitf in melanophore specification and
and R. N. K., unpublished) (Kelsh and Eisen, 2000). Furthezonsequentlgls mutants lack expression of genes activated by
work will be required to investigate the specification status ofiac, includingspa/kit, mediating survival and migration, and
the migrating neural precursors in wild-type and mutanmelanogenic enzymes, mediating pigmentation. In support of
embryos. this model, injection ofsox10 mRNA into early embryos
We have demonstrated the complexity of NCC defeattsin results in ectopinac/mitfexpression and expressionrafcin
embryos, with survival, migration and differentiation of non-cls embryos is sufficient to rescue melanophores (S. E. and R.
ectomesenchymal cell types all affected. Further, a small. K., unpublished). It will be of interest to expand this model
decrease in clone size suggests that proliferation may also tweinclude other targets gsbx10andnac as well as to extend
somewhat affected (K. A. D. and R. N. K., unpublished). Thighis model to other non-ectomesenchymal neural crest
spectrum of defects is not readily consistent with a primargerivatives affected inls mutants. Our model predicts that the
function for wild-typecls/sox10n NCC survival, proliferation immediate targets cfox10will be either master regulators of
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cls/sox10 described, including the paired box transcription factor Pax3
and the POU-domain protein Tst-1/Oct6/SCIP (Bondurand et
l al., 2000; Kuhlbrodt et al., 1998a). However, it remains to be
’ seen whether these co-factors have any role in distinguishing
nac/mitf non-ectomesenchymal fates. Identification of combinations of
transcription factors required to specify each fate will be a
1 promising line of future research.
o j _ _ Our specification model predicts thabx10 function is
“Gn‘egn’:;'c'" g::::;a' gg:]"::""““"" required only in NCCs fated to non-ectomesenchymal
e.g. spa/c-kit e.g. spa/c-kit e.g. det derivatives.fkd6 is expressed very broadly in premigratory

. L NCCs (Odenthal and Nuesslein-Volhard, 1998) and shows
Fig. 6. Model of role ofcls/sox10n melanophore specification. extensive, but incomplete, overlap withx10 Further studies

Formal genetic interactions between selected genes known to . . .
function in zebrafish melanophore development are schematised. InWIII be required to test whetheox10-; fkd6+NCCs represent

cls mutants, failure to activateacexpression (and thus to specify ~ ctomesenchymal precursors. However, our results do show
melanophore fate) results in absence of gene products critical for that, consistent with our model, expression is, at least, rapidly
melanophore survival, migration and differentiation. For details, seedownregulated in cells that adopt ectomesenchymal fates. In
main text. mammals Sox10has sometimes been assumed to be a generic

NCC marker (Pattyn et al., 1999), but our results show that, in
neural crest fate (e.qad or a multitude of diverse gene fish, overlap with other NC markers is incomplete, even at
products required within specific crest derivatives for thepremigratory stages.
cellular functions of trophic support, migration and In many respects, zebrafish neural crest development is
differentiation. Thus, it will be important to identify the direct typical of neural crest development in all vertebrates (Raible et
targets of Sox10 transcriptional regulation. al., 1992). In contrast to mouse and hurax10mutations,

This specific model is likely to be applicable to mammaliamone of the fisrsox10mutations show dominant effects on
neural crest too. Thus, Sox10 directly regulddégexpression melanophore number or pattern (R. N. K., unpublished). In
in mouse (Bondurand et al., 2000; Lee et al., 2000; Potterf gtice, expressivity of theox10haploinsufficiency phenotype
al., 2000; Verastegui et al., 2000). Althou@ict-positive is dependent on the genetic background (Lane and Liu, 1984).
melanoblasts are not detectable Sox1®°™ mice, some Presumably, in the AB background in zebrafish heterozygotes
evidence of impaired or delayed migration of some NCCs hasave sufficient Sox10 for normal melanophore development.
been presented (Southard-Smith et al., 1998). Similgity, Nevertheless, the conserved expression pattern and
function is critically involved in promoting melanoblast homozygous phenotypes in the two species suggest that the
migration and survival, is rapidly lost from melanoblasts indetailed cell-biological basis for thes phenotype proposed
Mitf mutants and is known to be a direct target of Mitf, at leashere illuminates a possible mechanism behind Waardenburg-
in cultured mast cells (Opdecamp et al., 1997; Wehrle-HalleBhah syndrome and Hirschsprung’s disease, in which reduced
and Weston, 1995; Wehrle-Haller and Weston, 19930kil0  SOX10 function may reduce the number of melanoblasts and
mutant mice Kit expression in melanoblasts may be absentgnteric precursors specified.
although the presence of unaffected cells in the skin, suggested ] _
to be mast cells, means that this result needs to be conﬁrmce)fd/';’iféJ tan“kDJ- F\;Jaé}g}gsfcl)c?;)f(l:sshHhSusb;r?glg, IR)liIIIDéngrS;zaf;)i:: #yegiga%on
(nggij{)g?c?ngtciﬁn%?%?.Sufficient to specify each of the nonRaible for cDNA clones. We also gratefully acknowledge J. Eisen, D.

ectomesenchymal fates. We believe that10 while crucial Raible, J. M. W. Slack, R. Adams, W. Bennett, A. Ward and J. R.
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