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SUMMARY

Embryonic neural crest-derived melanocytes and their
precursors express thekit receptor tyrosine kinase and
require its function for their migration and survival.

However, mutations inkit also cause deficits in melanocytes
that make up adult pigment patterns, including

melanocytes that re-establish the zebrafish fin stripes
during regeneration. As adult melanocytes in mice and

requirements for kit. We have used a temperature-sensitive
zebrafish kit mutation to show that kit is required
during adult fin regeneration to promote melanocyte
differentiation, rather than during embryonic stages to
establish their stem cell precursors. We also demonstrate a
transient role for kit in promoting the survival of newly
differentiated regeneration melanocytes.

zebrafish are generated and maintained by stem cell
populations that are presumably established during
embryonic development, it has been proposed that
adult phenotypes in kit mutants result from embryonic
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INTRODUCTION observation that fish can regenerate their fins and re-establish
their melanocyte stripes from undifferentiated cells in the
Stem cells are found in a variety of vertebrate tissues whestump through numerous cycles of amputation and
they replace differentiated cells lost through cell turnoveregeneration, suggests the existence of melanocyte or pigment
and tissue injury. A complete understanding of stem celtell stem cells (Rawls and Johnson, 2000).
development requires the identification of mechanisms that We have previously shown that zebrafish mutant fokihe
underlie the initial establishment of stem cell populations, andeceptor tyrosine kinase (formerly callggarse Parichy et al.,
the recruitment of stem cells later in development to produc&999) fail to develop regeneration melanocytes between stage
differentiated progeny. The genetic system of the zebrafisd, and stage 7. In the absencekibffunction and absence of
Danio rerio, provides opportunities for investigating the early regeneration melanocytes, a secondary regulatory class
mechanisms that promote these different stages in thef melanocytes differentiates (starting around stage 8) and
development of stem cells, such as those cells responsible ®ventually re-establishes the fin stripes. Secondary regulatory
re-establishing the melanocyte stripes during fin regeneratianelanocytes have little or no role in normal stripe regeneration
(Rawls and Johnson, 2000). (Rawls and Johnson, 2000), therefore the melanocytes that
Following partial amputation, zebrafish fins rapidly re-establish the fin stripes during normal regeneration are
regenerate to replace the missing tissue. Wound healing occustirely or almost entirelkit dependent. However, to avoid
in the first stage after amputation (1 stage is the equivalent obmplications arising from the possible minor contribution of
1 day of regeneration at 25°C; Johnson and Weston, 199%econdary regulatory melanocytes to normal regeneration after
followed by recruitment of cells into the cell cycle betweenstage 8, we now focus on melanocytes that develop prior
stages 1.5 and 2 (Johnson and Bennett, 1999), formation @f stage 7 in investigating the role &it in regeneration
visible blastemata by stage 3 and outgrowth of the regenerateelanocyte development.
through completion of regeneration (approximately stage 25- In mammals, adult melanocyte pigment pattern is also
30). Precursors of regeneration melanocytes are observed bynraintained by stem cells (Kunisada et al., 1998), and loss of
situ hybridization proximal to the amputation plane as early akit function similarly causes deficits in adult melanocytes
stage 1 to 1.5, and then distal to the amputation plane by stag&lvers, 1979; Geissler et al., 1988; Nocka et al., 1990; Tan
2 to 3. Pigmented de novo melanocytes are first observedd al., 1990; Giebel and Spritz, 1991; Tsujimura et al., 1991;
throughout the regenerate at stage 4, and continue Resmer et al., 1993; Marklund et al., 1998). idtsfunction
differentiate in the distal-most, or developmentally youngestis also required for the migration and survival of embryonic
part of the regenerate, until completion of regeneration. Theeural crest-derived melanocytes and their precursors (Motro
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et al., 1991; Cable et al., 1995; Wehrle-Haller and Westorkit®> females in a C32 background, and progeny were initially reared
1995; MacKenzie et al., 1997; Parichy et al., 1999), it hast 33°C. Non-complementing embryos displaying Kie mutant

been proposed that adult pigment pattern phenotypéi in embryonic melanocyte phenotype (Parichy et al., 1999) were shifted
mutants might be due to requirements kitr during early 25°C and reared to maturity for further analysis. Over 83,000
stages of ontogeny to promote the development of aduffmPryonic progeny were screened in this manner, yielding 247 non-
melanocyte stem cells (Huszar et al., 1991; Wehrle-Haller an mplementing mutants. Temperature sensitivity of new mutants was

) . ) . issessed by backcrossing founders to homozygab testers,
Weston, 1995; Yoshida et al., 1996; Mackenzie et al., 199 splitting the clutch in half between the permissive temperature (25°C)

Rawls and Johnson, 2000). For examglemay be required 514 the restrictive temperature (33°C). Clutches with approximately
during embryogenesis to establish melanocyte stem cells, g kit mutant phenotype embryos and 50% wild-type embryos at
during larval development to maintain melanocyte stem cell5°C, and 100%it mutant phenotype at 33°C were considered to be
Adult roles for Kit in melanocyte development have beenemperature sensitive. Sixty different founders, most of them
previously suggested by studies in mice, using conditiongiresumably identifying independent alleles, were screened in this
abrogation of gene function using Kit-directed antibodiegnanner. From these, six temperature-sensikite alleles were
(Nishikawa et al., 1991; Kunisada et al., 1998). In the absendgentified and five of these alleles were recovered. Although it remains
of molecular markers for melanacyte stem cels, we soug iR, T, Todk SIS RSt e ol S T
fjoevcg%'pngg'nstgl bsetgléeein iﬁozgglt()elisrf?ilnes ::t n?;ir:t]gin?ﬁgglya du equenced from this_ screen (Parichy et aI._, 1999;_ th_is s_tudy; J.F R
’ - . . . d S. L. J., unpublished) suggests that this possibility is remote.

melanocyte stem cells, or during regeneration, in promoting
melanocyte differentiation, using a temperature-sensitivQuantitative assessment of regeneration melanocyte
mutation ofkit. survival

The utility of temperature-sensitive mutations to remove oFins regenerated at 25°C until upshift to 33°C at stage 7, 11, 15 or
restore gene function has been useful in dissecting a variety 29. At the time of upshift, animals were treated with 1 mg/ml
biological processes in yeast (Hartwell et al., 1974), wormgpinephrine for 5 minutes to contract melanosomes and facilitate cell
(Vowels and Thomas, 1992) and flies (Suzuki et al., 1976). Agounting (Johnson et al., 1995; Rawls and Johnson, 2000; Sugimoto
poikilothermic vertebrates such as zebrafish can grow in eala?:{fa%r?gg) iﬁ”% gh?;?\%r%‘;\';%‘:/'ltm{j’r‘g’g‘g(g?ﬂ;'fttéo t?lic% Ilnsgl;::ier:e
\tlélr(:leperrealtrt-]l?ree-scgn;?tri?lgerrnal}?f;ﬁgnésiﬁh;irsor? iaﬁnglsgrk?essi(,je]r-]?ig gi’j‘nthesis and therefore inhibit pigmentation of any new melanocytes

. . A ilos and Dingle, 1978; Rawls and Johnson, 2000). After six stages
(Abdelilah et al., 1994; Johnson and Weston, 1995; Winkler €} 33°¢ fish were again treated with epinephrine and photographed.

al., 2000). We therefore generated a temperature-sensitiy@e rate of melanocyte survival during these treatments was assessed
allele of zebrafishkit in order to assess the temporal by dividing the number of melanocytes in the presumptive central
requirements okit. We show thatkit is required after fin stripe in an individual regenerate after six stages at 33°C, by the
amputation to promote the population of the regenerate byumber of melanocytes in the presumptive central stripe at the time
melanoblasts, rather than during earlier developmental stage&upshift (7-10 individuals per timepoint). We define the presumptive
to establish melanocyte stem cells. As early regeneratidi?””al stripe as the region of th_e regenerate distal of the central stripe
melanocytes do not form in the absenckiofunction, we also " the stump. As the pigmentation of further de novo melanocytes is
used the temperature-sensitiiemutant to determine the role mzzgﬁ%iy;’;ghi sprﬁhjwinigld (glgéggggtt ?;13ﬁ;erel_ntilatelcjingﬁgﬁsnﬁézt)lor:‘ o
tsrt]ﬁttilkelg prlg\)//:allz dth:Stera(r:leslilgnT[OIrlg:glnﬂ%td:fr-lferpergtrlr?gt?rrllg.] L:‘gse further melanocytes become located in the presurﬁptive central étripe
survival of differentiated regeneration melanocytes. Tollowing upshift for the duration of the experiment.

RESULTS

MATERIALS AND METHODS Temperature-sensitive kit mutation

We conducted a screen for ENU-induced temperature-sensitive

F?Sh hUSband.ry a.nd regerTeratlonostaglng R ] alleles ofkit (see Materials and Methods). The most robust of
Fish were maintained at either 25°C or 33°C on a 14L:10D cycle. Fo[ esekitile9 encodes a T to C transition at nucleotide 2325,

fin amputation, fish were anesthetized and the distal two-thirds of th T . . o ; -
caudal fin resected with a scalpel. One stage of regeneraticf sulting in a leucine to _prollne subst|tut|0|_’1 at residue 754 In
corresponds to 24 hours at 25°C or 12 hours at 33°C (Johnson ai¥ Second kinase domain (not shown). This conserved leucine

Weston, 1995). All references tti1e9 and kitt> mutants refer to  residue has not been previously implicated as important for
homozygous animals. In situ hybridization using DIG-labeled full-Kit function (for a review, see Linnekin, 1999). Animals
length zebrafistkit riboprobes (Parichy et al., 1999) was carried outhomozygous forkitile9® that were reared and challenged to
as previously described (Thisse et al., 1993), with the exceptions thadgenerate their fins at the permissive temperature (25°C; Fig.
proteinase K digestion was performed apgml for 40 minutes, and  1B) developed and regenerated their fin melanocyte pattern

hybridization and stringency washes occurred at 68°C. similar to wild-type fish (Fig. 1A){itjlegganimals reared at the
Non-complementation screen for temperature-sensitive kit reSt”Ct'Ve temperature (33°C_) de\{elopecsi embryonic and adult
alleles pigment pattern phenotypes identicakit?® null mutants (not

Pre-meiotic ENU-mutagenesis (Solnica-Krezel et al., 1994) Wa§hown). _W_hen then challenged to regenerate. their fins at
performed on wild-type SJD males. Mutant clones produced aftd€ restrictive temperature, these mutants failed to form

such treatment typically account for less than 0.1% of sperm frorf€generation melanocytes by stage 7 (Fig. 1E), a phenotype
individual males (S. L. J., unpublished). Pooled sperm from subsetgentical to that ofkit®> null mutants (Fig. 1D). Thus, the

of 45 mutagenized males was used to fertilize eggs from homozygokiti1€99 allele encodes a temperature-sensitive mutation that
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allows for removal or restoration dfit gene function at Further temperature shift experiments revealed that the

different stages of development. initial requirement forkit in melanocyte differentiation is
between stages 2 and 3 of regeneration. Shifting regenerates

kit is required following amputation to promote from the restrictive to the permissive temperature as late as

regeneration melanocyte development stage 2 had no effect on the time of appearance or number of

To test whetherkit is required prior to amputation (for pigmented melanocytes in the regenerate (Fig. 2D). However,
example, during embryonic or larval stages) to establish diti1e9 fish held at the restrictive temperature until stage 3
maintain adult melanocyte stem cells, we reakie® failed to form melanocytes by stage 4 (Fig. 2D). Instead the
animals to maturity at the restrictive temperature and shiftedppearance of regeneration melanocytes in this experiment was
them to the permissive temperature after fin amputatiordelayed until stage 5 (not shown). This suggests kitas
Following downshift (Fig. 1C)kitile9 regenerates developed initially required between stage 2 and stage 3 of regeneration
de novo melanocytes identically kiile99fish that were held to promote melanocyte development.
constantly at the permissive temperature (Fig. 1B). We
conclude that stem cell precursors of adult regeneratioRequirement for kit extends until late stages of
melanocytes develop and persist through adult stages in tReelanocyte differentiation
absence okit function. In a reciprocal series of temperature shki#le9regenerates

To determine ikit is required during regeneration to recruit shifted from the permissive temperature to the restrictive
melanocyte precursors to form differentiated melanocytes, weemperature as late as stage 3.5 failed to develop regeneration
amputated fins fronkiti1e99 animals reared at the permissive melanocytes (Fig. 2E). In shifts to the restrictive temperature
temperature, and then shifted them to the restrictivat stage 4, when some regeneration melanocytes had already
temperature. These regenerates failed to develop de nodeveloped at the permissive temperature prior to the upshift,
melanocytes by stage 7 (Fig. 1F), indicating Kitais required  few or no additional melanocytes developed following the shift
after amputation to promote development of
regeneration melanocytes.

kit is required after stage 2 to promote
population of the regenerate by
melanoblasts

To determine the role ofkit during
regeneration in promoting the developmer
de novo melanocytes at stage 4, we

observed the location of melanoblasts in w
type and mutant regenerating fins using
situ hybridization. During wild-type fi
regeneration, Kkit-expressing  presumpti
melanoblasts are located in the stump ar
the amputation plane as early as stage
(Rawls and Johnson, 2000). By stage 4 inv
type regeneratekit-expressing melanobla:
have typically migrated into the regenerate
have begun expressing melanin (Fig. :
In contrast, we detectedkit-expressin
melanoblasts in the stump and at

amputation plane but not in the regenerat
stage 4kiti1e99 mutants held at the restricti
temperature (Fig. 2B). This shows thdit is
required to promote population of i
regenerate biit-expressing melanoblasts, ¢
is consistent with possible roles f&it in
migration of melanoblasts into the regene
as well as the subsequent survival
melanoblasts in the regenerate prior

differentiation. As previously describ  Fig. 1.Requirement fokit function in regeneration melanocyte development in
(Rawls and Johnson, 200t transcript wa regenerating fins. Shown are stage 7 regenerates from (A) wild type, (B) temperature-

sensitivekit mutant kiti'e99) reared and regenerated constitLKth\;ely at 25°Ckitty*°

. f . fish reared at 33°C and shifted to 25°C upon amputatiorkif®)null mutant,
Presumably this  failure to deteckit>® (E) kiti'e99mutant reared and regenerated constitutively at 33°C arkiti{Fy® mutant
transcr!pt was due to degradatlop of the mt reared at 25°C and shifted to 33°C upon amputation. Regeneration melanocytes are
transcript via nonsense-mediated MR jngicated by black arrows. Amputation planes are indicated by black arrowheads, with
decay (Culbertson, 1999) caused by distal to the right of figures. In Figures 1-3, red lines and arrows represent growth at
premature stop codon encoded in *i®>  33°C, blue lines and arrows represent growth at 25°C, and associated small black
lesion (Parichy et al., 1999). arrowheads represent time of amputation. Scale bargira00

undetectable irkit’> homozygotes (Fig. 2C
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_ downshift differentiation, and suggests that melanoblasts or their
sl e e precursors remain competent to resporkittiunction beyond
stage 4, which is when they would normally complete
pigmentation.

2
o

A
b oD

kit is required for survival of differentiated
regeneration melanocytes

Because regeneration melanocytes fail to form in the absence
of kit function, the role ofkit in regeneration melanocytes
following differentiation was unknown. As larval melanocytes
in kit mutants undergo programmed cell death and extrusion
from the animal within ~6 days of differentiation (Parichy et
al., 1999), we hypothesized that differentiated regeneration
melanocytes would also requik& function for survival. To

test this model, we permitteditile®® fish to develop
regeneration melanocytes normally at the permissive
temperature until specific stages of regeneration, when they
were shifted to the restrictive temperature to remékite
function. To monitor regeneration melanocyte survival, fish
were maintained in the presence of the melanin synthesis
inhibitor, phenylthiourea (PTU; Milos and Dingle, 1978;
Rawls and Johnson, 2000), after the shift to the restrictive
temperature. This enabled us to follow selectively those
L_}| melanocytes that were differentiated prior to PTU treatment

Fig. 2. Temporal requirement fdit function in regeneration and upshift. kit1e99 f'”? regener_a.tlng at the permissive
melanocyte development. In situ hybridization detkittexpressing ~ emperature formed typical dendritic melanocytes throughout
melanoblasts (white arrowheads) in stage 4 regenerates in (A) wild the dermis of the regenerate by stage 7 (Fig. 3A). However,
type and (BXit1€®¥mutants regenerated at 33°C, but not inki@- shifting those fish to the restrictive temperature caused
null mutants (Parichy et al., 1999). (D) Histogram shows average regeneration melanocytes to undergo typical teleost
number of pigmented melanocytes in stage 4 regeneratés 5 melanocyte cell death (Parichy et al., 1999; Sugimoto et al.,
mutants held constitutively at 25°C (blue), at 33°C for stages 0-2 an@000), as evidenced by contraction of their dendritic processes
then shifted to 25°C for remainder of experiment (black), at 33°C foryng displacement from the dermis into the epidermis by stage
stages 0-3 and then shifted to 25°C (white), and held constitutively afg (Fig. 3C), and their disappearance from the fin by stage 13
33°C (red). Melanocytes indicated by white and red bars consist (Fig. 3B). This shows thakit is required for the survival of

largely of cells that were pigmented prior to amputation and . : . . -
subsequently migrated into the proximal regenerate (see Rawls andd'ﬁerent"’ﬂe‘j regeneration melanocytes, in addition to the

Johnson, 2000). Error bars show 95% confidence intervals. (E) Stagdorementioned requirement for their differentiation.
6 kitile9regenerate shifted from 25°C to 33°C at stage 3.5. . . L
Amputation planes are indicated by black arrowheads, with distal toR€g€neration melanocytes acquire kit independence
the right of figures. Scale bars: 28 (A,B,C), 20um (E). as they mature
Quantitative assessment of melanocyte survival revealed that
the dependence okit function for survival is transient.
to the restrictive temperature (through stage 7; not shownplthough only 38% of melanocytes present in #igle9®
These results suggest that a temporal requiremenkifor regenerate at the time of shift to the restrictive temperature at
extends until late stages of melanoblast differentiation, perhapsage 7 persisted through six subsequent stages in the presence
as late as onset of pigmentation. That this requirement persisté PTU, survival increased to 68% when the upshift was
beyond stage 4 in fin regeneration presumably reflects thdelayed until stage 11 and increased to 92% survival after
continuous differentiation of new melanocytes as the finupshift at stage 20 (Fig. 4). Interestingly, the first melanocytes
regenerate grows. to acquirekit independence were located in the proximal
Consistent with a role fddit in the continuous formation of portion of the presumptive stripe, while the cells that
new melanocytes through later stages of regeneration, we filisappeared after shifting to the restrictive temperature were
that regeneration melanocyte precursorkii#®regenerates located in the distal portion (Fig. 3A-E). As the
at the restrictive temperature remain competent to respond tievelopmentally youngest regeneration melanocytes are
restoration ofkit function. In kitile%® animals reared at the typically located in the distal portion of the regenerate and the
restrictive temperature and then shifted to the permissiveldest in the proximal regenerate (Rawls and Johnson, 2000),
temperature during later stages of regeneration (stages 7-1ije interpret these results to suggest that regeneration
de novo melanocytes subsequently appeared in distal positiomelanocytes transiently requitet after differentiation and
in the regenerate (not shown). Notably, these new melanocytesbsequently acquirkit independence as they mature. An
consistently appeared within two stages of downshift to thelternative possibility was thatit-dependent melanocytes
permissive temperature, but never earlier than stage 4, whiclied and were replaced by a second population of melanocytes
is when regeneration melanocytes normally form. This showthat differentiates in the absencekitf function after stage 7
that kit is required continuously for new melanocyte (secondary regulatory melanocytes; Rawls and Johnson,

p A
. -

B kit/1€99@33°C
D

m melanocytes / st.4 regenerate
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Fig. 3. Transient requirement on
kit for differentiated melanocyte
survival.kiti'e9®mutant
regenerating fin photographed ¢
stage 7 following regeneration ¢
25°C (A), and immediately
shifted to 33°C and later
photographed at stage 13 (B).
Note most regeneration
melanocytes are lost by stage 1
with persistent melanocytes
(black arrows in (B) and (E))
located only in the most proximi
region of the regenerate (indica
by green bars in A,B,D,E).

(C) Longitudinal section of a
stage 1kiti1e°regenerate shifte
to 33°C at stage 7 shows punct
distal melanocytes in the
epidermis (white arrowheads),
and proximal dermal dendritic
melanocytes (black arrows). Basement membrane is indicated by an asteriskit{®%nutant regenerating fin photographed at stage 11
following regeneration at 25°C (D), immediately shifted to 33°C at stage 11 and later photographed at stage 17 (E).dgair tfat r
persistent melanocytes (green bars) has expanded distally. Amputation planes are indicated by black arrowheads, it digtabto
figures. Scale bars: 2@on (A,B,D,E), 20um (C).
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We have used a temperature-sensitive mutation of th
zebrafishkit gene to determine the temporal requirements o
kit in promoting development of melanocytes from their sten
cell precursors during adult zebrafish fin regeneration. Whil T ¥ 15 20
deficits in adult melanocytes resulting from mutationgitn
have been well described (Silvers, 1979; Geissler et al., 198,
Nocka et al., 1990; Tan et al., 1990; Giebel and Spritz, 199Fijg. 4. Regeneration melanocytes acquittindependence as they
Tsujimura et al., 1991; Johnson et al., 1995; Marklund et almature during late stages of regeneration. Melanocyte survival rates
1998; Parichy et al., 1999; Rawls and Johnson, 2000), {y-axis) fromkite%(black) and wild-type regenerates (red) shifted
remained unclear when during developmighivas required fr_o?;9295°c to 33°C at the stages of regeneration indicatasi), or

to promote adult melanocyte development. For example, tHil °._held constitutively at 25°C (blue) are shown. To document the
role of kit in migration and survival of embryonic acquisition ofkit-independence by regeneration melanocytes,

S - . melanocytes in the presumptive central stripe of caudal fins

melanocytes in fish (Parichy et al., 1999) or their precursorgenerating at 25°C were counted at the stages of regeneration
in mouse (Motro et al., 1991; Cable et al., 1995; Wehrlemgicated. The fish were then moved into PTU to inhibit the
Haller and Weston, 1995; MacKenzie et al., 1997) have legdppearance of new melanocytes, and either shifted to 33°C or
to the model that adult phenotypeskinmutants result from maintained at 25°C for six subsequent stages. The final number of
loss of melanocyte precursors or stem cells during embryonioelanocytes in the presumptive stripe from an individual regenerate
development (Huszar et al., 1991; Wehrle-Haller and Westorfter six stages was assessed and then divided by the initial number
1995; MacKenzie et al., 1997; Rawls and Johnson, 2000). Ipf melanocytes to determine the percent survival rate. The persistent
contrast, adult roles for thkit receptor in promoting the me'a”_ocyges ilitte9regenerates following upshift at stage 7
formation of new melanocytes from stem cells have beeff!ack: 38%) consist largely of cells which were pigmented prior to

. S . : - mputation and subsequently migrated into the proximal regenerate
previously suggested by studies in mice using condition

; - - oo . ; a( ot shown). Error bars show 95% confidence intervals. (See
abrogation of gene function with Kit-directed antibodiesy,aterials and Methods for further details.)
(Nishikawa et al., 1991; Kunisada et al.,, 1998). Using a
conditional zebrafiskkit mutant, we found thakit is not
required during embryonic stages to promote the formatiothat adultkit mutant phenotypes in other vertebrates result
of adult melanocytes, such as those that re-establish tifiem roles forkit early in development in establishing their

melanocyte stripe during fin regeneration. Thus, the modeglrecursors may need to be re-evaluated. Our studies suggest

2000). However, this seems unlikely, as we observed n 120
melanocyte turnover (death and replacement) after stage 7 _
kitle99mutants held at the permissive temperature (Fig. 4 an g 1004
not shown). =

i B0 1

% 60
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stages of regeneration
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amp. Temperature shift experiments revealed a transient requirement
embryo y; adult ¥ fin regeneration for kit in promoting the survival of differentiated regeneration
| MSC // MSC = MB —- melanocytes. Because de novo melanocytes first appear at stage
I 0 234 7 1 4, and the first regeneration melanocytes to acqkite
kit requirement: . independence between stages 7 and 11 are the developmentally
oldest, we infer that the first regeneration melanocytes to
Fig. 5. Temporal requirement fdit in regeneration melanocyte pigment at stage 4 subsequently acquite independence

development. Requirement flit in development of melanocytes

that develop first at stage 4 in regenerating wild-type fins. between stages 7 and 11 (Fig. 5). While acquisition of both

Melanocytes stem cells (MSC) are presumably established during growth factor and growth factor receptor |ndepen_den_ce in
embryonic development and persist through adult stages. After fin nguron_al developmer]t has_ been We.". docun_]ent(_ad in vivo by
amputation (amp.), melanocyte stem cells are recruited to form disrupting gene function with neutralizing antibodies (Johnson
melanoblasts (MB) by regeneration stage 2. Melanoblasts et al., 1980; Schwartz et al., 1982), the mechanisms that
differentiate into melanocytes (MC) by stage 4, as evidenced by thekinderlie this phenomenon remain largely unknown. Although
expression of melanin (indicated by shaded area). Minimal stages oflependence oikit and its growth factor ligandstee for

kit requirement are spanned by a black bar, with maximal possible melanocyte precursor survival and subsequent acquisition of
stages okit requirement spanned by error bars. Requiremeriitfor  independence has been described (Nishikawa et al., 1991;
in the regeneration melanocyte lineage begins between. rege”erat_ioﬂ/lorrison-Graham and Weston, 1993; Yoshida et al., 1996), our
stages 2 and 3 and extends beyond the onset of melanin synthesis glgjts now demonstrate transition kit-independence in
stage 4kitis required for survival of stage 4 regeneration differentiated melanocytes, as revealed by genetic manipulation.

melanocytes until they acquik&-independence between stages 7 - o - .
and 11. Regeneration melanocytes which pigment later than stage 4 Our finding thatkit is required only during post-stem cell

requirekit for a similar duration of time before and after their stages in the zebrafish melanocyte lineage is in contrast to the
differentiation (not shown). Note thkit is not required during temporal roles for murin&it during germ cell development.
embryonic or adult stages to promote the establishment or In the germ cell lineageit and its ligand have been shown to
maintenance of melanocyte stem cells. be required early in ontogeny to establish primordial germ cells

in the gonad, as well as during later stages of germ cell
maintenance and differentiation (see Sette et al., 2000).

that thekit receptor tyrosine kinase functions, instead, tolnterestingly, the temporal requirements for zebrakighin
promote development during post-stem cell stages of thiéne melanocyte lineage are similar to the requirements for
adult melanocyte lineage. Our model showing temporaKit during murine hematopoietic development. In the
requirements fokit in regeneration melanocyte developmenthematopoietic lineageit and its ligand are not required to
is shown in Fig. 5. establish totipotent hematopoietic stem cells, but are required

Temperature-shift experiments revealed tiit is first later in development to promote their maintenance and
required between regeneration stages 2 and 3 to promote tig€ruitment into specific developmental pathways (see Broudy,
differentiation of melanocytes in the regenerate by stage 4. Thi®97). As zebrafislkit is not required in the germ cell or
temporal requirement corresponds to the stage when cells in thematopoietic lineages ankit-null mutants are therefore
stump are being mobilized to enter the regeneration blasterfertile and viable (Parichy et al., 1999), genetic analysistof
(Johnson and Bennett, 1999). We find that this requirement felependent pathways in the zebrafish melanocyte lineage may
kit persists until late stages of melanoblast differentiationinform future studies dKit-dependent processes in mammals.
possibly as late as melanin synthesis (Fig. 5). Observation of Transgenic techniques for generating conditional mutations
kit-expressing melanoblasts ikiti1e% regenerates at the have been effective for analysis of temporal gene requirements
restrictive temperature suggests that this temporal requirementmice and flies (for example, see Shin et al., 1999), yet such
corresponds to a morphological requirement fdt in  tools have not yet been developed for the zebrafish. However,
promoting population of the regenerate by melanoblastghe ability of this poikilothermic vertebrate to live at a fairly wide
Furthermore, our findings suggest thdt continues to be range of temperatures (Schirone and Gross, 1968) permits the
required for development of de novo melanocytes that pigmegonditional disruption of gene function using temperature-
later at more distal locations (developmentally equivalent to theensitive mutations (Abdelilah et al., 1994; Johnson and Weston,
first melanocytes that differentiate at stage 4). The finding thdt995). The frequency of temperature-sensitive alleles found at
kit is required for survival of differentiating regenerationthekit locus described in this study (6/60 or 10%) is consistent
melanocytes (Fig. 3; see below) leads us to suggedtitinay ~ with frequencies of temperature-sensitive mutations in other
only play a role in the survival of melanoblasts during theitmodel systems (Suzuki et al., 1967; Bartel and Varshavsky,
population of the fin regenerate. However, we cannot excludE988). Therefore, the frequency of temperature-sensitive
possible additional roles f&it in melanoblast differentiation or mutations in zebrafish is sufficiently large to prompt screening
in melanoblast migration into the regenerate. for temperature-sensitive mutations in forward genetic screens

Conditional mutations facilitate the dissection of known(Johnson and Weston, 1995; J. F. R. and M. R. F., unpublished).
mutant phenotypes, as well as uncover later roles for genes in
cell types that are missing in constitutively mutant animals.
S.mceklt'dependent regeneration melanocytes fail to d.e\{ek)p IEugene Johnson for critical review of the manuscript; to Caroline
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the temperature-sensitive mutant by allowing regeneratiofennifer Sheppard and Chad Clayton for fish husbandry. This work
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