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Reiterated Wnt signaling during zebrafish neural crest development
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Summary

While Wnt/ 3-catenin signaling is known to be involved in  neural crest precursors must directly transduce a Wnt
the development of neural crest cells in zebrafish, it is signal. With regard to identifying which endogenous Wnt
unclear which Wnts are involved, and when they are is responsible for this initial critical period, we established
required. To address these issues we employed a zebrafishthat wnt8 is expressed in the appropriate time and place
line that was transgenic for an inducible inhibitor of to participate in this process. Supporting a role for
Whnt/B-catenin signaling, and inhibited endogenous Wrgv  Wnt8, blocking its function with antisense morpholino
catenin signaling at discrete times in development. Using oligonucleotides eliminates initial expression of neural crest
this approach, we defined a critical period for Wnt markers. Taken together, these results demonstrate that
signaling in the initial induction of neural crest, which is  Wnt signals are critical for the initial induction of zebrafish
distinct from the later period of development when pigment  neural crest and suggest that this signaling pathway plays
cells are specified from neural crest. Blocking Wnt reiterated roles in its development.

signaling during this early period interfered with neural

crest formation without blocking development of dorsal

spinal neurons. Transplantation experiments suggest that Key words: Zebrafish, Neural crest, Wnt

Introduction (FGFs), retinoic acid and Notch (Liem et al., 1995; Marchant

The neural crest is a population of ectodermally derived cell§t &, 1998; Mayor et al., 1995; Mayor et al., 1997; Bang et
that migrate throughout the vertebrate embryo to contribut@l 1997; Nguyen et al., 1998; Cornell and Eisen, 2000; Endo
to a variety of cell types, including neurons and glia ofet al., 2002; Villanueva et al., 2002; Monsoro-Burq et al.,
the peripheral nervous system and pigment cells. The003). . ) ) ,
characterization of the signaling mechanisms that trigger the The Wnt family of secreted signaling molecules, which has
initial formation of neural crest remains a major issue in thé&&en shown to modulate cell proliferation, fate, and behavior
field. A classic model of neural crest induction theorizes thaf! both vertebrates and invertebrates (reviewed in Cadigan and
inductive signaling events from underlying mesoderm localizélusse, 1997), has multiple roles in neural crest development
crest cells to the epidermal-neural-ectoderm boundary (Ravéfeviewed by Dorsky et al., 2000a; Yanfeng et al., 2003).
and Kloos, 1945). Neural crest cells can also be inducedeveral studies have implicated Wnts in neural crest formation.
through interactions between adjacent neural and non-neuf@verexpression of various Wnts induces ectopic expression of
ectoderm (Moury and Jacobson, 1990; Selleck and Bronnefeural crest markers iiXenopusneuralized animal caps
Fraser, 1995). Data from several studies suggest that multipd embryos, while expression of dominant-negative Wnts
sustained signaling events are required for induction of neuréépresses neural crest markers (Saint-Jeannet et al., 1997;
crest cells (reviewed by Le Douarin and Kalcheim, 1999)Chang et al., 1998; Labonne and Bronner-Fraser, 1998, Bang
Lineage tracing studies have shown that neural crest cells &ge al., 1999; Tan et al.,, 2001; Villanueva et al., 2002). In
continuously produced at the lateral edges of the neural platggdition, it was recently shown that inhibition of Wnt signaling
suggesting neural crest promoting signals are present after tinevivo blocks expression of avian neural crest markers, and
initial induction events (Selleck and Bronner-Fraser, 1995)that addition of soluble Wnt is sufficient to induce neural crest
Studies of mouse, frog, chick and zebrafish neural creftom neural tube explants (Garcia-Castro et al., 2002). It should
development have implicated several families of secretebe noted that none of these studies identified which specific
signaling molecules in this process, including BoneWnt molecules are required at particular stages of development
Morphogenetic Proteins (BMPs), Fibroblast Growth Factorgor neural crest induction or maintenance. Mice null for Wntl
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and Wnt3A show a loss of neural crest derived cell typegyenerated by replacing the N-terminus of zebrafish Tcf3a (Pelegri and
including peripheral sensory neurons and pigment cells (Ikeydaischein, 1998; Dorsky et al., 1999) with GFP and placing the fusion
et al., 1997). However, these ligands are expressed after tp@nstruct under the control of the zebrafish hsp70 promoter (Halloran
initial appearance of neural crest, and expression of markeféal-, 2000). N-terminally truncated Tcf3 is a dominant repressor of
for pre-migratory neural crest are not changed in mutant micg/nt-mediated transcription (Molenaar et al., 1996). The linearized
These results suggest that if a Wnt signal is needed for initi asmid for this construct was injected into 1-2 cell zebrafish embryos.

| t inducti ther Wnt li d t be invol ese fish were reared to adulthood. Adult siblings were inter-crossed
neural crest induction, another vwnt figand must be 1nvo Ve%) identify founders with stable genomic integration of the transgene

Wnt signals are involved in early patterning of the embryorg (hsp7ATCF-GFP)W26). Transgenic TOPAGFP fish (Tg
imparting posterior character on neuroectoderm (McGrew gtrop:dGFP)w25) express d2EGFP under control of four Lef binding
al., 1995; McGrew et al., 1997, Bang et al., 1997, Lekven adites and have been described previously (Dorsky et al., 2002).

al.,, 2001; Erter et al., 2001; Kiecker and Niehrs, 2001) and S

ventral character on mesoderm (Christian et al., 1993; Hoppléforpholino injections

et al., 1996; Marom et al., 1999). It is thus not clear whethefnti-sense Morpholino oligonucleotides (GeneTools) were dissolved
Whnt-mediated effects on neural crest induction are direct df 1X Danieau's buffer (Nasevicius and Ekker, 2000) for a stock
indirect. concentration of 20 ng/nl. Morpholino oligonucleotides (MOs) used

. . . in this study have the same sequences as wnt8 MO1 and MO2 (Lekven

The_re are s.eve.ral Ime; of evidence _suggestlng thawnt/ etal, 2001};. Each MO was inj?acted into embryos at the 1-2 ce(II stage
catenin S|.gnal|ng is also involved later in neural crest ce_II fat sing an ASI pressure injector (ASI Systems).
specification after crest cells have been formed. Activation o
Whnt/B-catenin signaling in pre-migratory zebrafish neural cresin-situ hybridization
cells promotes pigment cell determination at the expense @fhole-mount in-situ hybridization was performed as described
neurons and glia, while inhibition of the WpH¢atenin  (Thisse et al., 1993). Digoxigenin-labeled RNA antisense probes were
signaling pathway promotes neuronal and glial cell fategrepared from templates encodigsc (Stachel et al., 1993)ynt8.1
(Dorsky et al., 1998). These data support a model in which Wiand wnt8.2 (Lekven et al., 2001)pax3 (Seo et al., 1998)foxd3
signaling is required for the pigment cell lineage. However{Qdenthal and Nusslein-Volhard, 1998; Kelsh et al., 2080%10
they do not identify which Wnts are involved in this fate(Dutton et gl., 2001)mitfa (Lister et gl., 1999)crestin (Rubenstein
decision. As noted, Wnt1/Wnt3A knockout mice are deficienft @ 2000; Luo etal., 20012 (Akimenko et al., 1994), arithiC

. | | t derivati includi . t cell Kim et al., 1996). Following in-situ hybridization, embryos were
In several neural crest derivatives, Including pigment Ce€lixjeareq in 70% glycerol. Embryos were photographed using an

(Ikeya et al., 1997), but this is probably due to Iack_o_f early(),ymIOus S7X12 dissecting microscope and DP12 camera.
expansion rather than effects on later cell fate decisions. In

addition, it has recently been shown that Wnts influence thantibody staining

development of crest-derived pigment cells in chicks (Jin et alTo detect Foxd3 expression, fixed embryos were stained with anti-
2001), and that Wrffcatenin signaling is necessary for mouseFoxd3 rabbit antisera (1:1000) with 20% goat serum, and then
pigment cell differentiation (Hari et al., 2002). Wnts may alsgncubated  with ~ anti-rabbit ~ Alexa568-conjugated  secondary

promote the proliferative expansion of melanocyte precursor%m'bc’d'es- To detect Hu expression, fixed embryos were stained with
as well as promote their differentiation (Dunn et al., 20pQMmouse monoclonal anti-Hu antibody (Molecular Probes; 1:1000) with

Yasumoto et al., 2002). Together these studies suggest ti%{i goat serum, followed by incubation with anti-mouse Alexa568-

. jugated secondary antibody. All incubations were performed either
Wnts are used at sequential stages of neural crest developmefit, J, temperature for 4 hours or &€4or 12-16 hours. Following

both initially in crest induction and subsequently in cell fate;ntihody staining, serial washes in PBS+0.1% TritonX-100 were

determination. _ ~ performed to reduce background. Staining was visualized with a Zeiss
In this study we address how reiterated Wnt signaling.Sm 510 Pascal confocal microscope.

influences neural crest development in zebrafish. By inducin1g )

expression of a Wrftfcatenin signaling pathway inhibitor, we Transplantation assays

identify specific stages of development during which Bt/ Donor embryos were labeled at the 1-4 cell stage with rhodamine-
catenin mediated signaling is required cell-autonomously fof€xtran. Cells from blastula stage donor embryos were transplanted
neural crest induction. We also identify a specific Wnt, wntsto medlolatera_l regions of shield-stage, _unlabeled host embryos
and demonstrate that it is crucial for initial neural Cr(_:‘S{Moens and Fritz, 1999). After transplantation, embryos were placed

. . - In embryos medium (Westerfield, 1994) containing 50 units penicillin
induction. What emerges from our data is the concept of g 4 5ug streptomycin at 28°%6. To activate expression of the

reiterated Wnfi-catenin signaling mechanism. The WAt/ h\Tcf.GFP, embryo incubation temperature was shifted t€3ar

catenin signaling pathway, probably in conjunction with othen hour. Transplanted cells were visualized using a Zeiss compound
secreted factors such as BMPs and FGFs, functions early ificroscope.

induce the pre-migratory neural crest cells. Later, secreted Wnt

signals provide environmental cues during crest cell migratiO\:_:aesuItS
to specify which cells will adopt the pigment cell fate.
Expression of ATcf inhibits expression of Wnt
targets
Materials and methods To identify where and when Wtcatenin signals might be
Fish maintenance and transgenic fish involved in zebrafish neural crest induction, we generated a

Fish were maintained as described (Westerfield, 1994). Wild-type fishansgenic line that allowed conditional expression of a
used were of the AB strain. The stable transgenic line carrying thguncated form of the zebrafistf3 geneheadlesgPelegri and

Wnt pathway inhibitor was generated as follows. The dominantMaischein, 1998; Dorsky et al., 1999; Kim et al., 2000). We
negative T-cell Factor 3 reporter construct Afsf-GFP) was replaced the N-terminal domain of TCF with GFP, eliminating
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the B-catenin binding domain and producing a dominamA gsc B gsc

inhibitor of Wnt signaling (Molenaar et al., 1996). The fusion

gene was then placed under control of the zebrdissy0 f\.

promoter (Halloran et al., 2000). To confirm that thig\fisf P

construct can affect Wnt signaling in vivo, we tested its ability ' 4 &

to block a well-characterized action of Wnt8 in zebrafish: : \ B

ventrolateral mesoderm patterning (Lekven et al., 2001; Erte \ o

et al., 2001). The expression of the homeobox ggstes WT s ATcf

restricted to the dorsal region of the marginal zone by pos

MBT Whnt signaling prior to gastrulation (Laurent et al., 1997).C Tordark: B . TOPdGEE
Activating the hsATcf transgene at 4hpf resulted in radjat . 2
expression 2 hours later at shield stage, as expected if
inhibited Wnt8 (Fig. 1B, compared with control, A). This
indicates that global heat shock-induced expressiofTof

WT 2 hours post-hs |

functions is expected to antagonize Wnt signaling durings pours ATef
mesodermal patterning, as shown previously (Pelegri an

Maischein, 1988). ’ P a ’ E Rt - R

To determine whether hS¥cf represses transcription of

Whnt targets in vivoATcf was induced by heat shock in fish

that were transgenic for TOPdGFP, a Wnt-responsive report o S0 N
construct that contains a destabilized variant GFP under tt p

control of four Lef binding sites (Dorsky et al., 2002). Since 6 hours post-hs WT 6 hours post-hs ATcf

the destabilized GFP reporter has different codon usage thai

the GFP tag used in tieTcf construct, its expression can be Fig. 1.Induction of hsATcf expression blocks zygotic Wnt signaling
specifically detected by in-situ hybridization. At 24hpf, in vivo. (A) In control (non-transgenic) embryos at shield stage
embryos were exposed to heat shock for 1 hour 4E,33nd f_oII_owmg 2 hour; of heat shock at_°:€7, gscexpression is normall)_/
then sorted into two pools, those expresdiigf and control limited to the axial mesoderm (animal pole view, dorsal to the right).

Iy . . (B) In transgenid@Tcf-expressing sibling embryos the mesoderm is
siblings not expressingTcf, based on GFP expression. Thedorsalized, as indicated by radigcexpression 2 hours after heat

GfFP associated with h_STCf IS Ub'qu'tOUSIY, expr(.—:‘sse.d at VEIY shock at 37C. (C-F) TOPdGFP in-situ hybridization of heat shocked
high levels and localized in cell nuclei, which is readily empryos expressing tierct transgene (D,F) compared with non-
distinguishable from TOPdGFP, which is fainter, cytoplasmictransgenic siblings (C,E). Embryos were fixed following 2 hour (C,D)
and has a restricted expression domain. At 2 or 6 hours aftefid 6 hour (E,F) recovery periods. TOPdGFP is down regulated
heat shock, TOPdGFP is expressed in the brain and spinal cahtbughout the embryo, notably in the brain and spinal cord.

of control embryos (Fig. 1C,E). In contrast, TOPdGFP is

visibly reduced by 2 hours after heat shocRrcf-expressing

embryos, and is further attenuated at 6 hours after heat shatkcf inhibits expression of Foxd3 at these stages (Fig. 2D,E,
(Fig. 1D,F), suggesting thAfT cf remains active over this time. compared with control Fig. 2A,B). In contrast, Foxd3
Consistent with these observations, nuclear GFP expressionérpression is comparable to that of wild-type siblings upon
hsATcf embryos remains visible at 6 hours after heat shockxpression of the inhibitor 1 hour later at the 6-somite stage
(data not shown). These results indicate that upon rapidrig. 2C, compared with control, Fig. 2F). Expression of the
induction of ATcf expression, the transgene quickly represseseural crest markesox10as assayed by in-situ hybridization
target gene transcription in a manner detectable by in-sitis similarly affected (data not shown). We conclude that there
hybridization, and this repression is maintained for at least & a temporal limit to the requirement for Wtatenin

hours following heat shock treatment. mediated signaling in neural crest induction, and that cells lose
. o ) sensitivity to transgene activation between the 3- and 6-somite

Canonical Wnt signaling is required for neural crest stages.

induction To assess the effect &ff cf expression on the dorsal/ventral

If Wnt signals are indeed necessary for zebrafish neural crgsatterning of the neural tube, we assayed expression of a pan-
induction, then inhibition of Wng-catenin mediated signaling neuronal marker, Hu (Marusich et al., 1994). Hu protein is
should result in loss of neural crest. We globally blocked Wnéxpressed in the trigeminal ganglia, primary motor neurons and
signaling at various stages of early neural development byorsal Rohon—Beard sensory neurons (Kim et al., 1996). While
activating expression ofATcf in transgenic fish (Fig. 2). the global loss of Wnfg:catenin signaling in response/id cf
Embryos were incubated at “® for 45 minutes, and then results in loss of Foxd3 expression (Fig. 3B, compared with
returned to 28.8C before fixing and staining with an antibody control Fig. 3A), Hu expression is unaffected in transgenic
that recognizes zebrafish Foxd3 (fkd6) (Odenthal aneémbryos (Fig. 3D) or their wild-type siblings (Fig. 3C) after
Nusslein-Volhard, 1998), revealing neural crest cells flankindgpeat-activation at the 3-somite stage. Notably, differentiation
the neural plate. At this stagexd3appears to be expressed of dorsal Rohon—Beard sensory neurons (white arrow and
in virtually all pre-migratory neural crest cells, completelyarrowhead) and ventral motor neurons (asterisk) of the spinal
overlapping with snail2/slug (Kelsh et al.,, 2000). Wr3#  cord is unaffected. Hu expression is found in the same cells
catenin signaling is crucial for neural crest induction from thehat express the transgene (Fig. 3E, yellow cells). These results
end of gastrulation (bud stage) through the 3-somite stage sinseggest that the requirement for Wathtenin mediated
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hs: bud
fix: 3-somite

hs: 3-somite
fix: 10-somite

WT sibling WT sibling

hs-ATcf-GFP hs-ATcf-GFP

hs: 6-somite
fix: 10-somite

hs-ATcf-GFP

Research article

Fig. 2. Temporal limit for the Wnfi-catenin

signaling requirement. Foxd3-positive neural crest
cells, identified by anti-Foxd3 primary antibody (red),
flank the neural plate after heat activation at bud (A),
3-somite (B), and 6-somite stages (C). Transgenic
embryos show significant loss of Foxd3 expression
upon heat activation of h&¥cf (green) (D,E), while
Foxd3 expression is comparable to that of wild-type
siblings after induction at 6-somites (F). All images
are dorsal views, anterior to top, of stacked 10X
confocal series after fixation at 3-somites (A,D) or
10-somites (B,C,E,F). Expression of the transgene is
shown in the insets (D,E,F).

of neural crest may be cell-autonomous, in
which neural crest precursors must directly
receive a Wnt signal and activate expression of
Wnt target genes to establish their identity.
Alternatively, the requirement may be non-
autonomous; for example, neural crest
precursors might be induced by other signals
derived from the neural plate after this tissue
has received posteriorizing Wnt signals. To

signaling at this stage is specific for neural crest andistinguish between these two possible scenarios, we tested
not indirectly through its role in overall patterning of the ability of transplanted neural crest precursors to rescue the

neuroectoderm.

Whnt signaling is required cell-autonomously in
neural crest precursors for crest induction

The requirement for canonical Wnt signaling in the inductiortransplantation process does not affect expression of Foxd3 in

wt sibling

wt sibling

hs-ATcf-GFP

loss of neural crest iATcf transgenics. Small numbers of
cells were transplanted into the neural crest fate map position
at shield stage. As a control, cells were transplanted
from wild-type donors into wild-type host embryos. The

transplanted neural crest precursors (Fig. 4A and inset). If the
requirement for Wnt response were cell-autonomous,
transgenic neural crest precursors will be unable to express
Foxd3 in wild-type embryos after activation of td cf
transgene at bud stage. Consistent with this hypotheBs,
transgenic cells were unable to form neural crest cells in wild-
type hosts, although cells were intercalated between wild-type
cells expressing Foxd3 (Fig. 4B,C). In reciprocal transplants,
we observed Foxd3-positive nuclei derived from wild-type
transplanted cells in thATcf transgenic host background
(Fig. 4D,E,F). As shown, Foxd3-positive nuclei within the
clone of cells derived from wild-type donors do not co-
localize with hostATcf-positive nuclei. Taken together, these

Fig. 3.Loss of canonical Wnt signaling does not alter Hu
expression. (A,B) Foxd3-positive neural crest cells (outline
empty arrowhead), identified by anti-Foxd3 primary antibody
(red), flank the neural plate after heat activation at the 3-
somite stage. As shown in (B), transgenic embryos show
significant loss of Foxd3 expression upon heat activation of
hsATcf (green) as compared to with wild-type siblings (A).
(C,D,E) Anti-Hu antibody, which recognizes the pan-

neuronal marker Hu, was were used to identify Hu-positive
cells in heat-activation treated embryos (red). Normal
expression is detected in the trigeminal ganglia (white
arrowhead), Rohon—Beard sensory neurons (white arrow),
and primary motorneurons in the spinal column (asterisk) in
ATcf embryos (D) as compared to with their wild-type

siblings (C). Overlap between Hu and transgene expression is
seen at higher power (E). All images are dorsal views of flat-
mounted embryos fixed at the 10-somite stage, anterior to top,
of stacked confocal series obtained at 10X (A-D) or 20X (E).
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Fig. 4. Canonical Wn{3-catenin signaling is
required in neural crest precursors cell-
autonomously. (A) As a control, rhodamine
dextran-labeled wild-type neural crest precurs
(red) were transplanted into a wild-type host
embryo. The transplanted cells express Foxd
detected with anti-Foxd3 antibody (green) wh
transplanted into a wild-type host embryo. Ins
is a single confocal slice to indicate co-
localization in single transplanted cell (white
arrowhead). (B,C) Transgenic crest precursor
fail to express Foxd3 when transplanted into i
wild-type environment. Embryo shown is a
dorsal view with anterior to the top. Inset in (E
is magnified in (C). (D-F) Wild-type cells expri
Foxd3 when transplanted into a transgenic
environment. (D) Foxd3-positive nuclei, detec
with anti-Foxd3 primary antibody (red), are
observed in transplanted cells from wild-type
donor embryos. (E) GFP-positive nuclei (gree
are observed in th&Tcf background after heat-
activation of the transgene. (F) Stacked confocal images have been merged to show of failure of Foxd3-positive nuckdize waithoc
background GFP expression.

results suggest that cells require reception of a Wnt signal {®utton et al., 2001). This effect appears to be accompanied by

be induced as neural crest. lateral expansion of the neural plate and disruption of the
o _ _ _ notochord, as indicated lgxd3expression in the notochord,
Wnt8 is involved in neural crest induction consistent with previously described rolesmt8in zebrafish

The temporal requirement for canonical Wnt signaling duringlevelopment (Erter et al., 2001; Lekven et al., 2001). The loss
neural crest development determined by the preceding datd early neural crest marker expressionvayt8.1 MO was
corresponds with the expression of zebrafisit8 Zebrafish dose-dependent (data not shown), nearing 100% at 20 ng
wnt8is a bicistronic gene, yielding two transcripis8.1and  injected. In contrast, blockingnt8.2function showed no loss
wnt8.2 with overlapping but distinct expression domains earlyof any of these markers at all concentrations tested (Fig.
in gastrulation (Kelly et al., 1995; Lekven et al., 2001).6C,F,l). Embryos co-injected witiint8.1MO andwnt8.2MO
We performed in-situ hybridization to determine theshowed complete loss of neural crest marker expression and
correspondence ofnt8to the earliest identified marker of the similar A/P axis patterning defects, as previously described
neural crest domaimax3.Both wnt8.1andwnt8.2transcripts  (Lekven et al., 2001). These data support a critical role for
are expressed in proximity to, and partially overlapping withWnt8 at early stages of neural crest induction.
pax3 demonstrating that they may play a role in neural crest To assess the requirement for Wnt8 in later specification of
induction (Fig. 5). neural crest derivatives, we again blocked Wnt8.1 function by
To test the importance of Wnt8 in the initial induction of injection of antisense MO and assayed for the expression of
neural crest, we used antisense MOs to interfere with thearious neural crest markers. Injection of 20wg8.1 MO
translation of Wnt8.1 and 8.2. Embryos were carefully stagetlocked neither expression ebx10in pre-migratory neural
by counting somites to discount any possible delays imrest at the 10-somite stage sox10expression in migratory
development after MO injection. Injection of MOs againstcrest at 24hpf (Fig. 7B,D, compared with uninjected controls,
wnt8.1 at the 1-2 cell stage resulted in significant loss ofig. 7A,C). Similarly, injection ofwnt8.IMO did not affect
expression opax3 foxd3andsox10(Fig. 6B,E,H, compared either expression ahitfa, a melanophore-specific neural crest
with controls, Fig. 6A,D,G). Expression phx3completely marker (Fig. 7F, compared with control, Fig. 7E)dix2, a
overlaps withfoxd3at this stage, and in addition is expressednarker of cranial neural crest (Fig. 7H, compared with control,
in some cells of the dorsal neural plate (J.W.R., unpublishedrig. 7G) (Akimenko et al., 1994). These data suggest the loss
sox10expression is found in a subset of cells that exgoss8  of neural crest observed at the 3-somite stage upon elimination

Fig. 5. Wnt8andpax3show overlapping expression in the
presumptive neural crest domain. (A) Whole-mount in-situ A
hybridization at the 80% epiboly stage reveals expression
wnt8transcripts at the margin and along the dorsal side of
embryo. (B) Expression gfax3in the presumptive neural cr -
(arrow). (C) Thewnt8expression domain is in proximity to, i ‘A
and partially overlapping with, expressionpaix3in the

presumptive neural crest region (black arrow). All images

lateral views, with dorsal to the right, of 80% epiboly stage
embryos after hybridization. wnt8.1 + wnt8.2 pax3| wnt8.1 + wnt8.2 + pax3

B C
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Uninjected wnt8.1MO wnt8.2MO support a model where Wfttatenin mediated signaling is

B involved in specification of certain neural crest lineages,
including the pigment cell and possibly craniofacial lineages,
although Wnt signals no longer appear to be required for
general neural crest identity as cells migrate from the dorsal
neural tube. This Wrfifcatenin requirement for melanophore
and cranial crest specification appears to be independent of the
requirement for Wnt8 in early crest induction.

A

foxd3 foxd3 foxd3

Discussion

We present here evidence that Wnt signaling plays stage-
specific roles during neural crest induction in zebrafisit8

is expressed at the right time and place to be involved in the
initial induction of neural crest, and antisense MOs block

induction. Using the hATcf transgenic line, we have

| identified a critical period during which neural crest formation

is disrupted that corresponds to the time whent8

‘ , ( ' perturbation affects this process. Transplantation studies with

pax3

this transgenic line demonstrate that neural crest cells require
the reception of the Wnt signal directly. These studies confirm
and extend previous findings demonstrating a specific
requirement for Wnt signaling in neural crest induction. Bang
et al. (Bang et al., 1999) previously demonstrated that
Fig. 6. Wnt8 is required for neural crest induction in vivo. Whole- ~ overexpression of Wnt8 induces expanded expressipax#
mount in-situ hybridization at the 6-somite stage reveals loss of earlin Xenopusembryos. Additional studies have demonstrated
neural crest markefexd3(A-C), pax3(D-F), andsox10(G-1) upon that misexpression of other Wnts, includiwgtl, wnt3aand
injection of 20 mg/ml wnt8.1 Morpholino oligonucleotides (B,E,H). wnt7h induces expanded expressionXa&nopusneural crest
Such Ios§ was not detected.up(')n injection of 20 mg/ml wnt8.2 markers (Saint-Jeannet et al., 1997; Chang and Hemmati-
Morpholino (C,F,l), suggesting it does not have a role in neural CresBrivanIou, 1998: LaBonne and Bronner-Fraser, 1998:
indulftion_. L{QinjeCtedl con&olgg(A,Dl,G) show ”Ogma'tﬁXpref‘Si%n %f Villanueva et al., 2002), and treatment of chick explants with
Markers In the neura’ cresoxdsis aiso expressed In e NOOChord. - ¢4 uble Drosophila Wingless protein promotes neural crest
All images are dorsal views, anterior to top, of 3-somite embryos. formation (Garcia-Castro et al., 2002). Together these studies
have implicated a Wnt signal in neural crest formation but did
of functional Wnt8 recovers by the 10-somite stage. This resuttot specifically identify which ligand was necessary.
is consistent with the temporal limits for Wgvtatenin Our studies are the first to identify a specific Wnt necessary
mediated signaling established by thelcf transgenic for neural crest induction in zebrafish. Howevemt8 is
experiments. It is also consistent with the restrictionviof8  apparently needed only during the initial phase of neural crest
MRNA expression to the tailbud during somitogenesis (Kellfformation, and perhaps other Wnts are needed after this period.

sox10 sox10 sox10

et al., 1995) (data not shown). In mouse embryos, loss WntlandWnt3adoes not block the

) ) initial induction of neural crest but affects subsequent neural
Differential response of neural crest gene crest expansion (Ikeya et al., 1997). Although Wnts are thought
expression to loss of canonical Wnt signaling to be involved in regulating proliferation of neural tissue

To test whether Wrbtcatenin signaling is required for proper (McMahon and Bradley, 1990; Dickinson et al., 1994;
specification of neural crest-derived cell types later irMegason and McMahon, 2002), proliferation of neural crest
development, we used the stal&cf transgenics to block precursors is reported to be unaffected WntYWnt3a
canonical Wnf3-catenin signaling at the onset of neural cresknockout mice (lkeya et al., 1997). These results suggest the
migration. Activation of the transgene for 1 hour at 18hpfpossibility that there are several stages of neural crest induction
resulted in dramatic loss at 24hpfmftfa, a specific marker regulated by different Wnts: an early phase involvimg8and

of crest-derived melanophores (Lister et al., 1999), compareal later phase utilizingvntl and wnt3a Other Wnts, such as
with wild-type siblings (Fig. 8B, compared with control, Fig. wnt3 wnt6, wnt7 andwnt10h may also be involved.

8A), consistent with previous results tiatfais a direct target Several studies have implicated Wnts in promoting
of Wnt/B-catenin signaling (Dorsky et al., 2000b). In addition,ventral/posterior patterning of mesoderm and neuroectoderm.
expression oflIx2 in cranial neural crest cells migrating into Blockingwnt8in zebrafish results in loss of posterior brain and
the developing branchial arches is substantially reduced upapinal cord (Erter et al., 2001; Lekven et al., 2001). In addition,
transgene activation (Fig. 8F,H, compared with controls, Fighere is an anterior expansion of posterior markers when
8E,G). In contrast, transgene activation at this stage did natbrafishtcf3 genes are inactivated (Kim et al., 2000; Dorsky
eliminate expression of more broadly expressed markers et al., 2003), including an anterior shift of neural crest (ltoh et
migrating crest, such a®x10(Fig. 8D, compared with control, al., 2002). Since relief of Tcf3 repressor activity is a result of
Fig. 8C) anccrestin(not shown), although some reduction of Wnt signal transduction, loss ¢6f3 function is thought to
sox10 expression was consistently observed. These dataehave similarly to Wnt activation (Brannon et al., 1997; Kim
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Fig. 7.Functional Wnt8 is not required for late expression of
neural crest markers. Whole-mount in-situ hybridization for
neural crest markespx10Q on 10-somite (A,B) and 24hpf
(C,D) stage embryos. (E,F) Whole-mount in-situ
hybridization for melanophore-specific markaitfa.

(G,H) Whole-mount in-situ hybridization for cranial neural
crest markerdIx2. Injection of 20 mg/ml wnt8.1 antisense
Morpholino oligonucleotides does not significantly reduce or
eliminate the expression of any of these neural crest markers.
All images of uninjected control siblings (A,C,E,G) and
wnt8.1MO-injected embryos (B,D,F,H) are lateral views
(B-F) or dorsal views (A-B,G-H) with anterior to the left.
Scale bar: 10Qm in (A,B); 200um in (C-F); 50um in

(G,H).

et al., 2000). Together these observations suggest the
possibility that the effects we see on neural crest are
indirect: interfering with Wnt signals might simply
convert posterior neural tissue to anterior, from which
no neural crest would normally be produced. However,
our experiments with thATcf transgenic line suggest
that this is not the case. We have found that neural crest
development can be blocked at a time when the
development of dorsal spinal Rohon-Beard sensory
neurons is unaffected. This result implies that we have
not simply eliminated the domain from which neural
crest cells are derived, since neural crest cell precursors
arise intermingled among Rohon-Beard neurons
(Cornell and Eisen, 2000). In addition, cell
transplantation experiments suggest that neural crest
precursors specifically require activation of the \fnt/
catenin signaling pathway, and that small groups of
wild-type cells can form neural crest in the correct
position even when Wnt signaling is blocked in all other
cells of the host embryo. These results suggest that Wnt-
mediated induction of zebrafish neural crest is probably
independent of its roles in anterior/posterior patterning,
as has been recently suggested for FGF-mediated
induction of neural crest iIKenopugMonsoro-Burq et

al., 2003).

At first glance, the phenotype of tlreadless/tcf3
mutant, in which neural crest markers are expanded
anteriorly, appears to contradict our results with the
ATcf transgenic line, in which neural crest markers are

Fig. 8. Wnt/B-catenin signaling is required foritfa

expression and branchial arch expressiodixi upon crest
migration. (A,B) Whole-mount in-situ hybridization for
melanophore-specific markenjtfa. (C,D) Whole-mount in-

situ hybridization for neural crest markeox10

(E-H) Whole-mount in-situ hybridization for cranial neural
crest markerlix2. Black arrowhead indicates few remaining
mitfa-expressing cells. Open arrowhead indicates normal
pattern ofsox10expressing neural crest. While telencephalon
and diencephalon expression is unchangeTi@F

transgenic embryosl|x2 expression is observed in the
developing branchial arches. All images are lateral views,
anterior to the left, of wild-type siblings (A,C,E,G) and
hsATcf-GFP transgenic embryos (D,E,F,H) after heat shock at
the 18-somite stage and fixation at the 26-somite stage, except
(G,H) which are dorsal views of flat-mounted embryos,
anterior to the left.
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lost. However, theheadlessmutation results in a loss-of- explanation is that transgene activation at this stage specifically
function of a repressor while tielcf transgenic results in a blocked the formation of a subpopulation of melanogenic
gain-of-function of a repressor, which is consistent with theneural crest cells, consistent with the observed reduction
different phenotypes. Furthermore, describing neural cresff sox10positive cells. However, our previous results
cells as ‘expanded’ iheadlessnutants is perhaps inaccurate, demonstrated that zebrafish melanogenic neural crest cells
as the neural crest domain instead is shifted anteriorlyrave already segregated from the neural tube by the 18-somite
Finally, the ATcf transgene is likely to act as a dominantstage (Raible and Eisen, 1994; Raible and Eisen, 1996),
repressor in the place of all members of the TCF/Lef familysuggesting this possibility is less likely.
not just Tcf3. Our results also suggest that Wnt signals pronuhx@
There are several caveats to the interpretations of the data&pression in branchial arches. Unfortunately, the poor long-
we present here. Althoughnt8is expressed at the right place term survival of heat-shocked transgenic animals has not let us
and time to be involved in the induction of neural crest cellassess the final effects of transgene activation on cartilage
from ectoderm andvnt8 MO injection blocks neural crest differentiation. Although ectomesenchyme that gives rise to
formation, we cannot eliminate the possibility that activationcraniofacial cartilages is traditionally thought of as derived from
of theATcf transgene is instead blocking signaling from someneural crest, some studies suggest that these cells are a distinct
other Wnt. The period we identified as critical using thepopulation (e.g. Dutton et al., 2001). Although our results might
transgenic line roughly corresponds to the periodwaf8  suggest that Wnt signals are needed for ectomesenchyme as
expression; however, exactly when Wnts are needed cannot Wwell as other neural crest derivatives, the inference that these
easily determined by transgene activation. Although it takesells thus have common origins should be reached with caution
several hours to inactivate the TOPdGFP reporter, suggestisgnce Wnt signals have widespread use during embryogenesis.
that the Wnt requirement for neural crest formation might be One way the same signaling pathway could play different
later than the period in which we performed the heat shockples at different times is if different genes are induced in the
this multicopy reporter transgene may not respond with theontext of other signaling pathways. Indeed, neural crest
same kinetics as endogenous genes. Currently identifiedduction has been proposed to occur after a combination of
zebrafish Wnts known to be expressed in the dorsal neural tulsggnals, including both Wnts and BMPs (LaBonne and
such aswvntl, wnt3aandwntlOh are expressed too late to be Bronner-Fraser, 1998). Moreover, Wnts work with FGF during
involved in this initial phase of neural crest induction, and anterior/posterior neural patterning (McGrew et al., 1997).
deletion eliminating zebrafishintlandwntl10bhas little effect Another possibility is that genes induced by initial Wnt
on neural crest (Lekven at al., 2003). Future studies identifyingxposure modify the response to subsequent Wnt signals. A
other zebrafish Wnt genes and their functions will be needegbod candidate for such a role wouldsos1Q which we show
to fully address this point. Another caveat is that fef  here requires Wnt signals for its initial expression. Sox10 is
transgene may additionally act to repress genes not regulatedcessary for the development of a subset of neural crest
by Wnt signals. Future studies using other tools to block Wnderivatives, including pigment cells (Southard-Smith et al.,
signals, such as identifying and eliminating Frizzled receptor$998; Pingault et al., 1998; Dutton et al., 2001; Honore et al.,
expressed at the right place and time, or expressing oth2003; Aoki et al., 2003), and directly regulates tméf
reagents that interfere with Wnt signals suchyasor kinase- promoter in vitro and in vivo (Verastegui et al., 2000;
deadgsk3 are needed. Bondurand et al., 2000; Lee et al., 2000; Potterf et al., 2000;
Both BMP and Notch signaling have been implicated irElworthy et al., 2003).
neural crest induction in zebrafish, but these signaling The use of the same signaling pathways in different places
pathways may be required at different times from Whniand at different times is common throughout development, and
signaling. Mutations in zebrafidimp2bresult in loss of both understanding how specificity is generated in particular
neural crest and Rohon—Beard cells (Barth et al., 1999; Nguy@ontexts remains a major challenge. It is interesting to consider
et al., 2000). Disruption of Notch signaling also results in losshat BMPs or Notch may also have sequential roles within the
of neural crest but instead concomitantly increases the numbeeural crest, first needed for induction and subsequently in
of Rohon—-Beard cells (Cornell and Eisen, 2000). In contrasgeneration of neuronal or glial sublineages (Shah et al., 1996;
blocking Wnt signals can interfere with neural crest withoutReissmann et al., 1996; Varley and Maxwell, 1996; Morrison
affecting Rohon—Beard cells, suggesting that Wnts maintain et al., 2000; Wakamatsu et al., 2000). Wnts, BMPs and Notch
role independent of Notch regulation. also play roles in the survival of neural crest cells (Graham et
Previous studies have implicated Wnt signaling in theal., 1996; Maynard et al., 2000; Ellies et al., 2000; Brault et
specification and differentiation of pigment cells from neuralkl., 2001; Hasegawa et al., 2002). Understanding the specifics
crest (Dorsky et al., 1998; Dunn et al., 2000; Jin et al., 2000f how Wnt signals regulate distinct steps in neural crest
Hari et al., 2002), and thamitfa, a gene encoding a bHLH induction and pigment cell specification might reveal general
transcription factor necessary and sufficient for pigment celnechanisms for reiterated signaling during development.
formation, is a direct target of the Wnt pathway (Dorsky et al.,
2000b; Takeda et al., 2000; Widlund et al., 2002). We
demonstrate here that the Wnt requirementrfitia expression o for probes. We thank K. Cooper for assistance with the

IS to some d_egree _temporally s_eparable f_rom Wnt regul_atlon_ ‘t%:nsplantation assays and J. Lister for comments on the manuscript.
neural crest mducnon, suggesting that reiterated Wnt signalingesearch was supported by the Developmental Biology Training
plays sequential roles in neural crest development. When th&ant and MCB graduate program (J.L.L.), HHMI (R.T.M.), ACS
A-Tcf transgene is activated at the 18-somite stagigfa  (R.1.D.), NIH GM65469 (R.T.M. and D.W.R.) and NS35833
expression is almost completely eliminated. An alternativéD.W.R.).

We thank D. Grunwald, M. Halpern, R. Kelsh, J. Odenthal and H.
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