817

Development 130, 817-833
© 2003 The Company of Biologists Ltd
doi:10.1242/dev.00307

Temporal and cellular requirements for Fms signaling during zebrafish adult

pigment pattern development

David M. Parichy* and Jessica M. Turner

Section of Integrative Biology, Section of Molecular, Cell and Developmental Biology, Institute for Cellular and Molecular Biology,
University of Texas at Austin, 1 University Station C0930, Austin, TX 78712, USA

*Author for correspondence (e-mail: dparichy@mail.utexas.edu)

Accepted 25 November 2002

SUMMARY

Ectothermic vertebrates exhibit a diverse array of adult
pigment patterns. A common element of these patterns is
alternating dark and light stripes each comprising different

sensitive alleles of fms and performed reciprocal
temperature shift experiments at a range of stages from
embryo to adult. These analyses demonstrate that Fms is

classes of neural crest-derived pigment cells. In the
zebrafish, Danio rerio, alternating horizontal stripes of

black melanophores and yellow xanthophores are a
prominent feature of the adult pigment pattern. In fms

mutant zebrafish, however, xanthophores fail to develop
and melanophore stripes are severely disruptedfms

encodes a type lll receptor tyrosine kinase expressed by
xanthophores and their precursors and is the closest known
homologue ofkit, which has long been studied for roles in
pigment pattern development in amniotes. In this study we
assess the cellular and temporal requirements for Fms

essential for maintaining cells of the xanthophore lineage
as well as maintaining the organization of melanophore
stripes throughout development. Finally, we show that
restoring Fms activity even at late larval stages allows
essentially complete recovery of xanthophores and the
development of a normal melanophore stripe pattern. Our
findings suggest thatms is not required for establishing a
population of precursor cells during embryogenesis but is
required for recruiting pigment cell precursors to
xanthophore fates, with concomitant effects on
melanophore organization.

activity in promoting adult pigment pattern development.
By transplanting cells betweenfms mutants and either
wild-type or nacremutant zebrafish, we show thafms acts
autonomously to the xanthophore lineage in promoting the
striped arrangement of adult melanophores. To identify
critical periods for fms activity, we isolated temperature

Movies and supplemental figures available on-line
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INTRODUCTION Keenleyside, 1955; Endler, 1987; Houde, 1997; Couldridge
and Alexander, 2002).

Pigment patterns have long been used as models forFishes of the genu3anioexhibit a range of pigment patterns
understanding the cellular and genetic bases of patteincluding horizontal stripes and vertical bars, as well as mottled
formation in vertebrates (Goodrich and Nichols, 1931; Twittyand uniform patterns (Fang, 1997; Fang, 1998; Fang, 2000;
1936; Jackson, 1994). In amniotes, coat and plumage patter@siigley and Parichy, 2002). Some insights into the mechanisms
result largely from the spatial and temporal pattern ofinderlying these patterns can be gained by analyzing wild-type
melanocyte differentiation and the transfer of melanin taand mutant zebrafistD. rerio (Parichy and Johnson, 2001).
developing hair or feathers, respectively (Nordlund et al.Puring normal development, zebrafish develop an embryonic
1998). By contrast, pigment patterns of ectothermic vertebratesd early larval pigment pattern comprising several stripes of
such as fishes and amphibians largely reflect the spatiaielanophores with widely scattered xanthophores. This pattern
arrangements of several classes of pigment cells, grersists for about 2 weeks, at which time an adult pattern begins
chromatophores, that retain their pigments intracellularlyo form. Over the following 2-3 weeks, a juvenile/early adult
(Bagnara, 1998). These include black melanophores, yellow gattern develops consisting initially of two dark ‘primary’
orange xanthophores and iridescent iridophores. Thmelanophore stripes with an intervening light stripe.
combinations of these and other chromatophore class&ibsequently, additional ‘secondary’ melanophore stripes are
generate an extraordinary diversity of pigment patterns thatdded as the fish grows (Fig. 1A) (Goodrich and Nichols, 1931;
serve a variety of roles across species, from crypsis artirschbaum, 1975; Johnson et al., 1995; Parichy et al., 2000a;
predator avoidance to schooling and mate recognition (e.gRarichy and Johnson, 2001). Dark stripes comprise principally
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Fig. 1.fmsis essential for
development of xanthophores ani
adult melanophore stripes, but is
not expressed by melanophores.
(A) Wild-type (strain AB’T)
zebrafish exhibits several well-
organized dark stripes that includ
melanophores with intervening
light stripes that include
xanthophores. (BIm$'emutant
adult, as a representativefofs
mutants, lacks xanthophores and
exhibits a disorganized pattern of
melanophores. (C,D) Details of
wild-type andfmsmutant adult
pigment patterns. (C) In wild type
melanophores are abundant in
dorsal and ventral melanophore
stripes, and a lighter interstripe
region contains numerous yellow
orange xanthophores (arrow).
Horizontal line is the horizontal
myoseptum. (D) In &mgue

mutant, melanophores are reduct
in number and fail to form normal
stripes, and xanthophores are no
present. The fish in C and D are
illuminated so as to avoid
reflections from iridophores
throughout this region. (E) Detail
wild-type stripe margin in which
melanosomes are contracted witt....
melanophores, allowing a few xanthophores (arrows) to be discerned within the boundary of the dark melanophore striperidinigsores
appear bluish in this image. (F,G) mRNA in situ hybridizations of zebrafish larvae during late stages of pigment patterphosigniefms
expression is not apparent in melanophores, but staining is observed in adjacent presumptive xanthophores (arrow). §5)dxrpreasian
of thefmshomologuekit, is readily detected in melanophores (arrow). Scale bars: (A,B) 4 mm, (Cym),&) 80um, (F,G) 120um.

melanophores and iridophores, though occasional xanthophorig® migration and maintenance of melanophores and their
can be found within these stripes as well (Fig. 1C,E). Lighprecursors, andkit mutants lack early metamorphic
stripes lack melanophores and include only xanthophores amaelanophores that normally arise in a dispersed pattern over
iridophores. the flank and ultimately migrate into stripes (Johnson et al.,
Of particular interest for understanding pattern-formingl1995; Parichy et al., 1999) (see also Rawls and Johnson, 2001;
mechanisms and their evolution are mutants that alter th@uigley and Parichy, 2002). In contraBhs mutants retain
normal adult striped pattern, either by perturbing thehese cells and instead exhibit an increasingly severe deficit of
development of particular classes of chromatophores or bstripe melanophores beginning during middle metamorphic
affecting the extracellular environment in which these cellstages and extending into late metamorphosis and adult life
reside. Molecular analyses identified one such mutar(Parichy et al., 2000a). These observations suggestefirthat
(previously,panthe) as an orthologue of tHens(Csflr) locus  promotes the development of a late-appearing metamorphic
(Parichy et al., 2000afimsencodes a type Il receptor tyrosine melanophore population, distinct from an early-appearing
kinase known previously in mammals for roles in reproductioometamorphic melanophore population that requitds
as well as the development of macrophages and osteocla§iensistent with this model, fish doubly mutant for bistis
(e.g., Marks and Lane, 1976; Motoyoshi, 1998; Dai et al.andkit exhibit additive effects of the two mutations and lack
2002; Tagoh et al., 2002). In zebrafifhs mutants exhibit a nearly all melanophores. A direct role fionsin establishing
normal pattern of embryonic and early larval melanophores. lar maintaining melanophore precursors was also suggested by
contrast, the pattern of adult melanophore stripes is severelye observation that many cells migrating from the embryonic
disrupted (Fig. 1B). This defect is associated with feweneural crest express botims and eithermitfa or endothelin
melanophores, disorganized melanophore movements, areteptor bl(ednrb), two genes associated with melanophore
both increased and disorganized melanophore death [whicievelopment [though all of these loci are also co-expressed at
occurs normally in developing interstripe regions (Parichy eearly stages with xanthophore lineage markers, suggesting
al., 2000a)]. these cells may not yet be specified for one or another cell
Previous analyses suggest thasand its homologuekit, lineage (for details, see Quigley and Parichy, 2002)].
promote the development of temporally distinct populations of Despite genetic evidence foffrasdependent population of
adult stripe melanophores in zebrafidtit. is essential for adult melanophoresfms is not detectably expressed in
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melanophores at the time when the migration and survival dfuorescent protein (GFP) under the control of kactin promoter
these cells differs between wild-type &nts mutants (though were generously provided by K. Poss and have been maintained in the
both melanophores and melanoblasts expkéssig. 1F,G)  ABUT genetic background.

(Parichy et al., 1999; Parichy et al., 2000a). Thus, it remainé
unclear how, or wherimspromotes melanophore development

?hndfa%qlt S:L'p? formattlon.t,‘;\ pt?]SS't.’tle ?_xplgnatlor comhes fro sing a Narishige IM-9B micrometer-driven microinjection apparatus
e finding that, In contrast to the situation iIn Melanopnores Qf,,yieqd on a Narishige micromanipulator. For operations, embryos
late stage melanoblastsims is expressed in yellow \ere placed in wells formed in agar-lined dishes containing 10%
xanthophores and their precursors, xanthoblasts. Moreovedanks solution (Westerfield, 1993) plus 1% penicillin/streptomycin.
fms mutants lack xanthophores and xanthoblasts in botfypically 50-100 blastomeres were transplanted per embryo. To
embryos and adults, indicating an essential rolénfiziin the  identify donor cells in host backgrounds, we used donors that were
development of the xanthophore lineage (Fig. 1D) (Parichy étomozygous transgenic for GFP under the control of Bfzetin

al., 2000a). In turn, these and other observations (e.g. Goodrigfpmoter for wild-type- fms’, fms™ — wild-type, anchacre™ - fms-

et al., 1954; Goodrich and Greene, 1959) suggested a modeldmeras. To identify donor melanophores in wild-typeacre”and
which fms (i) acts directly to promote the establishment Orfms - nacre chimeras, we used the endogenous melanin of donor

. ; . elanophores as an autonomous marker of cell lineageacis
maintenance of a subpopulation of stripe melanophore ear!?osts are unable to produce melanophores owing to a mutation that

precursors (above), and (ii) also acts indirectly through th‘icts autonomously to the melanophore lineage (Lister et al., 1999) see
xanthophore lineage to promote melanophore morphogenesigiow); donor celi types other than melanophores were not assessed
Thus, interactions between melanophores famgidependent in these chimeras. For transplants involvgctin-GFP transgenic
xanthophores were hypothesized to contribute to adult stripgonors, we identified GEP donor cells under epifluorescent
formation. Such interactions could have broad phylogenetitiumination using an EGFP filter set on a Zeiss Axioplan 2i
significance, as alternating patterns of melanophores armvdicroscope. Although xanthophores autofluoresce green as well
xanthophores are found in a diverse array of ectothermidRaible and Eisen, 1994; Parichy et al., 2000a), GFP fluorescence is
vertebrates, including fishes, frogs, salamanders and reptilg§rkedly brighter and color-shifted relative to endogenous
(e.g. Brodie, 1992; Seehausen et al., 1999: Parichy, 2007 nthophore autofluorescence. To prevent melanin from quenching
Parichy, 2001b). FP fluorescence in melanophores, we treated fish with 2-3 drops of

In thi . tigate h d whH tivit 10 mg/ml epinephrine prior to viewing, thereby causing melanin-
n tis paper, we investigate how and wriems aclivity containing melanosomes to be contracted towards cell centers; GFP

is essential for the generation of an adult pigment patterfy,grescence could then be clearly observed in cell peripheries.
Using cell transplantations, we show tHats acts through |ndividuals completely lacking GRRells, or comprising greater than
the xanthophore lineage to promote the arrangement 6f75% GFP cells were discarded and are not included in the analyses
melanophores into stripes. To assess whesis required for  below; typically, however, chimeras exhibited relatively low
xanthophore development and melanophore stripe formatiopgrcentages of donor cells (<25%) that were often distributed widely
we isolated temperature sensitifens alleles and used in the aduIF fish with patches of donor cells consisting of only one or
reciprocal temperature shift experiments to enhance or curtdi|few cell lineages (see below). Cell transplants employingfbuth
Fms activity at a range of stages from embryo to adult. The dfmg'ueyielded equivalent results; thus both genotypes are referred
analyses show thémsis essential throughout development for © Pelow asms.

maintaining Ce”S Of the Xanthophore |il’leage and aISO fqutagenesis and non_comp|ementation Screening

maintaining the integrity of melanophore stripes. Our resultg, isolate temperature-sensitive alleles &hs we crossed
further suggest thatms is not required for establishing a homozygousims' or fm&'ue females to ABT males that had been
population of precursor stem cells during embryogenesigutagenized three times over the course of three weeks with 3 mM
(though it may serve to maintain precursors once established:ethyl-N-nitrosourea (Sigma) (Solnica-Krezel et al., 1994).
rather, Fms activity is essential for recruiting precursor cells t&mbryos were incubated at 33°C until hatching at which time

the xanthophore lineage during later post-embryonic and adufdividuals lacking xanthophores were transferred to 28.5°C and

development. reared through sexual maturity. To test whether newly isolated
mutants were allelic tdms and to test for temperature sensitivity,
mutant fish were backcrossediiag or fm$Ueand sibships were split
between 24°C and 33°C. Mutants were considered allelessif at

ell transplantation
ell transplantations were performed on 3.3- to 3.8-hour embryos

MATERIALS AND METHODS 33°C none of the offspring developed wild-type phenotypes; mutants
) ) - were identified as temperature-sensitive if at 24°C approximately half
Fish stocks and rearing conditions of the offspring developedms null phenotypes (presumptive

Zebrafish were reared under standard conditions (28.5°C, 14 houras/fms) and half of the offspring developed less severe or wild-type
light:10 hours dark), except for temperature shift experiments iphenotypes (presumptiviens’S/fms). At least 100 offspring were
which individuals were typically reared at 24°C or 33°C (see below)examined at each temperature.

Embryos were reared on rotifers until they were able to eat dry food, ) )

on which larvae and adults were maintained exclusively. MutanPequencing and genotyping

alleles offms, fmiéel (fmg) andfmd*PlugfmPue), as well amacre  Sequencing of mutant alleles was performed following RT-PCRief
(nacre'?) have been described previously (Parichy et al., 2000a; ListedDNA from haploid embryos. Sequencing reactions were performed
et al., 1999)fmg andfmg!Ue are recessive homozygous viable, andwith BigDye dye terminator sequencing chemistry and resolved on an
are each predicted to encode proteins with substitutions in th&BI-377 automated sequencer. Resulting sequences were compared to
functionally important and phylogenetically conserved kinasethose of unmutagenized AB harboring the ancestral unmutagenized
domains; these are likely to be null or severe loss of function alleleshromosome and wild-typédms sequence. For primer extension
(Parichy et al., 2000ahacre’? is recessive homozygous viable and genotyping offmgitr4e174A forward and reverse primers (fmsl174a-F:
acts as a null allele (Lister et al., 1999). Fish transgenic for greeRCGAGTTCTCTTTGTTTCTCCGAG; fmsl74a-R: CTCCGATTCT-
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AGCGCAGCAAATG) flanking the mutant lesion were used to amplify (Sokal and Rohlf, 1981) in the JMP Statistical Analysis Package for
genomic DNA and excess primers were digested using shrimp alkalifdacintosh (SAS Institute, Cary, NC). Analyses of xanthophore and
phosphatase and exonuclease (Amersham). Primer extension reactioamsanophore numbers and distributions were performed by treating
were performed in 20ul volumes with 10yl PCR, 0.5 U size at temperature shift as both a continuous and ordinal factor and
Thermosequenase (Amersham), 80 ddGTP, 50uM dATP, 50uM after controlling for variation in individual size at the time of imaging.
dTTP, 12.5 pmol fmsl74a-R and supplied reaction buffer. AfteAnalyses of stripe breaks were done using maximum likelihood
denaturing (94°C, 2 minutes) reactions were run for 50 cycles at: 94°@stimation and significance of effects were estimated using likelihood
5 seconds; 43°C, 15 seconds; 60°C, 1 minute (Hoogendoorn et aftio tests. Nearest neighbor distances among melanophores were
1999). After denaturing (94°C, 1 minute), primer extension productassessed initially as hierarchical mixed model analyses of covariance,
were resolved by HPLC on a Transgenomic WAVE DNA Fragmenwith individual melanophore measurements nested within individuals
Analysis System at 80°C. Wild-typémg, or fm@ue alleles result in  (a random effect), and individuals nested within temperature
addition of 3 nucleotides (ddGAT) whereas timesitr4e174A gllele  treatments (a fixed effect); this approach avoids pseudoreplication
results in addition of 2 nucleotides (ddGT) to the extension primer. from analyzing individual melanophores as independent data points.
) Methodological details and complete statistical analyses are available
Histology on request.
mMRNA in situ hybridization employed riboprobes farsas well as
GTP-cyclohydrolaségch) andxanthine dehydrogenagedh), which
have been described previously (Parichy et al., 2000a). mRNA in sStRESULTS
hybridization of embryos followed the method of Jowett and Yan

(Jowett and Yan, 1996). _ Autonomous and non-autonomous roles for  fms in
To test for apoptosis, TUNEL assays were performed as describegy ¢ pigment pattern development identified by cell

(Zhang and Galileo, 1997; Parichy et al., 1999). After TUNEL ey
staining, embryos were examined in whole mounts and numbers gfanSplamS between wild-type and  fms mutants

TUNEL* cells were counted along the dorsal neural tube and in neurd Summary of the phenotypes and results of cell
crest migratory pathways from just anterior to the midbrain-hindbraifransplantation experiments described in this section and the
junction to a point one-third of the distance along the tail (extensivaext are provided in Tables 1 and 2. Overall, these analyses
genotype and temperature-independent cell death in posterior tail tigtrongly suggest thdims acts, at least in part, through the
precluded accurate counts in this region). Stained cells ventral to th@&nthophore lineage to promote adult melanophore stripe
ventral margins of the myotomes (and likely to include macrophageaevebpmem_

fatthﬂ }hgn dn_eural crtestl-zdegved cells) g_l—le(ribon:jel etal, 2d091) \;]velre As a first step in testing hofins promotes adult pigment

not included in counts. EMOIyos were fixed and examined in w OiEattern development, we asked whefiggacts autonomously

mount. To identify dead chromatophores in adults, fish were fixed . : .
4% paraformaldehyde in PBS. After washing in PBS, fins wer 0 pigment cell lineages during xanthophore development

removed and mounted on glass slides and trunks were embedded®d melanophore stripe formation. In principle, xanthophore

OCT and cryosectioned. development and melanophore stripe patterning could depend
o o on several potential sources fofhs activity: early (possibly
Morphometrics, image analyses and statistical methods unspecified) precursor cells that coexpréss and genes

Fish sizes were quantified by measuring the length from the tip of tr@ssociated with melanophore development (emiifa,
snout to the caudal peduncle (standard length, SL), as well as teginrb?); cells of the xanthophore lineage that express and
fin. To quantify patterns, fish were imaged using a combination Ofya|anophores themselves, if these cells in fact exjnesat
incident and transmitted illumination with a Zeiss Axiocam digital f%nctionally significant but’ undetectable levels. To address

camera mounted on either an Olympus SZX-12 epifluorescen . tructed chi bet ild-t d
stereomicroscope, or a Zeiss Axioplan 2i equipped with dif‘ferentialyese ISsues, we constructea chimeras between wild-type an

interference contrast optics. Both xanthophores and melanophorB®S mutant embryos [for a general discussion of this approach
could be readily identified under these conditions. To allow accurat® the context of analyzing functions of identified genes see
cell counts in temperature shift experiments, fish were treated witRossant and Spence (Rossant and Spence, 1998)]. We
epinephrine (above) prior to imaging, and images were acquired usigaredicted that ifmsacts autonomously to pigment cell lineages
the square root transformation and color enhancement feature in Zeiss promoting xanthophore development and melanophore
Axiovision 3.0. Xanthophore and melanophore densities wergtripe formation, then donor wild-typfims" melanophores
calculated for a representative region of the flank bordered byyng xanthophores should developfins mutant hosts, and
anteriorly, the anterior margin of the dorsal fin; posteriorly, thethese cells should be capable of forming a wild-type stripe

posterior margin of the anal fin; ventrally, the ventral margin of th . : .
flank; and dorsally, a position just ventral to the dorsal margin of thegattern (that might or might not include hdsts™ mutant

flank (this position was determined by estimating the total height of

the dorsal flank at the posterior margin of the anal fin, then selecting

a point 10% of this distance from the dorsal edge; this restriction Table 1. Summary of genotypes

reduced variation among individuals owing to curvature of the fish in Phenotypes

this region). Pigment cells in Adobe Photoshop images were identified  Genotype Mel Xanth Melanophore stripes
by eye and marked digitally; the IPTK 4.0 software package (Reindeer ;v ne .t et et
Graphics) was then used to automatically count marks and to calculate ¢y,s . _ _x

total measurement areas. For imaging of some whole-mount embryos nacre _ 4t _

following in situ hybridizations, the Extended Focus module of Zeiss

Axiovision 3.0 software was employed to flatten multiple focal planes *Disrupted melanophore stripes and dispersed melanophores posteriorly;

into a single plane (which results in characteristic fringing at the edgegeak and irregular stripes anteriorly (Fig. 1B).

of some features, such as melanophores). TFewer, less heavily pigmented xanthophores than wild type (Lister et al.,
All statistical analyses were performed using standard method&99) (B- M. P., unpublished data).
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Table 2. Cell transplantation experiments
Chimera cell types and pigment patterns

Donor derivatives* Host chromatophores Melanophore stripe development
Donor Host Mel Xanth Mel Xanth Morpholody Donofr* Hos8
Wwild type - fms + + + (@ 4+ + +
fms - wild-type + - + + +++ + +
nacre - fms - + + @ T+ _ +
fms - hacre + nd** — + ++ + _

*Donor derivatives other than melanophores or xanthophores included iridophores, epidermis, muscle, nerves, laterakbietaéhdos, fin rays and gut.
Classes of derivatives produced did not differ noticeably among genotype combinations.

TScoring represents quality of stripes relative to wild-type adults: +++, melanophore stripes could be nearly indistinfgaishaitdietype when donor
pigment cells present; ++, melanophore stripes present when xanthophores present, but stripes less distinctive than wild type.

*Presence of donor melanophores within melanophore stripes.

SPresence of host melanophores within melanophore stripes.

fHost xanthophores not observed, though presence of some unobserved cells cannot be excluded.

**Not determined.

melanophores; see below). fihs acts non-autonomously to Halpern et al., 1993). A subset of chimeras exhibited donor-
pigment cell lineages, then donor wild-tyfpes' melanophores derived pigment cells, and these frequently occurred in the
and xanthophores might not developfins mutant hosts, absence of other donor-derived cell types (see below).
stripes might not develop, or both. To test these predictions, Results from wild-type- fms chimeras suggested tHats
we reared wild-type- fms (as well asfms - wild-type) acts autonomously to promote xanthophore development.
chimeric embryos 8-12 weeks through metamorphosis and/hen wild-type cells were transplantedfies™ hosts, donor-
adult pigment pattern formation. To distinguish donor fromderived fms"~ GFP") melanophores and xanthophores could
host cells, we used donors that expressed GFP ubiquitoudbg observed on the flank in both embryos and adults (Fig.
under the control of thB-actin promoter. 2A\B,E,F; Table 2). Of the chimeras examined at adult stages,
For all genotypes examined (Table 1, and below), chimeras4d0% exhibited donor-derived pigment cells, including donor
reared to adult stages exhibited donor cells in a variety ofanthophores. Frequently, these cells were distributed widely
derivatives, including muscle, gut, lateral line, epidermispver the flank and apparently independently of other donor-
dermal bone and endoskeleton, similar to chimeras typicallgierived cell types (Fig. 2F and data not shown). The wide
examined at embryonic stages (e.g. Ho and Kimmel, 1993tistribution of donor-derived melanophores and xanthophores

development. (A,B) Bright-field (A) and fluorescence
(B) micrographs of early larva (72 h) showing donor
wild-type fms- GFP") xanthophores over the dorsal
myotomes of dms mutant host. (C,D) Wild-type-

fms chimeras reared to adult stages20) develop
well-formed (C) or partial (D) melanophore stripes
when donor melanophores and xanthophores are
present. (E,F) Detail of wild-type fms chimera
showing organized stripes that include dorfiors{

GFP") melanophores (large arrow) and xanthophores
(small arrow), as well as host{s GFP) melanophores
(arrowhead). This is the same individual as in C; note
the absence of GERlonor cells in other tissues, such as
myotomes or epidermis. (G,H) Melanophore stripe
morphology depends on the presence of donor wild-ty
pigment cells. Opposite sides of a single wild-type
fms- chimera are shown in which well-defined
melanophore stripes are present on the side exhibiting
donor melanophores and xanthophores (arrow, G) but
not on the side lacking donor pigment cells (H).
(1,.9)fms™ - wild-type chimeras reared to adult stages
(n=15) developed wild-type stripes. Although donor
fms cells contributed to epidermis, nerves, bone and
other derivatives, only one chimera exhibited donor
(fms  GFP") melanophores (arrow) and these were
present within host melanophore stripes; donor
xanthophores were not observed. Scale bars, (A,B)
30um, (E,F) 20Qum, (G,H) 250um, (1,J) 60um.

Fig. 2.Chimeras reveal cell autonomous and non- @‘“ ” @
autonomous roles fédmsduring adult stripe
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is not unexpected given the migratory nature, invasivenesmelanophores, since evdms mutant melanophores were
and proliferative capabilities of these cells [particularlyarranged in stripes in the presencem§ pigment cells. We
xanthophores (e.g. Tucker and Erickson, 1986a; Parichygasoned that at least two explanations could account for such
1996a; Parichy, 1996b; Wilkie et al., 2002) (D. M. P.,non-autonomous effects on melanophore distributions. fArst,
unpublished data)]. Conversely, wheims cells were could be expressed at undetectable but functionally important
transplanted into wild-type hosts, doriors cells contributed levels by a subset of melanophores that, in turn, organize other
to a range of non-pigment cell derivatives, but only a singlenelanophores into stripes. This model would be consistent with
individual (of 15 surviving chimeras) had a few donfon  previous genetic analyses that identified distimgtdependent
GFP") melanophores (Fig. 21,J); dorfans xanthophores were and kit-dependent melanophores constituting adult stripes
not observed. Although the paucity of donor melanophore@arichy et al., 2000a). Seconfinsdependent cells of the
in fms - wild-type chimeras raises the possibility of anxanthophore lineage could be essential for promoting the
autonomous role forfms in melanophore development organization of melanophores into stripes. To distinguish
(consistent with genetic analyses; see Introduction), we cannbétween these models, we constructed chimeras befmsen
yet exclude the formal possibility that differences in genetienutants anshacre- mutantsnacre- mutants lack melanophores
background unrelated tdms might have biased the because of a mutationinitfa, which encodes a microphthalmia-
differentiation of donor cells away from melanophore fates. like transcription factor that acts cell autonomously during
Pigment patterns of wild-type- fms chimeras further melanophore specification (Lister et al., 1999). Sinaere
suggested that adult melanophore stripes resultfireacting  mutants retain xanthophores, however, comparisons of cell
autonomously to pigment cell lineages, but non-autonomouslgistributions between wild-type- fms and nacre ~ fms
relative to the melanophore lineage. In wild-type fms=  chimeras allows the isolation of a potential role fims in
chimeras with donor fifiss GFPY) melanophores and promoting the organization of melanophore stripes via
xanthophores, stripes developed that frequently resembleaateractions among melanophores themselves. Thus, we
wild-type stripes and were considerably more organized thapredicted that ifms acts through the melanophore lineage to
patterns offms- mutants (Fig. 2C; compare with Fig. 1A,B). promote the organization of melanophores into stripes, then
The degree of melanophore stripe organization appeared macre ~ fms chimeras should not form melanophores stripes,
depend on the distribution of donor wild-tyden§’) cells, as  sincefms” melanophores would not be present. Conversely, if
individuals with more donor melanophores and xanthophorefsns acts through the xanthophore lineage to promote the
had more distinctive stripes than individuals with few donororganization of melanophores into stripes, theore™ « fms
melanophores and xanthophores (Fig. 2D). Similar variation iohimeras should be capable of developing melanophore stripes,
stripe morphology could be observed in individuals with donosince fms™ xanthophores would be contributed by thecre
melanophores and xanthophores only in discrete regions (Fimmutant background.
2G,H). (These qualitative interpretations are supported by As previously, nacre cells transplanted intdms  hosts
quantitative analyses of temperature shift experiments belowcpntributed to a range of tissues including muscle, epidermis,
Importantly, melanophore stripes that developed in wild-typeerves and others. As expected, and consistent with previous
- fms chimeras always included hoBhs melanophores analyses of th@acre- mutation (Lister et al., 1999), none of
interspersed with donofms’ melanophores. Moreover, in the nacree - fms chimeras exhibited donorfnis’ nacre
regions with donor pigment cells and stripes, himss  GFP") melanophores. However, ~24% of chimeras reared to
melanophores were not found in xanthophore-rich interstripadult stages exhibited dondms™ nacre GFP") xanthophores
regions (Fig. 2E,F), suggesting that wild-tyfjpes" donor cells  and these fish were invariably striped (Fig. 3A,B). By contrast,
were able to organizéns  mutant host melanophores into nacre — fms chimeras that lacked xanthophores failed to
stripes. Owing to the difficulty of examining GFP expressiondevelop distinctive, well-organized melanophore stripes and
in single cells of adult fish, it was not possible to quantitativelynstead exhibited melanophore patterns indistinguishable from
assess whether wild-tygms™ melanophores or xanthophores fms mutant controls; this was true of chimeras in whiahre
that affected the arrangement fofiss mutant melanophores donor cells developed as non-pigment cell lineages, as well as
also affected the numbers s mutant melanophores that chimeras in whichacre  donor cells developed as the third
differentiated. In reciprocaims - wild-type chimeras, the major class of pigment cells, iridescent iridophores (Fig.
only individual that developed dondms melanophores 3C,D). In reciprocal experimentBns - nacre (as well as
exhibited these cells only within the melanophore stripes (Figvild-type — nacre’) chimeras also developed regions of well-
21,J). Taken together, these results suggest thatm@lacts  formed melanophore stripes (Fig. 3E,F). Together, these results
autonomously to pigment cell lineages to promote xanthophomemonstrate that non-autonomous rolesfifiosin promoting
development (and possibly melanophore development); andelanophore stripe development act largely or entirely via the
(i) fmsacts non-autonomously on the melanophore lineage teanthophore lineage.
promote the arrangement of bdths" andfms- melanophores

into stripes. Isolation of temperature-sensitive  fms alleles

As mRNA in situ hybridization reveafsmisexpression in cells
Xanthophore-autonomous role for  fms in promoting of the xanthophore lineage throughout embryonic and larval
melanophore stripe development revealed by stages, as well as in embryonic cells expressing markers of
transplants between nacre~and fms— mutants multiple pigment cell lineages (see Introduction), we asked

Pigment cell distributions in wild-type~ fms chimeras whether critical periods exist for Fms activity in promoting
suggested that melanophore stripe development depends xanthophore development and adult stripe formation. To this
part on fms acting non-autonomously relative to individual end, we screened for temperature-sensitive alleles by non-
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Fig. 3. nacremutant reveals thdins
acts through the xanthophore linea
to promote melanophore stripe
formation. (A,B)nacre -~ fms
chimeras reared to adult stagesZ9)
that developed dononécre fms"
GFP") xanthophores also develope:
organized melanophore stripes7).
(B,B') Corresponding bright-field ar
fluorescence micrographs of the
individual in A showing donor
xanthophores (e.g., red arrow)
adjacent to the melanophore stripe
(C) nacre” - fms chimeras, lacking
xanthophores, failed to develop
organized melanophore stripes
(n=22). An individual exhibiting
donor pacre fms' GFP) iridophores (=6) is shown. (D,D) Corresponding bright-field and fluorescence views of the individual in C showing
donor iridophores (e.g., blue arrow). Note that the orange color in some regions is due to reflections from iridophohes wdifferentiated
xanthophores. In contrast to melanophore arrangements, however, average melanophore densities did not differ dramaticaigrieetwe

fms chimeras that either developed or failed to develop donor xanthophores (means=373, 316 melanopghsrés#frit, 6%=4, 11,
respectivelyf1z=1.0,P=0.3). (E,F) Development of melanophore stripesdaore” hosts. (E) Wild-type cells transplantednacre- hosts

develop regions of well-formed stripes. (R)s cells transplanted toeacre” hosts contribute to stripes resembling those formed by wild-type
cells. Scale bars, (A,C) 4 mm, (B,D) 106, (E,F) 80Qum.

complementation ofm&'Ve or fms. We isolated ~75 new identified a T-C transversion resulting in an amino acid
alleles and tested 42 for temperature sensitivity. Three allelesibstitution  (Y185H) within the predicted second
(fmgitrael7an fmgitrde536 fmgitrdestq resylted in presumptive  immunoglobulin-like domain of the protein, a region likely to
fms null phenotypes (Parichy et al., 2000a) at a restrictivdbe essential for ligand binding (Jiang et al., 2000) (Fig. 4A).
temperature (33°C) and wild-type phenotypes at a permissiierimer extension assays (Fig. 4B) confirmed cosegregation of
temperature (24°C) when in trans wifm@Ve or fmg.  this lesion and the temperature-sensitive phenotype (data not
Sequence analyses ofmgitr4el74A  (hereafter, fmst’4A  shown).

Fig. 4.1solation of a temperature sensities A B +0 2 3nt
allele. (A)fms74AcDNA exhibits a tyr— his Y485H fns’ || |
substitution within the second immunoglobulin-| fms’

domain. Grey, untranslated regions. Green, sig! fms"™

sequence and transmembrane domain. Red, s
kinase domains. (B) Primer extension analysis 1
genotypingfms-74Anucleotide substitution. (Uppe
trace) Wild-type (ofms, fmg'u) alleles result in
the addition of 3 nucleotides (nt) to the extensic
primer. The peak at +0 nt represents excess
extension primer without added nucleotides.
(Lower trace) Théms'74Aallele results in additior
of 2 nt to the extension primer; shown is a
chromatogram for a heterozygofmsst 744 fms'
individual. (C-F) HomozygouBnst74Aindividuals
reared at 24°C (C,D) or 33°C (E,F). (C,D) At 24
hatchling larvae exhibit normal numbers of
xanthophores (here evidenced by the yellow ca
the flank; C); adults exhibit melanophore stripes
indistinguishable from wild-type (D). (E,F) At
33°C, hatchling larvae lack xanthophores (E) ar
adults both lack xanthophores and exhibit a sev
disruption of melanophore stripes (F), resemblir
that seen ifmsg' or fmg!ue (Fig. 1B).

(G-I) Molecular marker analyses reveal that
fmst74Aconditionally affects the development of
xanthophore precursors, as revealed by
distributions of cells expressing the xanthophor:
lineage markerfms(G), gch(H), andxdh(l).
(Upper panels) Presumptive xanthophore
precursors are abundant over the myotomes of 60 h embryos at 24°C. (Lower panels) Presumptive xanthophore precursofioare absent
over the myotomes of embryos reared at 33°C. Scale bars, (C,Ep6d0,F) 2 mm, (G-1) 4Qum.
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To further evaluate the phenotype fofsl’4A we reared Essential roles for Fms in maintaining xanthophore
homozygous individuals at 33°C and 24°Gms’#A  lineage and melanophore stripes throughout
homozygotes reared at 33°C completely lacked xanthophoreevelopment
as both larvae and adults, and failed to develop normal adulis an initial step in evaluating the temporal requirements for
melanophore stripes (Fig. 4C,D). In contragmst’4A  fmsin promoting pigment pattern formation, we asked whether
homozygotes reared at 24°C had approximately wild-typ@ critical period exists beyond which xanthophores and
numbers of xanthophores throughout development and formedelanophore stripes become independent of Fms activity.
wild-type adult melanophore stripes (Fig. 4E,F). Given theThus, we reared homozygotras’4A mutant larvae at 24°C
strong temperature sensitivity of this allele, all subsequerdnd upshifted individuals to 33°C to curtail Fms activity at a
analyses were performed using homozygfms 744 unless range of stages from embryo to early adult (standard length,
otherwise indicated. SL=3.5-17.0 mm,n=95). Since the presence or absence of

Since xanthophore precursors fail to disperse from th&anthophores is causally related to adult melanophore stripe
vicinity of the neural crest ifm@ue and fm$! embryos formation (above), we quantified the densities of xanthophores
(Parichy et al., 2000a), we asked whether a similar defect was a stage when an adult stripe pattern would have been present
present infms74A embryos. In situ hybridizations show that in wild-type individuals. These analyses demonstrated that
xanthophore precursors are not found on the flarffkngf’4A  xanthophores were completely eliminated by restricting Fms
embryos when reared at 33°C, as evidenced by an absenceaofivity in individuals through late metamorphic stages (<10
cells expressingfms as well as the xanthophore lineagemm SL; Fig. 5A, Fig. 6A,B). This corresponds to the period
markersgchandxdh (Fig. 4G-1). by which the initial two adult melanophore stripes have formed

Fig. 5. Temperature shift experiments reveal temporal

requirements for Fms activity in promoting xanthophore 5A OFF on B OFF on
development and melanophore stripe formation in 3°c T 24c n 3B°c T ™ 24°C n
homozygousms-74Amutants. (A,B) Mean densities (+95% 154] 5 5. 0
confidence intervals) of xanthophores present in the adult ;

pigment patterns of individuals following temperature shift _130] 6 __130 H 8
the sizes indicated. Orange line in A and B indicates the r E 1o . g 110 .
density of xanthophores in control individuals reared at 24 = z 1

throughout development; xanthophores were absent in cc 5 %0 17 B %0 ¢
individuals reared at 33°C throughout development. n, sai L 75 19 2 75 6
sizes for each size class. Note that only midpoints of size B o " R "
classes are indicated, and that ranges of sizes per class \ 2 2

(2 mm per class at sizes <8 mm, when rapid changes occ % 55 8 % 55 9
during pigment pattern metamorphosis; 2 mm per class a 45 - s | .
sizes=8 mm, reflecting slower changes at late metamorph

and juvenile stages; DMP and JMT, manuscript in 85 1 35 |— 2
preparation). (A) Temperature up-shift ablates xanthopho 0 40 80 120 160 0 40 80 120 160
through middle stages of pigment pattern metamorphosis xanthophore density xanthophore density
though residual xanthophores persist in individuals shiftec (cells / mm?) (cells / mm?)

during late pigment pattern metamorphosis or beyond. Me C D

densities of xanthophores were significantly reduced in OFF ON

upshifted individuals as compared to sibling controls left & 33°C 24°¢ 0

24°C (F1,146=500.0,P<0.0001). (B) Temperature down-shif > o 15+ 10
allows substantial xanthophore recovery through middle s © .

of pigment pattern metamorphosis, but less marked recov é ° = 180 °
during later metamorphic and juvenile stages (see text for 2 £ 1.0 5
details). Mean densities of xanthophores for downshifted < E 00 s
individuals were significantly greater overall than sibling 8 2

controls left at 33°CK1,7429.27,P<0.005). (C) Melanophore 8 g 75 6
organization is correlated with xanthophore density. Redu S 8 65 1
variation in nearest neighbor distances between melanop ’g =

is associated with increased xanthophore densities in botl S n % 9
temperature upshift (red points) and downshift (green poit & 45 6
experiments. Red diamond indicates the mean for individt < 16

completely lacking xanthophores at 33°C (upshift and cor 0 g0 160 240 85 2
pooled); green diamond, the mean for control individuals xanthophore density 0 2 50 75 100
reared exclusively at 24°C. Note that variability in (cells / mm?) percent complete stripes

melanophore nearest neighbor distances is increased amuiiy

individuals with partially disrupted stripes, whereas the most severe phenotypes at 33°C have somewhat lower coefficaius,of va
reflecting a more uniform dispersion of melanophores once xanthophores and stripes have been lost. Regression showiy includes onl
individuals with partial xanthophore deficits compared to controls. Individual and pooled values shown are based on 9&@h8@slan
47,067 xanthophores. (D) Complete melanophore stripes are more common when Fms activity is provided by temperature dovtashift pri
late metamorphic stages. Shown are percentages of individuals downshifted at different sizes that exhibited complete ersttaremp (as
defined by<1 200um gap per side). Thus, individuals shifted at siz@sm SL typically exhibited more broken stripe pattey#s§5.2,
d.f.=13,P<0.0001). The orange line indicates the percentage of individuals with complete stripes among controls reared at 24°C.
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and are becoming increasingly regular in their outlines, buflistances between adjacent melanophores, whereas poorly
prior to the development of adult scales, or the formation ofiefined stripes are associated with increased variability in the
secondary adult melanophore stripes (Quigley and Parichgljstances between adjacent melanophores; thus, coefficients
2002) (D. M. P. and J. M. T., unpublished data). In contrast, inf variation for melanophore nearest neighbor distances are
larvae upshifted at larger sites, we observed higher densities afsensitive measure of melanophore distributions (D. M. P.
residual xanthophores when formation of primary aduliand J. M. T., unpublished data). We examined coefficients of
melanophore stripes was essentially completed and secondagriation for mean melanophore nearest neighbor distances
melanophore stripes had started to develop (Fig. 6C; findletween individuals upshifted to 33°C and control siblings
xanthophore density vs. size when shifted, partial regressidaft at 24°C. This analysis revealed increased variability in
coefficient=5.13; s.e.=0.4@1,9~125.47,P<0.0001). melanophore positions in upshifted individuals compared to

Correlated with the loss of xanthophores was a sevemontrols £1,14:=99.8, P<0.0001; meanszs.d.: 41.6+4.67,
perturbation of adult melanophore stripes, with resulting31.0+7.56;n=93, 51). Given results of cell transplantation
phenotypes resembling the pigment patterfmsf andfm&'ue  experiments that suggested a role for xanthophores in
mutants (e.g. Fig. 6/B"). Melanophore stripes depend on bothpromoting the organization of melanophores in stripes, we
melanophore numbers and arrangements. Thus, to quantfiyrther asked whether differences in xanthophore densities
effects on melanophore stripe morphology, we assessed baimong upshifted individuals were associated with variation
melanophore densities and organization. This analysis revealad melanophore spacing. Fig. 5C shows that lower
an ~11% reduction in melanophore densities in upshiftedanthophore densities were directly related to increased
individuals as compared to control siblings left at 24°Ccoefficients of variation for melanophore nearest neighbor
(respective meansts.d.=126+30.9, 142+3018;95, 56; distances (partial regression coefficient=—0.11; s.e.=0.02;
F1,1464.96,P<0.05). In contrast to xanthophores (above), weF1 9=22.74, P<0.0001). Thus, continuous Fms activity is
detected only a marginal difference in melanophore densitiesssential for maintaining normal numbers of melanophores,
among individuals upshifted at different sizes, with a slightlyas well as the normal spacing of melanophores within stripes,
more severe deficit in smaller individuals upshifted wherin a manner that directly correlates with xanthophore
smaller P=0.06; data not shown). densities.

To assess melanophore organization quantitatively, we During terminal stages of metamorphosis and during
examined nearest neighbor distances among melanophor@ssenile development (>10 mm SL), initial experiments
Well-defined stripes are associated with low variability in theaesulted in a severe reduction of xanthophores, but not a

Fig. 6. Curtailing Fms activity
eliminates xanthophores and pertt
melanophore stripes thoughout
development. (A-C) Examples of
fms74Aindividuals reared at 24°C 1
the sizes indicated (upper panels)
then shifted to 33°C until an adult
pigment pattern had formed (lowel
panels). (A) Larva shifted during
early pigment pattern metamorphc
(7.6 mm SL) loses xanthophores &
fails to develop normal adult stripe
(14.3 mm SL, A after 28 days at
33°C. (B) Larva shifted during
middle stages of pigment pattern
metamorphosis (8.9 mm SL) loses
xanthophores and initial
melanophore stripes degenerate (.
mm SL, B) after 28 days at 33°C.
(C) Individual that has already Ak ’
attained a juvenile pigment patterr o sauind St el e B S0l S Rl 5 b S L
(13.5 mm SL) retains some 4 S TN T v 550 o

&

0 S S e S . -.-*::_-.:gdi.\zu@&h{:m_.__._.: bt o,
xanthophores and a partial stripe ; gl , S, g > B e »
P P P m&m.?..a. aali®B%d . vk an'Tablel i &1 Bt i iald daminEsal
14 days at 33°C. (Insets) Higher
magnification views of boxed regic

showing absence of xanthophores

33°C results in a complete loss of xanthophores Shown are sequential images of the same region on a refmeséttatoigidual that had
developed a juvenile pattern of melanophore stripes (18 mm SL) at 24°C (D), with times after shifting to 33°C of (E) B&ldggs(KG) 8
days, (H) 12 days and (1) 20 days. (Upper images) Low magnification showing melanophore distributions. (Lower images) Higher

pattern with more variably spaced
melanophores (14.9 mm SL;)@fter . 4 .' v

R s
(A',B") or residual xanthophores'(C E&ﬂ:i
arrow). (D-1) Prolonged rearing at
magpnification showing depletion of xanthophores (arrow). (Inset) in G, high magnification showing melanophore debris indicated by
Scale bars, (A,B) 1 mm, (C) 2 mm,"¢&') 500um, (D-I) 250pum.
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complete elimination of these cells (Fig. 5A, Fig. 6C). To
assess whether these weaker phenotypes reflect a period
independence from Fms activity, we reared fish to adult stags
(~18 mm SL) at 24°C, shifted these individuals to 33°C, ani
examined the patterns regularly for approx. 6 weeks. Thes
individuals lost approx. 98% of xanthophores and exhibited

severe degeneration of melanophore stripes within 5 weeks

curtailing Fms activity (similar changes were not observed ii
fms 744+ individuals shifted at the same time; data not shown)
Repeated imaging of individual fish revealed that loss o
xanthophores occurred gradually over a period of weeks (Fi
6D-G; for animated time-lapse images, see Supplemental Dal
http://dev.biologists.org/supplemental/), with the onset of los:
varying considerably among individuals.

These analyses show that Fms activity is essential fc
maintaining differentiated cells of the xanthophore lineage an
for maintaining the striped arrangement of adult melanophore
throughout development.

Chromatoblast and chromatophore death when Fms
activity is curtailed

Given the loss of xanthophores and some melanophores up
shifting fmst74A fish to a restrictive temperature, we asked
whether these losses might be accounted for partly by ce
death. Ifms'74Aembryos shifted to 33°C, we observed a rapic
(within ~2 hours) increase in unpigmented TUNEHiells in
neural crest migratory pathways (Fig. 7A, Fig. 8A)frirg-74A
juveniles, we did not observe a gross increase in xanthopha
or melanophore death immediately upon shifting to 33°C
though unpigmented apoptotic cells were observed frequent
within the dermis (Fig. 7B) in locations whedrasexpressing
cells normally are found (Parichy et al., 2000a) (D. M. P.Fig. 7.Chromatoblast and chromatophore death following Fms
unpublished data). Within 2-3 days of shifting fish to 33°Cjnactivation. (A) Two hours after shiftinfgns"4Amutants from 24°C
however, we observed extensive xanthophore and melanophdfe33°C, an increase in TUNE(cells is observed in neural crest
debris within the fins ofms.74A mutant but not wild-type migratory pathways. Shown are superimposed fluorescence and

individuals (Fig. 7C). This pigmented debris could also bé)right-field images of TUNELcells (arrow) adjacent to the dorsal

identified within exclusion bodies that are extruded through thgﬁqut:@;ugte ggﬂ?g Eﬂges tigizigl;?;?sra:ncrﬁf;&gyg'géaé'og ,'Enlfl azrse h

epidermis by unknown mechanisms (Parichy et al., 1999;;4hifield images; Band D are corresponding fluorescence images
Sugimoto et al., 2000; Sugimoto, 2002) (Fig. 7D-F). Weof B and D. (B) In juvenile fish shifted from 24°C to 33°C,

confirmed that exclusion bodies contained xanthophorampigmented TUNEt cells (arrow B) occur in the dermis where
derived pteridine pigments by their autofluorescence (Figmsexpressing cells are found. s, scale. (C) Extensive chromatophore
7D"). An analysis of the number of such extrusions in adult fisklebris can be identified in the skin after shifting adult fish from 24°C
shifted to 33°C for 3 days revealed a dramatic increase in firig 33°C. Shown is a whole mount region of the caudal fin, with

of fms-74Amutants as compared to wild-type (Fig. 8B). Similarorange and black debris from xanthophores and melanophores,

pigmented debris and exclusion bodies were observed on tfSPectively. ¢, capillary. r, fin ray. (D) Extrusions in the superficial
épldermls contain orange pigment.YButofluorescence reveals

trunk at lower frequencies (€.9., Fig. 6G, and data not shown fesence of xanthophore-derived pteridine pigments. (E) Extrusion
Sincefmsmutants are deficient in mgcrophages at embryoni om the fin epidermis (arrow) contains debris of both xanthophores
stages (Herbomel et al., 2001), it might be argued thal,q melanophores. (F) Extrusion containing xanthophore-derived

pigmented debris and exclusion bodies in UPShiftBéMA igment on the fin of a wild-type adult. Scale bars: (A-Cu#0
individuals reflects an abnormal manifestation of normaFD,E) 20pm.

pigment cell turnover, revealed by a loss of macrophages upon

temperature upshift and a subsequent failure to clear dying

cells. This appears not to be the case, however, sindéte activation of Fms allows recovery of

histological staining and time-lapse imaging revealsxanthophores and melanophore stripes through

phagocytic and motile macrophages that persist even aftagdult stages

temperature upshift dims'74A adults (D. M. P., unpublished Temperature shift experiments revealed an essential role for
data). Together, these findings suggest that Fms is required famns in maintaining cells of the xanthophore lineage and
maintaining pigment cell precursors, and that at least sommaintaining the striped pattern of adult melanophores
differentiated xanthophores and melanophores that disappe&oughout development. These findings do not exclude the
when Fms activity is curtailed are lost by death rather thapossibility that a critical period for Fms activity exists during
dedifferentiation. early development; for example, Fms might be required to
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fms 744 . downshifted individuals recovered only irregular and broken
42, —= " melanophore stripes, as an additional indicator of stripe
morphology we assessed the frequencies of individuals that

o
>
w

w
o

per side (mean=0.2 breaks, s.d.=0.%5395), individuals
downshifted at larger sizes exhibited from 3-10 breaks, or
severely disrupted melanophore stripes resembling control fish
0 0 maintained at 33°C. Thus, melanophore stripe organization is
24 24-33 33 24 24-33 24,33 largely restored when Fms activity is provided at stages

]
2 § developed complete stripes (defined as stripes having no more
- 2 than one break per side; e.g., Fig. 10). Fig. 5D shows that
g 20 228 complete melanophore stripes were more frequent in
I Tz individuals downshifted by middle metamorphic stages:
3 g whereas individuals reared either at 24°C or downshifted prior
+d 10 % 14 to 8.0 mm SL typically exhibited no more than one stripe break
5 £
= S

x

Temperature (*C) Temperature (°C) through middle to late metamorphosis and this restoration was
Fig. 8. Quantitative analyses of cell death when Fms activity is associated with — and presumably caused by — the concomitant
curtailed. (A) Mean (+95% confidence intervals) numbers of restoration of xanthophore densities.

TUNEL" cells observed in trunk neural crest migratory pathways of ~ We observed only partial recovery of xanthophore numbers
24-28 h embryosn=128) maintained either at 24°C, transferred and stripe morphology during late metamorphic stages and
during these stages of neural crest migration from 24°C to 33°C for heyond (>8-10 mm SL; Fig. 5B,D, Fig. 9C). This difference
2-3 hours, or maintained at 33°C. A dramatic increase in TUNEL  from earlier stages could reflect either a critical point beyond
cells occurs ifims!7**homozygous embryos exposed to the 33°C hich yanthophores and stripes can no longer be recovered
restrictive temperature, as compareds' ’#Ahomozygotes at 24°C fully: or simply insufficient time between temperature

or heterozygotes at either temperature (genotyeenperature . . .
interaction for square root-transformed d#&g12-~10.0,P<0.0001). downshift and scoring of the resulting patterns for complete

(B) Mean numbers (+95% confidence intervals) of xanthophore ~ F€covery to occur. To address these possibilities, we repeated
pigment-containing exclusion bodies in caudal fins of ad#t$4) the initial experiments by rearing fish to juvenile stages (~12
maintained either at 24°C or transferred from 24°C to 33°C for 3~ mm SL) at 33°C, shifting them to 24°C, and examining pattern
days. A sharp increase in the numbers of such exclusion bodies  development over several months. These individuals gradually
occurs infmst7#Aindividuals transferred to 33°C as compared to recovered xanthophores over several weeks (Fig. 9D-I; for
fmsl74Amaintained at 24°C or wild-type individuals transferred from animated time-lapse images, see: Supplementary Data). New
24°C to 33°C (square root-transformed d&ig1=28.04, xanthophores appeared first in the fins and subsequently were
P<0.0001). found in ventral regions of the flank, and to a lesser extent on
dorsal scales. Gradually, the distributional limits of these cells
establish a population of precursor cells during embryogenesextended until they had completely covered the flank. As
that is recruited to differentiate only much later, during pigmenkanthophores occupied new regions, melanophores in these
pattern metamorphosis. To investigate whether a critical periagégions adopted increasingly spread morphologies and
exists after which xanthophores and adult melanophore stripgcame increasingly well organized; partially formed adult
can no longer be rescued, we reared homozy@mss’4A  melanophore stripes developed within approx. 6 weeks of
individuals at 33°C and shifted them to 24°C at a range of sizéemperature down-shift. Xanthophore distributions and
from embryo to early adult (SL=3.6-16.3 mns67). These melanophore patterns on the body were indistinguishable from
analyses showed that shifting fish to 24°C allowed extensiwild-type by approx. 4 months (see: Supplementary Data:
recovery of xanthophores and melanophore stripes through latép://dev.biologists.org/supplemental/). Intriguingly, however,
stages of metamorphosis (Fig. 5B, Fig. 9A,B; see below antthe orientations of fin stripes were haphazard (sometimes even
Supplemental Data: http://dev.biologists.org/supplemental/)within a fin) and were frequently perpendicular to the wild-
We did not observe marked recovery of xanthophores itype orientations. Such perturbations to fin stripes were evident
individuals downshifted at larger sizes (>10 mm SL, buin both caudal fins (Fig. 9J-L) and anal fins (data not shown).
see below; final xanthophore density vs. size when shifted,hese results demonstrate that Fms activity is sufficient to
partial regression coefficient=—15.67; SE=1.5B15+=98.19,  recruit xanthophores (though not melanophores) and to rescue
P<0.0001; Fig. 5B, Fig. 9C). the organization of melanophore stripes through metamorphic
In addition to restoring xanthophores, providing Fmsand juvenile stages.
activity typically resulted in the recovery of an adult . . o .
melanophore stripe pattern (Fig. 9A,B). Quantitation ofFms is not essential for establishing a population of
melanophore densities and organization did not reveal ghromatophore precursors during embryogenesis
significant difference in melanophore densities betweeiXanthophore recovery and pattern regulation fing74A
individuals downshifted at any stage and control individual$iomozygotes following temperature down-shift (above) is
left at 33°C P=0.9), though variability in melanophore nearestconsistent with a model in which Fms is not essential for
neighbor distances was reduced in downshifted individualestablishing a population of chromatophore precursor during
with greater xanthophore densities (partial regressioearly development. Nevertheless, we reasoned that any
coefficient=—5.13; s.e.=0.46F1,9=125.47; P<0.0001; Fig. residual activity byfms'74Aat the restrictive temperature might
5C). Thus, melanophores were more organized in individualallow the escape of some otherwise Fms-dependent cells
that recovered higher densities of xanthophores. Since sordering embryogenesis, and these cells would then be able to
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repopulate the flank. In light of this possibility, we repeatedyenerating later adult stripes. Nevertheless, these findings are
the temperature down-shift experiments using individualgonsistent with an initial reduction in Fms-dependent cells
transheterozygous fdmst74A and fm&'ue [which is likely to  contributing to irregularities in the patterning of adult
act as a null allele (Parichy et al., 2000a)], and placed embryoselanophore stripes.

at a higher initial temperature of 35°C until they had reached

the feeding stage. When larvae were downshifted to 24°C,

these individuals rapidly recovered approximately normabDISCUSSION

numbers offmsexpressing cells and xanthophores (similar

results were obtained by knocking-down Fms activity inThe results of this study provide new insights into the cellular
wild-type embryos with a morpholino oligonucleotide; databasis for adult melanophore stripe development in zebrafish.
not shown). Interestingly, however, fmg744fmdlue  These observations, and those of previous studies, suggest a
transheterozygotes exhibited frequent breaks in adult stripesiodel for how pigment cells are recruited and how these cells
far in excess of heterozygoutmd744+ or fmPU¥+ interact during the larval-to-adult transition (Fig. 11). During
individuals reared initially at 35°C, ofmdg744fmd&lue  early pigment pattern metamorphosis, precursor stem cells
individuals reared throughout development at 24°C (Fig. 10)egin to be recruited towards xanthophore and melanophore
These data do not support an essential early role for Fms fates (as well as iridophores; not shown). For the xanthophore
establishing precursor cells that are solely responsible fdineage, successful completion of this process requimes

Fig. 9. Temperature downshift
experiments reveal xanthophore
recovery and pattern regulation
after Fms activation.

(A-C) Examples ofmg-74A
homozygotes reared at 33°C to tt
size indicated (upper panels) thel
shifted to 24°C until an adult
pigment pattern had formed (lowe
panels). (A) Larva shifted during
early pigment pattern
metamorphosis (6.5 mm SL)
recovered xanthophores and a wi
type pattern of adult melanophore
stripes (15.9 mm SL, ‘Aafter 34
days at 24°C. (B) Larva shifted
during middle stages of pigment
pattern metamorphosis (8.1 mm
SL) recovered xanthophores and
normal adult melanophore stripes
(17.3 mm SL, B after 34 days at
24°C. (C) Individual shifted when
pigment pattern metamorphosis
was essentially completed (12.3
mm SL) has recovered some
xanthophores but not a normally
organized stripe pattern (14.1 mn
SL, C) after 14 days at 24°C.
(Insets) Higher magnification viev
of boxed regions showing
xanthophores. (D-I) Individuals
reared initially at 33°C through la
larval stages can regulate
xanthophores and stripes after
several weeks to months followin
shift to 24°C. Shown are sequent
images of the same region on a
representativéms74Aindividual
(starting 12 mm SL) at 2 days (D)
10 days (E), 16 days (F), 22 days
(G), 27 days (H), and 40 days (1) after temperature downshift. Note increasingly organized and spread melanophores agxaajhophe

the flank. (Upper images) Low magnification showing melanophore distributions. (Lower images) Higher magnification of boged region
showing recovery of xanthophores (arrow). (J-L) Perturbation of fin patterning when Fms is activated late in developmenal (J) No
horizontal stripes form in the caudal finfofs74Aindividuals reared at 24°C. Xanthophore stripes on the fin extend caudally from stripes on
the body (arrow). (K) Xanthophores and stripes are absent in the finsl&f*individuals reared at 33°C. (L) Xanthophore recovery
accompanied by stripe reorientatiorfims'74Awhen Fms is activated only late in development. Scale bars: (A,B) 1 mm, (C) 2 m@1) (A
500um, (D-l) 250pm, (J-L) 1 mm.
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Fig. 10.Pattern regulation ifmgt744fm$'ue transheterozygotes. *
(A) Normal adult melanophore stripes develofinig 744fmglue ® ® ®®

individuals reared at 24°C. (B) Xanthophores and melanophore

stripes are recovered ims-744fm@'ue individuals reared 35°C prior D @ @ @ @ @

to feeding, and at 24°C thereafter. (C) More frequent breaks in aduli
melanophore stripes occurfimst744fmg'ue individuals reared at . ..
33°C prior to hatching, as comparedns 74Afmdie reared at 24°C

prior to hatching, ofmg- 744+ or fmPu¢/+ heterozygotes reared at . ....
either temperature (temperatuweenotype interaction for square
root-transformed daté1,116=6.33,P<0.05). Shown are unilateral
mean numbers of breaks in melanophore stripes per individual
(x95% confidence intervals). Scale bar: 00.

Fig. 11.Model for pigment pattern metamorphosis in zebrafish.

(A) Throughout metamorphosis new pigment cells appear from
undifferentiated stem cells (see text for references). These cells
(white) may be specified for one or another cell fate, or they may be
pluripotent. Recruitment of stem cells to the xanthophore lineage
activity. Subsequently, during middle stages of pigment pattertyellow cells, left) requirefms in the absence of Fms activity these
metamorphosis,fmsdependent cells of the xanthophore cells die, fail to advance through stages of xanthophore

lineage influence cells of the melanophore lineage to forrdifferentiation, or both. Stem cells also are recruneq to mele_mophore
stripes. Finally, beginning during late stages of metamorphos|&t€s (grey cells, right) under the influencedhrbl mitfa andkit.

. Pl though gene expression analyses refi@alexpression at early
when stripes have formed and continuing thereaftes stages in some of these cells, a cell autonomous role&in

deF’e”qe.”t cells of the xanthophore lineage <?°”“'bUte vf}gromoting the development of early stages in the melanophore
maintaining the organization of melanophore stripes. Belowineage has yet to be documented. (B) Terminal differentiation of
we discuss various aspects of this model, as well as its relatigAromatophores depends on genes encoding pigment synthesis
to previous genetic analyses d&fns and kit-dependent enzymes that are likely to differ between xanthophores (zl.,

melanophore populations. xdh) and melanophores (e.ggpachrome tautomerasgct;
tyrosinasetyr). During these stages, xanthoblasts express and
Independence of embryonic and metamorphic requirefms(F). A parallel requirement fdit is observed for fin
xanthophore populations revealed by modulation of melanoblasts, and likely body melanoblasts that also exkit€&9.
Fms activity (C) During middle stages of pigment pattern metamorphosis and

ossibly prior to the terminal differentiation of chromatophdires,

Magy or.ganlslms lunder%ol a metamofrphos:jsl In Vr\]’h'Chf aﬁependent cells of the xanthophore lineage influ&itadependent
embryonic or larval morphology is transtormed Into that of ane|is of the melanophore lineage to form stripes. Although this

adult. Among vertebrates, such changes are especialieraction promotes melanophore competence for stripe formation,
pronounced in anuran amphibians; similar albeit less dramatige directionality of these stripes depends on additional cues,
changes also occur in salamanders and teleosts. In zebrafishossibly including initial asymmetries in chromatoblast or stem cell
variety of traits are either altered, or develop apparently deistributions, or other features of the extracellular environment. In
novo during metamorphosis, including: fins (larval fin folds arghe absence of Fms activity, xanthophores are not recruited and do
lost and adult unpaired fins deve|0p); hematopoieticy guﬂpt influence melanophore stripe forma_tion. (D) During Iat_e stages of
sensory and nervous systems; skin (increased stratification apigment pattern metamorphosis extending through adulfriie,
formation of adult scales); behavior and physiology; and thdePendent xantlhophcr)]res (or their Ipreﬁursgrs) Cont;'tl’:”te o
pigment ptten (o Kirschbaum, 1975, Srown, 1697. Sire dParianng melanephoresrpes, n e bscre of P aciviy,
al., 1997; Ledent, 2002). For zebrafish and other vertebrates, '
however, it remains largely unknown to what extent traits
expressed both before and after metamorphosis share commantirely on pigment cells that differentiate  during
cellular bases and genetic requirements (Parichy, 1998), thougibryogenesis, with cell migration, death and proliferation
this issue is central to understanding the development amdmodeling the early larval pigment pattern into that of the
evolution of adult form. adult. Or, distinct populations of cells could contribute to
With respect to pigment patterns, adult stripes could depenghtterns at different stages via the de novo differentiation of
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new pigment cells during metamorphosis. The existence dafurtailed early, xanthophores and their precursors fail to
mutants that ablate embryonic — but not adult — melanophorelevelop; yet if Fms activity is provided late, these cells
and iridophores demonstrates that distinct populations of theskfferentiate and can achieve roughly wild-type densities given
cells contribute to pigment patterns before and aftesufficient time. This dependence could reflect several different
metamorphosis (Johnson et al., 1995; Haffter at al., 199@equirements at the cellular level. For example, Fms could be
Kelsh et al., 1996; Parichy et al., 1999). This issue hasequired by fully differentiated xanthophores but not their
remained unresolved for xanthophores, however, since mutargeecursors, by xanthophore precursors but not xanthophores,
have yet to be identified that ablate these cells at one stage lbutby cells at all stages of specification and differentiation
not another. Results of temperature shift experiments in thigithin the xanthophore lineage. Results of this study support
study suggest that xanthophores comprising the embryontibe latter interpretation. Abrogating Fms activity resulted in the
early larval and adult pigment patterns in zebrafish represehitss by apoptosis of unpigmented, presumptive neural crest-
temporally distinct populations: curtailing Fms activity duringderived cells in embryos that are likely to include xanthophore
embryogenesis ablated embryonic xanthophores, but restoripgecursors. [Useful markers of the xanthophore lineage are
Fms activity in these same individuals after embryogenesisnly now being developed for later stage larvae (D. M. P,
permitted the recovery of adult xanthophores in approximatelynpublished data).] An essential role for Fms in maintaining
normal numbers. These findings imply that undifferentiateckanthophore precursors during their differentiation is
precursor cells are present through pigment patterreminiscent of analyses of tlims homologue kit, which is
metamorphosis and adult development, and can be recruitedrequired for the survival of amniote melanoblasts (Cable et al.,
differentiate as xanthophores (Fig. 11A). These results antP95; Okura et al., 1995; Ito et al., 1999) and during the
those of reciprocal temperature shift experiments (discussaetifferentiation of zebrafish melanoblasts into melanophores in
below) further indicate that embryonic and adult xanthophorethe regenerating fin (Rawls and Johnson, 2001).

share a common dependence fns This requirement Our results also show that differentiated xanthophore require
contrasts wittednrbland some other loci that are essential forFms activity, but their dependence is noticeably reduced. When
trait development at only one stage or another (Haffter et afjyvenile fish were transferred to a restrictive temperature, a
1996; Parichy et al., 2000b) (D. M. P. and J. M. T., unpublishedradual loss of xanthophores is observed over a period of days
data). The extent to which phenotypes and gene activities at@ weeks. Similarly, abrogation of Fms activity results in more
partitioned across metamorphosis thus appears to vary batbvere xanthophore deficits in the adult pattern when

across traits and across loci. temperature shifts are performed during the early larval period
or through the middle of pigment pattern metamorphosis,

Chromatophore stem cells during post-embryonic as compared to terminal stages of metamorphosis. Since

development xanthophore densities increase steadily during pigment pattern

The existence of pigment stem cells at post-embryonic stagesetamorphosis (D. M. P. and J. M. T., unpublished data), the
is indicated by results of this study, previous analyses of fispersistence of xanthophores following temperature upshift at
(Rawls and Johnson, 2001) (reviewed by Sugimoto, 2002), aridte stages coincides with a time when more of these cells
recent findings from mammals (Grichnik et al., 1996; Kunisadaave already differentiated. These observations suggest that
et al., 1998; Nishimura et al., 2002). In zebrafish, however, theanthophores exhibit a reduced dependence on Fms activity as
precise location and developmental potential of such cellsompared to xanthophore precursors. The eventual loss of
remain unknown (Fig. 11A). Conceivably, independentxanthophores at a restrictive temperature could indicate that
populations of specified stem cells may contribute tokanthophores require Fms only intermittently, or thafrig?4
xanthophore, melanophore and iridophore lineagesllele exhibits sufficient residual activity even at a restrictive
Alternatively, these cells may be multipotent and capable demperature to allow transient persistence of xanthophores.
contributing to multiple chromatophore lineages. Indeed, th®verall these observations argue for a continued, but
existence of a common melanophore—xanthophore precursdiminished requirement for Fms in differentiated xanthophores
during post-embryonic development would readily explainas compared to their precursors. The persistent requirement for
genetic analyses that revealed a roleffiosin promoting the Fms by fin xanthophores and body xanthophores contrasts
differentiation of normal numbers of melanophores (Parichy ewith the eventual independence from Kit attained by fin
al.,, 2000a), as well as the correlated melanophore andelanophores (Rawls and Johnson, 2000; Rawls and Johnson,
xanthophore deficits that resulted from curtailing Fms activity2001) and possibly a subpopulation of body melanophores
in this study. Nevertheless, both of these observations can al§lmhnson et al., 1995).

be interpreted to reflect a role for thiensdependent _

xanthophore lineage in promoting the differentiation, survivalPependence of adult melanophore stripes on the

or proliferation of melanoblasts. Analyses of gene expressioxanthophore lineage

and cell lineage now underway at these stages should helpVertebrates exhibit a diversity of pigment patterns, yet we
identify the locations and range of fates for post-embryoni&now little about how these patterns are generated. In zebrafish,

pigment stem cells in zebrafish. a large number of genes essential for adult stripe development
) - o have been isolated as mutant lines and some of these genes

fms requirement for recruiting and maintaining have now been cloned (e.g. Lister et al., 1999; Parichy et al.,

xanthophores throughout development 1999; Parichy et al., 2000a; Parichy et al., 2000b; Kawakami

A major finding of temperature shift experiments in this studyet al., 2000). Nevertheless, the cellular bases for stripe
is a requirement fofmsin recruiting cells of the xanthophore development remain largely unknown. For example, it is
lineage throughout development (Fig. 11B): if Fms activity isunclear to what extent patterns are generated by interactions
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between chromatophores and cues in their extracellulatirectionality of these stripes. In the developing caudal fin,
environment, or interactions among chromatophore classetripes appear initially as extensions of the body stripes (Rawls
themselves. Results of chimera analyses in this study strongind  Johnson, 2000), and melanophore—xanthophore
suggest thaimsdependent cells of the xanthophore lineage arenteractions are likely to build upon this pre-existing pattern
necessary to promote melanophore organization into aduliuring fin growth. When xanthophores are produced in the fin
stripes (Fig. 11C). In the absence of xanthophores and theinly late in development, other cues presumably serve to set
precursors ifms mutants, normal adult melanophore stripesthe directionality of these stripes, or stripe orientation is
do not form; however, when cells of the xanthophore lineagdetermined stochastically. On the body, late xanthophore
are provided by transplanting cells betwestre andfms-  regulation yielded stripes that resembled wild-type stripes,
mutant embryos, adult melanophore stripes are rescuesliggesting either that the same cues are present as at earlier
Similarly, greater xanthophore densities (provided bystages, or that other cues are able to serve the same function
modulating Fms activity in temperature shift experiments)ate in development. A distinction between stripe generation
are associated with increasingly organized melanophorand pattern directionality is also evident in larval salamanders,
patterning. in which the positions of vertical bars depend on an apparently
The dependence of initial melanophore stripe formatiorstochastic positioning of xanthophore aggregates along the
on the xanthophore lineage could reflect several differemeural tube (Epperlein and Lofberg, 1990; Parichy, 1996a).
underlying mechanisms. For example, direct interactionSimilarly, horizontal stripes in most salamander larvae that
between melanophores and xanthophores or their precursdrave been examined depend on an initial interaction between
could generate stripes via contact inhibition of movement anchelanophores and the lateral line sensory system that sets the
contact stimulated migration (Tucker and Erickson, 1986hdlirectionality of the stripes, and these stripes are then enhanced
Thomas and Yamada, 1992). Such interactions have beéy interactions between melanophores and xanthophores
implicated in the formation of vertical bars and horizontal stripe¢Parichy, 1996a; Parichy, 1996b). It will be interesting to
in salamander larvae (Epperlein and Lofberg, 1990; Parichydentify cues that set the directionality of horizontal stripes as
19964a,b), and it is conceivable that homologous interactions aveell as vertical bars amon®anio species (Fang, 2000;
present during zebrafish adult stripe development. DifferentiaQuigley and Parichy, 2002), and whether interactions between
adhesive properties could also contribute to a sorting out of thesgelanophores and the xanthophore lineage are a shared
cell types (Steinberg, 1970); indeed xanthophores, but ngiattern-forming mechanism for this group.
melanophores, in the tele@3ityzias latipeexpress N-CAM and Finally, the results of this study reveal an essential role for
N-cadherin (Fukuzawa and Obika, 1995). Finally, an additionafms in maintaining melanophore stripes once formed (Fig.
possibility is that interactions between melanophores and theLD). When Fms activity is curtailed after stripes have
xanthophore lineage are indirect, if xanthophores or theideveloped, melanophores are lost concomitant with
precursors provide signals that promote the competence wénthophores until a pattern resembling that fofis
melanophores to receive other pattern-forming cues. Fagresumptive null alleles is obtained. These findings suggest
example, zebrafish melanophores express the Kit receptor, atéit in addition to roles for thémsdependent xanthophore
xanthophores in salamanders express the Kit ligand, Steel Faclimeage in promoting initial formation of melanophore stripes,
(N. Parker, personal communication); since Kit signalinghese cells may also be required for melanophores to receive
modulates integrin expression and stimulates motility (Scott éactors essential for maintenance of a differentiated state,
al., 1994; Jordan and Jackson, 2000) (see also Grichnik et aurvival, or both. This could indicate that xanthophores or their
1998), this type of interaction could contribute to organizingorecursors provide maintenance signals to melanophores
zebrafish melanophores. directly. Arguing against this notion is the normal death of
Whatever the molecular mechanisms responsible fomelanophores that become surrounded by xanthophores in the
interactions between melanophores and the xanthophodeveloping melanophore-free interstripe regions of both body
lineage, these results suggest an important role for interactioasd fins (Goodrich et al., 1954; Goodrich and Greene, 1959;
among chromatophore classes in generating adult zebrafiBlarichy et al., 2000a) (D. M. P. and J. M. T., unpublished data).
stripes. This interpretation supports the conclusions of earlxlternatively, community effects among melanophores could
analyses of fin stripe development and regeneration (Goodrigitomote the maintenance of these cells if melanophores present
and Nichols, 1931; Goodrich et al., 1954). A role forparacrine factors to one another that are essential for their
melanophores in organizing iridophores has been suggestedsagport: local melanophore densities that fall beneath some
well (Johnson et al., 1995), implying a cascade of interactiongitical threshold would then result in melanophore
among chromatophores or their precursors: xanthopheres dedifferentiation or death, and a failure of normal stripe
melanophores- iridophores. formation or maintenance (Parichy et al., 2000a; Aubin-
Interactions between melanophores and the xanthophokouzelstein and Panthier, 1999). The results of the present
lineage may be essential for generating stripes but may not beudy are consistent with the idea that a lossnsfdependent
sufficient to determine the orientation of the pattern in some&anthophores allows melanophores to leave their intial
or all contexts. Evidence for this assertion comes fronpositions in stripes and thereby to lose maintenance signals that
temperature downshift experiments in which late activation obtherwise would be received.

Fr_ns PFOdUCGd fin stripes _perpend|cular to their normal We thank R. Roberts for assisting with cell counts and C. Lee for
orientation. These observations suggest that although rfg|ning to maintain the fish. For helpful discussions and comments
establishment of melanophore—xanthophore interactiongn the manuscript we thank M. V. Reedy, M. Shankland, J. Fischer,
contributes to stripe formation, other patterning cues with aN. Parker, and I. Quigley. Supported by NIH RO1 GM62182 and NIH
early critical period are essential for setting the normaRO1 HD40165 to D. M. P.
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