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SUMMARY

The vertebrate head skeleton is derived in part from neural
crest cells, which physically interact with head ectoderm,

mesoderm and endoderm to shape the pharyngeal arches.

we further identify Fgf3 as a critical component of
endodermal function that allows the development of
posterior arch cartilages. Together, our results reveal for

The cellular and molecular nature of these interactions is
poorly understood, and we explore here the function of
endoderm in this process. By genetic ablation and
reintroduction of endoderm in zebrafish, we show that it is
required for the development of chondrogenic neural crest
cells, including their identity, survival and differentiation

into arch cartilages. Using a genetic interference approach,

the first time that the endoderm provides differential cues
along the anteroposterior axis to control ventral head
skeleton development and demonstrate that this function is
mediated in part by Fgf3.

Key words: Neural crest, Fate, Cartilage, Endoderm, Patterning,
casanova

INTRODUCTION the DV patterning of cartilage elements within this arch
(Trumpp et al., 1999). Similarly, Endothelin-1, expressed by
The development of the vertebrate head skeleton representskath head paraxial mesoderm and pharyngeal epithelia, is
interesting paradigm to decipher the cellular and moleculasrucial to the development of ventral pharyngeal arch cartilages
bases of organogenesis. During head development, cephali€urihara et al., 1994; Miller et al., 2000). Epithelial-
neural crest cells originate from mid- and hindbrain levelsmmesenchymal interactions also appear critical for the proper
migrate ventrally in a segmental fashion, and ultimatelyAP patterning of the pharyngeal arches. Heterotopic
generate most of the head skeleton, as well as sensory neurdnsnsplantation of entire hindbrain/neural crest segments
glial and pigment cells and connective tissues (Le Douarihad suggested that mesenchymal neural crest cells were
1982). During their migration, cephalic neural crest cellrepatterned along the AP axis before leaving the
encounter segmented outpockets of endoderm budding froneuroectoderm to give rise to the different cartilages and bones
the wall of the pharynx, the pharyngeal ‘pouches’, and colonisef the arches. However, heterotopic transplantation of single
the space between each pouch. Subsequently, neural crest celeyral crest cells or small cell groups have suggested rather
head mesoderm and endoderm interact to shape a seriesttidt AP identity of neural crest cells can be reprogrammed
complex elements, the pharyngeal arches, consisting of a carader the influence of cues provided by the environment
cartilage surrounded by pharyngeal epithelia, blood vessel§lrainor and Krumlauf, 2001; Schilling et al., 2001).
muscles and nerve ganglia (Trainor and Krumlauf, 2001). Ikurthermore, Hoxa2 misexpression at postmigratory stages has
addition to this cellular complexity, the pharyngeal regiondemonstrated that mandibular crest can be reprogrammed after
exhibits extensive patterning along the anteroposterior (ARnigration (Pasqualetti et al., 2000).
and dorsoventral (DV) axes, characterised, in particular, by the Pharyngeal endoderm physically interacts with neural crest
formation of different cartilage elements, nerve ganglia andthesenchyme and might also play an important function in the
muscles along these axes. control of neural crest fate and arch development. Probably
Epithelial-mesenchymal interactions are crucial for thebecause it is not easily accessible, however, its function in the
proper development of the pharyngeal region. For instanceharyngeal region has been poorly defined. Extirpations of the
pharyngeal muscles are specified by an interaction betweemost anterior (mandibular) pharyngeal endoderm or ectopic
neural crest-derived ectomesenchyme and head mesodegmafts of neural crest-derived ectomesenchyme with or without
(Noden, 1983; Schilling et al., 1996a; Schilling and Kimmel,associated endoderm have been performed in amphibian, chick
1997). The pharyngeal ectoderm of the most anterior arch Bnd mouse embryos (Graveson and Armstrong, 1987; Hall,
the mouse produces signals, including FGF8, essential for ti®80; Seufert and Hall, 1990). These experiments suggest that
differentiation of neural crest cells into chondrocytes and fomandibular ectomesenchyme can only differentiate into
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cartilage when co-cultured or co-grafted with anterior (foregutcartilage induction, and identifies FGF3 as the first endodermal

stomodeal or pharyngeal), but not with posterior (midgut osignal with an AP restricted function in the pharyngeal region.

hindgut) endoderm. Whether or not pharyngeal endoderm is

only involved in later stages of cartilage differentiation or has

an earlier function in the control of neural crest fate and hoWIATERIALS AND METHODS

this function is mediated at the molecular level is not

understood at present. Pharyngeal endoderm also exhibfgbryos

some degree of AP patterning, and recent evidence from grafisbryos were obtained from natural spawning of wild type (AB),

of foregut endoderm in chick suggests that this reflects Beterozygousad®®S mil®2’3(Chen et al., 1996) dyori"42>(Stainier

differential function of this tissue along the AP axis (Grahanft al, 1996) adult zebrafish. When indicated, embryos were

and Smith, 2001; Couly et al., 2002). dechorlpnated and mcubated in SU5402 for 24 hours starting at the
In vertebrates, endoderm and mesoderm are specified By SCMite stage (Shinya et al., 2001).

NOda|-re|ated Signa|S, memberS Of the transforming grOWthate mapp|ng of Chondrogenic neural crest cells

factor B superfamily (Schier and Shen, 2000). Nodal activities xpa DMNB-caged fluorescein (5 mg/ml) was injected into 2-cell
are mediated by type | TGRfceptors ALK4 and ALK7 in  stage embryos, then activated when embryos had reached the 5- to 7-
mammals and most likely by their relative, Taram-A (tar) insomite stage in a region encompassing the dorsal and lateral neural
zebrafish (Aoki et al., 2002a; Reissmann et al., 2001; Yeo andbe (Bally-Cuif et al., 2000; Girdham and O’Farrell, 1994). The
Whitman, 2001). Activation of the Nodal pathway by location of the labelled cells was analysed at 28 hours either by visual
expression of a constitutively active version of tar (tar*) lead#nspection or by immunodetection of fluorescein.

to a respecification of early zebrafish blastomeres to a(ﬁrafting experiments

. . . . onor embryos were injected at the 4-cell stage with FITC-dextran.
Nodal signalling are sufficient to direct cells to become t the 10-somite stage, labelled premigratory neural crest were

endoderm (David and .Rosa., 2001; Peyrieras et_ al., 199 )ansplanted into wild-type hosts (David and Rosa, 2001; Schilling et
Downstream of nodal signalling, endoderm formation furthep "1996a). To restore endodermal derivativesaisembryos, wild-

involves the homeobox transcription factors Mixer/Bonnie andype donors were injected with 80/1.2 B¢ P/Tar* RNA (or GFP
clyde (bon) and the recently identified Sox-related factoalone as control) together with 120 pg ldsZ RNA or with 3% 10
Casanova (cas) (Dickmeis et al., 2001; Kikuchi et al., 2001kDa dextran biotin. At the sphere stage, 10-20 donor cells were
Kikuchi et al., 2000). Zebrafish embryos in which Nodalgrafted to the margin of the progeny ais/+ heterozygotes. When
signals are inactive develop neither endoderm nor mesode@fﬁﬂ_ﬁed a this stage, cells _from control donors do not contribute
(Feldman et al., 1998) while, in contralsgn or casmutants ~ efficiently to endoderm (Aoki et al., 2002b).

form mesoderm but little or no endoderm (Alexander et al.

1999; Aoki et al.,, 2002b). In particulacas mutants lack Morpholino oligomers obtained from Gene Tools Inc. were diluted in

expression of all endodermal markers and qer“_/at'vesDanieaux solutionfgf3-morpholino (Shinya et al., 2001; Phillips et
Interestingly,cas embryos are not rescued by activation ofy "5001) was injected at the 1-cell stage or at the 16-cell stage at a
Nodal-related ligands or of the Tar cascade, consistent with itgncentration of 0.1 mMgf4 was injected at varying concentrations

proposed function downstream. However, they provide apto 0.5 mM. fgf3-Mo: 5CATTGTGGCATGGAGGGATGTCGGC;
permissive environment for endoderm development since tarfgf4-Mo: 5-TTCTAAAAGGAGTTGAAGACACCG.

activated wild-type blastomeres can autonomously restore )

endoderm formation when grafted intas embryos (David " Nenotypic analyses _ _ _
and Rosa, 2001). In situ hybridisation and immunohistochemistry were done following

We have used casnd bonmutants to test whether or not standard protocols (Hauptmann and Gerster, 1994). Probes and
: . : antibodies used were: ctc (Bruneau et al., 199IXp, (Akimenko et
pharyngeal endoderm is required for formation of the, " 90" e (kelsh et al., 2000kd7 (Odenthal and Nusslein-

pharyngeal skeleton. We show that both mutants lack most g,q, 1998)foxA2(Strahle et al., 1993oxb2 (Yan et al., 1998),
the ventral cartilage of the head skeleton and that these gefjg (varusich et al., 1994)kx2.3 (Lee et al., 1996), nkx 2.5 (Lee et
functions are required after cephalic neural crest migratiory|,, 1996) anddr (Delot et al., 1999), Zn5 (Trevarrow et al., 1990).
when crest normally contacts the endoderm. We fate mapartilage was stained with Alcian Blue as described previously
neural crest in caand show that, in the absence of endoderm(Kimmel et al., 1998). To monitor cell death, we used either Acridine
cephalic neural crest cells remain as a cluster on the surface@fange at fug/ml (Delot et al., 1999) or TUNEL analysis (Apoptag
the yolk sac and down regulate the expression of prén situ kit, Intergen).

chondrogenic markers. caseural crest cells still have the

ability to develop into cartilage when transplanted into wild-

type embryos, showing that theas gene is not required RESULTS

autonomously in neural crest cells but rather in their

environment. Furthermore, endoderm can rescue head cartilag@s activity is essential for the development of the

formation when reintroduced by grafting wild-type tar*- pharyngeal skeleton

injected cells into cas embryos. Finally, we implicate FGF inThe pharyngeal skeleton of zebrafish is composed of a dorsal
signalling from endoderm to neural crest by demonstrating thateurocranium and a ventral viscerocranium, which surrounds
endodermal expression of FGF3 is specifically required for ththe pharyngeal cavity (Kimmel et al., 1998). The larval
formation of the posterior, branchial arches. Altogether, ouneurocranium is composed of a number of paired cartilage
results demonstrate a requirement for pharyngeal endodemtements, including the median trabeculae, which fuse
and FGF signalling in the control of head neural crest fates arahteriorly into the ethmoid plate, and the parachordals

endodermal fate, consistent with the model that high levels

Morpholino oligomer injections
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Fig. 1. Chondrogenic neural crest
cells do not form pharyngeal cartilage
elements in endoderm mutants.

(A,C) (ventral views) Cartilages from
4-day-old embryos were stained with
Alcian Blue, revealing the
viscerocranium (green labels) and the
neurocranium (red labels).
Pharyngeal arch cartilages and
trabeculae (arrowhead) are absent (B)
or reduced (C) in cas and bon.

(D,E) Transverse sections as
indicated by dashed lines in A and B.
Stars indicate the heart/hemicardia
and arrowheads indicate arch
cartilages. (F,G)adar expression in

48 hpf embryos (lateral view).

(H-O) Expression of the marker dIx2.
(H-M) Dorsal views. (H,l) Formation
of the three streams I, Il and 11l of
dIx2-positive neural crest cells is
initially normal in casembryos.

(J,K) At 24 hpf, stream lIl, which is
already segmented in wild type, is no
longer detectable in mutants.

(L,M) At 30 hpf, expression of dIx2

in cas embryos is limited to stream |.
(N,O) Lateral views. At 48 hpf,
expression of dIx2 in casmbryos is
restricted to a thin line posterior to
the eye. (P-S) At 24 hpf, expression
of tkd6(P,Q) as well as Hu (R,S)
appears unaffected in cas. b,
branchial arches; e, eye; ep, ethmoid
plate; f, fin; h, hyoid; m, mandibular;
mo, mouth; no, notochord; ov, otic
vesicle; pc, parachordal; t, trabeculae.

posteriorly. The larval viscerocranium consists of a series of To determine the stage at which the process of cranial
seven pharyngeal arches composed of a repeated patterncaftilage formation is interrupted in camitants, we analysed
cartilages (Schilling, 1997). The two most anterior arches arhe expression of molecular markers of cartilage precursors.
the mandibular and the hyoid, which form the jaw and itDifferentiated cartilage is first detected at 54 hours post
support. Posteriorly, there are five smaller branchial arches thigtrtilisation (hpf) (Schilling and Kimmel, 1997). In 48 hpf
support the gills. Pharyngeal endoderm has been shown tadld-type embryos, the BMP-related gene rad@dr) is
influence the later stages of differentiation of mandibulaexpressed in mesenchyme in the position where the anterior
neural crest cells into chondrocytes in amphibians (Seufert amurocranium will form, dorsal to the developing mouth, and
Hall, 1990), but whether endoderm is more generally requirediscerocranium ventral to the mouth (arrowhead in Fig. 1F)
for controlling the fate of chondrogenic cranial neural cres{Delot et al., 1999). Only the dorsal, neurocranial domain of
cells and when it acts is not clear. Thus we examined cartilagepression is present oas mutants (Fig. 1G). Likewise, in
elements in mutants known to be defective in endodernwild type, neural crest cells that will form the arch skeleton
bonnie and clydébon) and casanova (cas). Cartilage can beexpress the homeobox transcription faade2 during their
easily visualised by Alcian Blue staining of proteoglycans aearly migration and subsequent condensation (Fig. 1H,J,L,N)
4-5 days. As compared to wild-type siblingsas mutant  (Akimenko et al., 1994; Ellies et al., 1997). During mid-
larvae lack the entire viscerocranium (Fig. 1A,B) while thesomitogenesisdix2 is detected as three bilateral streams of
neurocranium is only slightly reduced, with the exception otells on the sides of the midbrain and hindbrain, which will
the trabeculae which are reduced or absent and fail to fuse witlopulate respectively the first, second and remaining five
the more posterior parachordals in 64% of mutants (h=114tharyngeal arches. All three streams are presentas
arrowhead in Fig. 1B). The absence of cartilage was confirmedutants (Fig. 1I) indicating that neural crest cells form and
by the analysis of sectioned embryos (Fig. 1D,E). Similarlymigrate. In wild-type embryos, the most posteritix2-
bonembryos lack most or all of the viscerocranium (Fig. 1C)positive stream of cells (stream Ill) then progressively splits
Therefore, consistent with a requirement for endoderm in thimto two, three, four and eventually five cell groups, each
formation of the viscerocranium, both casd bonmutants separated by endodermal pouches of the pharynxai
lack pharyngeal cartilage. mutants,dIx2 expression in these streams of neural crest is
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progressively lost from posterior to anterior (Fig. 1K,M), with mutants (data not shown). Taken together, these results suggest
the exception of a thin band of mandibular mesenchyme jughat the casnutation specifically affects a chondrogenic subset
posterior to the eye (Fig. 10). A similar loss dix3  of neural crest in the head.
expression, which also labels chondrogenic neural crest was
observed in cakomozygous mutants (data not shown). ThusFate of chondrogenic neural crest cellsin  cas
the absence of the pharyngeal arch cartilagescas €mbryos
homozygous larvae probably results from an earlier neurdlhe progressive loss of dIx2xpression in casmutants
crest defect. could result from a fusion of neural crest streams, local
To determine if the phenotype observedtasresults from  downregulation of gene expression or death of cells populating
a more general neural crest defect, we also analysed varicstseams Il and Ill. To distinguish between these possibilities,
other neural crest cells derivatives. Between 48-72 hours thee followed cranial neural crest morphogenesis imuatants.
number and distribution of melanocytes and mesenchymorphological inspection with Nomarski optics at 24 hpf
migrating in the median fin folds are identical gas revealed two abnormally large, bilateral arch primordia
homozygous embryos and their wild-type siblings (data noflanking the head, one anterior (Fig. 2A,B) and one posterior
shown). Likewise, expression offkd6, which labels to the otic vesicle in the positions of streams Il and Ill. At
premigratory cranial neural crest (12 hpf; data not shown) andigher magnification, cells in the anterior primordium appeared
later putative glial precursors at 24 hpf (Kelsh et al., 2000), adisorganised unlike wild-type embryos in which neural crest
well as Hu expression in cranial and trunk sensory neuronsglls align in vertical rows (not shown). We also observed an
also appear normal in cd®mozygous embryos (Fig. 1P-S). accumulation of mesenchymal cells in the position of stream
Conversely, and consistent with cartilage defects, expression bfimmediately posterior to the eye.
collagen2ain the forming arches at 48 hpf is absentcas To examine the segmental origins of these abnormal arch

Fig. 2. Fate of chondrogenic neural crest cells in wild-type @skembryos. (A,B) Dorsal view of the head of live 24 hpf embryos. Note in cas

an additional lobular structure (arrowhead). (C,D) Dorsal neuroectoderm and neural crests posterior to the otic vesicle were labelled by
activation of DMNB-caged fluorescein (see Materials and Methods). By 28 hpf, neural crest stream Il (white arrowheads) has initiated
segmentation in wild-type but not in casibryos (D). (E-H). Same as in C,D but DMNB-caged fluorescein was activated in precursors of
streams Il (black arrowhead) and Ill. Embryos were fixed at 28 hpf and processed for detection of fluorescein (E-H, ocix@)€} ahd

purple). (E-H) Streams |, Il and Ill are present but dx@ression is downregulated in stream Il in eagryos (H). (I-L) Dorsal views. hoxb2

(1,) and hoxb3K,L) expressions at 28 hpf reveal the correct AP value of stream Il and Ill, which adopt an ectopic lateral pesaition in

embryos. (M,N) Lateral view. 30 hpf embryos were labelled with Acridine Orange, revealing increased cell death in the region of the three
cranial neural crest streams in @msbryos. (O-Q) These results were confirmed by TUNEL analysis and sectioning (Q). e, eye; ov, otic vesicle.
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primordia, we followed labelled neural crest cells das cas/soxexpressed at a very low level. To exclude this
mutants using the detailed fate map for premigratory craniglossibility, we used mosaic analysis to test the capacity of
neural crest generated from 12 hpf wild-type embryosas neural crest cells to differentiate into cartilage when
(Schilling and Kimmel, 1994). The photoactivatable dyetransplanted into wild-type hosts. Chondrogenic cranial
DMNB-caged fluorescein was injected into the progengasf neural crest that forms the jaw (mandibular arch) has been
heterozygotes at the one-cell stage and the dye was Uw¥iapped at 12 hpf (Schilling and Kimmel, 1994) to the most
activated in a local region of the cranial neuroepithelium whedorsal tiers of premigratory neural crest cells in an oblong
embryos reached the 5- to 7-somite stage. This techniqueimordium located between the eye and the otic vesicle.
typically labelled both neural tube and neural crest cells in thEITC-dextran-labelled cranial neural crest cells were grafted
same experiment, conveniently marking migrating neural cre$tom this location in casutants into the same chondrogenic
as well as their position of origin. In wild-type pharyngularegion of wild-type host embryos and their fates were
stage (28 hours) embryos, fluorescent cells were later observidiowed until day 3 (Fig. 3B). Most of these aasitant cells
in particular arches depending on their original position. Fodifferentiated into typical neural crest derivatives, notably
instance, photoactivation in a region immediately posterior teontributing with high frequency to the cartilage elements of
the otic vesicle in wild type labels stream Il and later thethe mandibular and hyoid arches (508&12; Fig. 3C,D).
branchial arches, which by this stage are separated I§ontrols in which wild-type cranial neural crest cells were
endodermal pouches (Fig. 2C). Photoactivation at a similar ARansplanted into wild-type hosts formed cartilage at a
position in cagnutant embryos resulted in labelled cells in thesimilar frequency (56%,n=16). In contrast, wild-type
position of stream Il and posterior arch primordium, but theseells transplanted intocas homozygous embryos never
were not subdivided into separate arches (Fig. 2D). Conversebljifferentiated into cartilage (0%n=15). These results
photoactivation in regions anterior to the otic vesicle labelledlemonstrate that cranial neural crest cells in ltage the
neural crest cells in streams | and Il and the anterior archbility to develop into cartilage when placed into a wild-type
primordia in both wild type andas(data not shown). These environment and thus cas activity is required non-
results suggest that casutant neural crest cells migrate and autonomouslycas must be required in the premigratory or
roughly populate the appropriate migration streams along thaigratory environment of these neural crest cells to control
AP axis and are specified correctly. their participation in pharyngeal cartilage formation. An
To confirm this, we photoactivated DMNB-caged attractive candidate for the source of such environmental
fluorescein in larger stretches of crest at 12 hpfinfluences is the endoderm because, (i) this tissue is absent
encompassing territories both anterior and posterior to thia cas, (ii) neural crest cells in the arches contact pharyngeal
otic vesicle and co-localized the lineage tracer (orange) (Figndoderm prior to chondrogenesis (Schilling and Kimmel,
2E-H), with the ectomesenchymal markdix2 at 28 hpf 1994), and (iii) endoderm has been shown to influence the
(purple) (Fig. 2G,H). In contrast to wild-type embryos (Fig.differentiation of chondrocytes in amphibians (Seufert and
2G), stream Il is dIx2-negative ioas mutants (Fig. 2H). Hall, 1990). To test this idea, it was essential to restore
Thus in cas, precursors of the branchial arches migratendoderm in cashomozygous embryos and analyse its
ventrally, to reach a position over the yolk that is in registeconsequences for the formation of the viscerocranium.
with their normal AP fate, but they lose d
expression. At similar stages, stream Il cells cont
to express hoxb2 andoxb3, another indication tt
they retain their correct AP positional value (Fig.
L). To determine if neural crest cells in these abnc
arch primordia in caglie, we analysed cell de:i
patterns in wild-type and casomozygous embry:
using both Acridine Orange staining (Fig. 2M,N)
TUNEL analysis (Fig. 20-Q). Strikingly, while liti
cell death is observed in arches between 24-48 |
wild type, significant cell death is observed in
region in cashomozygous embryos. This cell deat
first detectable at 24 hpf and becomes 1
pronounced by 30 hpf, occurring throughout
mediolateral extent of the arch (Fig. 2Q). Thus, at
some ectomesenchymal neural crest cells reqas
function for maintaining their identity and survival

The requirement for cas in head cartilage
formation is cell non-autonomous Fig. 3.casneural crest cells differentiate into cartilage in wild-type
cas is a sox-related transcription factor requ embryos. (A) Diagram of the transplant procedure. (B) At the 10-somite

t | ithi dod s f it stage, a few FITC-labelled (green) premigratory neural crest cells were
autonomously within engoderm cells — for transplanted from a casnbryo into a wild-type host. (C) At 3 days, in

development and differentiation. ~ Although similarly transplanted embryo, mandibular and hyoid cartilage can be seen
expression of casan be detected in neural crest close to the eye. (Ojas neural crest have contributed to these cartilages in
(Dickmeis et al., 2001; Kikuchi et al., 2001), cartil a characteristic stack-of-penny arrangement. e, eye; h, hyoid; m,

defects might reflect an autonomous requiremer mandibular.
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Endoderm-mediated restoration of pharyngeal elements of the neurocranium. To determine if tar*-grafted
skeleton in cas cells also rescued neural crest specification in arch primordia

casacts downstream of nodal/tar signalling, thus activation oveé compared the expression dfx2 in 30-hour-old cas
nodal/tar signalling (for example by injection of Tar*) will not €mbryos with and without tar*-activated wild-type cells in the
rescue endoderm formation in cdmmozygous mutant Pharynx. No rescue was observed when grafted cells were
embryos (Alexander and Stainier, 1999; Dickmeis et al., 2001l0cated in any part of the endoderm outside the pharynx. Quite
Transplants of marginal cells at gastrulation in zebrafish, whilgtrikingly, however, tar*-injected cells in the pharyngeal region
effective for targeting the mesodermal layer, rarely contribut®f cashosts restored dix@xpression in neural crest streams,
to the endoderm, making it very difficult to use such arfrequently leading to an almost nornai2 expression pattern
approach to Study the function of endoderm during)n the side.of the embryo harbouring the grafted cells (Flg
development (Alexander et al., 1999; David and Rosa, 20014H). Analysis of sections further revealed that grafted cells
However, activation of the Tar/Nodal signalling pathway iswere always adjacent to the resculx domains but never
sufficient to autonomously specify wild-type cells asexpresseddix2 themselves (Fig. 4l). We conclude that
endoderm. tar*-activated cells transplanted, at the blastuiftroduction of endoderm int@as homozygous embryos
stage, into the margin of either wild-type or more importantlyrescues the normal developmental pathway for chondrogenic
cas embryos express endoderm markers at gastrulation afgural crest cells in a non-autonomous fashion, possibly
differentiate into classical endoderm derivatives, includinghrough signals from the endoderm-derived pharyngeal
pharyngeal endoderm (Fig. 4A-C) (Bally-Cuif et al., 2000;Pouches. This strongly indicates a requirement for endoderm
David and Rosa, 2001). This gave us a unique tool for testir@s @ key component in the control of neural crest fate and
the role of endoderm in pharyngeal developmertais viscerocranium formation.

We analysed cartilage in 4-day-old aasitant larvae that
had received grafts of small groups of control or tar*-activatedGF signalling is required to control the fate of
wild-type cells. Grafting of control, untreated cells, althoughchondrogenic neural crest cells and their
they populated head mesodermal structures, never restorddferentiation/morphogenesis
endoderm (except for a few cells) or viscerocranial cartilage iRharyngeal arch formation thus critically requires the
cas mutants (Table 1). In contrast, grafting of tar*-injected interaction between migrating mesenchymal neural crest cells
wild-type cells into casnutants efficiently restored endoderm and the endodermal epithelium of the pharyngeal pouches to
and rescued neighbouring viscerocranial elements (69%, n=3&)ow proper neural crest cells fate, but the molecular nature
(Fig. 4E-G; Table 1). Interestingly, in tar*-grafted cas of the signals provided by the endoderm remains to be defined.
homozygous mutants trabeculae were present that fused wHpithelial-mesenchymal interactions, particularly based on
the parachordals in 80% cases (as compared with 36% #tudies on the model of limb and lung formation are often
controls), suggesting that grafting of endoderm also rescuadediated by extracellular secreted factors, including members

Fig. 4. Restoration of endoderm
rescues arch cartilage formation in
casembryos. (A) At blastula stage,
wild-type cells expressing Tar* were
transplanted to a cdmwst. (B) Side
view of the head region at 30 hpf.
Grafted cells (green) have
differentiated into endodermal
derivatives, here pharyngeal
endoderm. The arrow indicates a
forming pouch. (C) These pouches
restored by grafted cells (black
nuclei) were stained with the Zn5
antibody (brown). (D,E) At 4 days,
grafted caembryos (E) but not
controls (D) develop arch cartilage
elements revealed by Alcian Blue
staining. Anterior to the left.

(F) Horizontal section of a grafted c
embryo showing the differentiation
cartilage elements (blue) lined by
endodermal pouches derived from
transplanted cells (brown). Anterior
the top. (G) Close-up of the region
containing grafted cells and rescue
cartilage. (H,I) 30 hpf grafted cas dix2
embryos rescues db&pression in

posterior cranial neural crest cells (H, dorsal view, anterior left). (1) Cross section (indicated in H) showing that wild-type transplanted cells
(brown) abut the cluster of dIx2-positive neural crest cells (blue). Note the absence of dix2 expression on the control ungrafted side of the
embryo. Dorsal to the top. b, branchial arch; h, hyoid; m, mandibular; no, notochord; nt, neural tube.
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Table 1. Pharyngeal arch cartilage formation requires fgf3

No Anterior Branchial Branchial
arches arches arches 1to 4 arch 5
Su5402 treatment of wt embryos n=50 42% 58%* 2% 10%
Fgf3-Morpholino injection at the one cell stage into wt embryos n=60 17% 83% 8% 53%
Transplant into caef wt cells injected with GFP n=26 100% 0% 0% 0%
Transplant into casf wt cells injected with tar* n=36 31% 69% 36% n.d.
Transplant into caef wt cells injected with tar* and fgf3-Mo n=18 44% 56% 0% 0%

Numbers represent the percentage of embryos in a treatment group.

*Extremely reduced, see Fig. 6C.
wt, wild type.

of the Hedgehog, bone morphogenetic protein (BMP) anéxpression of fgf3 is maintained in posterior pouches (Fig.

fibroblast growth factor

(FGF) families (Tickle and 5G,H and data not shown).

Munsterberg, 2001). We have tested the potential function of Consistent with the lack of endodermdas embryos, the
FGFs in pharyngeal cartilage formation. We first blocked FGEndodermal expression of fgé3absent in the mutant (Fig. 51).
signalling starting around the stage at which neural crest cellthe arch phenotype observedcascould thus be due, at least

first encounter endoderm pouches. Strikingly,

mid-in part, to this lack ofgf3 expression. To test this possibility,

somitogenesis embryos (15-somite stage) incubated for 24e injected a morpholino directed agaiftgB or againstgf4,
hours in a solution of the synthetic FGF inhibitor SU5402as a control, into wild-type embryos. Strikindigf3 morphants

(Mohammadi et al.,

1997; Shinya et al., 2001) did not develodisplayed a frequent loss of branchial arches (except the most

any viscerocranial cartilage at 4 days except for a few smaflosterior, arch 7) and a hyoid arch with inverted AP polarity
nodules in the positions of the mandibular and hyoid. and

a severely reduced neurocranium (Fig. 6B,C and Tab
Furthermore, similar to casutants, the expression of d
in neural crest-derived mesenchyme was largely d
regulated at 48 hpf in SU5402-treated embryos,
extensive cell death was observed in the regio
chondrogenic crest cells at 36 hpf (data not shown).
indicates that FGF signalling is crucial for the fate
chondrogenic neural crest at the time they migrate bet
the pharyngeal pouches.

fgf8 may be responsible for some of this activityfg8
zebrafish mutants or morphants (Roehl and Nus:
Volhard, 2001) (N. B. D. and F. M. R., data not shc
display a variable reduction in arch cartilage. Howdgt3
itself does not appear to be expressed in the phary
endoderm (Roehl and Nusslein-Volhard, 2001) (N. B
and F. M. R., data not showrigf3 may be involved in arc
formation/patterning since it is expressed in the phary
endoderm in zebrafish during stages of neural
migration and differentiation (Fig. 5) (Kudoh et al., 2(
Furthauer et al., 2001). At the 12-somite stage, in adt
to its expression at the mid-hindbrain boundary
rhombomere 4, fgf3expression is detectable in
pharyngeal endoderm region extending along both
of the embryo alongside rhombomeres 1-3 (Fig. 5A,
During later somitogenesis, endodermal expressidgfd
becomes restricted to three bilateral stripes corresponc
the already formed pharyngeal pouches. Expression
most anterior site is transient and corresponds to thi
endodermal pouch between arches | and Il. At 24fpf8
expression wears off anteriorly but is maintained in
more posterior pouches. At this stage, the two walls of
pharyngeal pouch are juxtaposed and appear as a
layer epithelium, each facing a stream of dIx2-pos
neural crest cells. Double staining falix2 and fgf.
confirmed that fgf& expressed in endodermal pouches
further shows that its expression is restricted to the pos
half of the pouch (Fig. 5K). Later on and up to 48

A J 12S B 258 C 24h
1 < .‘ .-
k : L . )
1 nd. s ~
' wt pouch ' 2% wit p%Tfé'h v ey
D , 128 E 258 E 24h
|‘ ‘ 5 e:da -r"'-A-{ 3‘;
' } pouch . ." endH
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wt wt | wt
G 30h H 30h | 24h
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J 128 K f_fi\gv ' 24h
nt
wt yolk é fgf3

Fig. 5. Expression of fgfis pharyngeal pouches. Dorsal (A-C) and
lateral (D-G) views of embryos stained for fgfgression. Endodermal
expression is indicated on one side (arrowheads and labelling). Anterior
to the left. (I) The endodermal expression of fgf3 is absent in cas
embryos(J) Section of a 12-somite embryo showing expression of fgf3
in flat cell abbutting the yolk sack, thereby adopting the normal position
and shape of endoderm cells. (K) Enlarged lateral view from the otic
region. 24 hour-old embryos were double staineddi®(blue) and

dix2 (red). fgf3s expressed in the posterior part of posterior pharyngeal
pouches (white dots) and abudtz2-expressing neural crest cells. ov,

otic vesicle.
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A

Fig. 6.fgf3is required in endoderm for the
formation of posterior arches.
(A-H) Alcian Blue staining of 4-day-old
embryos. Ventral views, anterior to the
left. (A-F) Wild-type embryos were either
left untreated (A), immersed in Su5402
(B,C) or injected with morpholinos as
indicated in lower right corner (D-F).
(B) Su5402 prevents head cartilage
formation, except for some very reduced
anterior elements (arrowhead in C).
_ (D,E) Cartilage in fgf4 morphants appears
Mofgf3 normal but fgf3norphants do not develop
wi Mofgf3 wt 16 cell cas tar*+Mofgf3>cas  Dbranchial cartilage (except the fifth one,

'. = N Al  arrowhead), and develop a hyoid cartilage
1 24ﬁ J 24h 24h' L 24h with inverted AP polarity. (F) Localisation
“ -.. ~ >

' n T of fgf3morpholinos to anterior
- - mesendodermal tissues is sufficient to
. . g disrupt branchial cartilage formation. The
- -
ofl . dx2Mofgl3 d
N

' o A " A q arrow indicates the injected side of the
k | A A . embryo. (G,H) Wild-type cells expressing
Ix2 fax“ M_Ofgf3 foxA2 Tar- and fgfamorpholinos were grafted to
casembryos as in Fig. 4. At 4 days,

o compared to control cas embryos (G),
Ry grafted embryos developed mandibular and hyoid arch cartilages but not branchial
cartilages. (I-N) Dorsal and lateral views, anterior to the left. Embryos were either
injected with fgf3nmorpholino or left untreated. In fgfBorphants, cranial neural crest of
stream Ill downregulates dbeXpression (1,J). However pharyngeal endoderm
Ay differentiates normally as revealed by the expression of foxA2 (K,L) and the staining of
4Nn9 pharyngeal pouches with Zn5 antibody (M,N).

(Fig. 6E and Table 1) similar to the phenotypes of many othewas strictly correlated with the localisation of morpholino-
known posterior arch mutants in zebrafish (Schilling et al.positive cells in the pharyngeal pouch region (Fig. 6F). These
1996b). Examination ofllx2 expression in fgf3 morphants results indicate that fgf&ctivity is required within pharyngeal
showed that cranial crest streams form normally from thendoderm/mesoderm for the formation of branchial arches 1 to
dorsal head region during somitogenesis (data not shown) béit To confirm this and to determine whetfgd8 expression is
that dIx2 expression is down-regulated at 24 hpf in the mostequired in mesoderm or more likely in endoderm, we analysed
posterior stream (Fig. 61,J). A simple explanation for thes¢he restoration of pharyngeal arch formationasembryos by
phenomena is that the fgfghorpholino interferes with transplantation of tar*-induced endoderm from fgi&phants.
pharyngeal endoderm development. However, pharyngedlt 4 days, this led to an efficient restoration of anterior arches
endodermal markers such agl/foxA2 or zn5 (Fig. 6K-N)  (mandibular and hyoid) but never rescued branchial arches,
appear to be unperturbed, making this explanation unlikeldemonstrating that fgi&pression is required in the endoderm
Thus fgf3 function is critically required for posterior cranial for formation of posterior arches (Fig. 6H and Table 1).
neural crest cells to maintain dleXpression once they have Altogether, our results show thdgf3 expression in
reached the pharyngeal pouches and to develop a pharyngpbhryngeal pouches is crucial for the control of posterior

cartilage fate. chondrogenic neural crest fate and pharyngeal arch formation.
Interestingly, they also suggest that even if endoderm is

fgf3 is required within the endoderm to control the necessary for the formation of all arches, this must be mediated

fate of posterior cranial neural crest by other signals in addition to FGFs in the anterior arches.

Expression of fgf3n the neural tube and/or in the pharyngeal

endoderm could be responsible for the phenotype&yf8f

morphants. To determine which of these two sites of expressidSCUSSION

is essential for the control of chondrogenic crest fate, we ) ]

performed two series of experiments. We first createdEndoderm is essential for pharyngeal arch

chimaericfgf3 morphants by injecting the morpholino into one formation

marginal cell of a 16-cell-stage embryo. Using this proceduré)e provide evidence that endoderm is critical for the proper
progeny of the injected cells populate mostly mesoderm- andevelopment of pharyngeal arch cartilages and the control of
endoderm-derived tissue (Peyrieras et al., 1998). Such a loaaknial neural crest fate. Reduction or absence of endoderm in
knock-down led to asymmetric embryos lacking posteriobon and cas mutants correlates with reductions in all arch
arches only on the morpholino-injected side and this phenotypmrtilages. However, defects in blood circulation at 24 hpf and
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heart edema developing at later stages in these mutants, cosldround the pharynx. In zebrafish initial streams form
indirectly lead to the later reduction of pharyngeal cartilagenormally in the absence of endoderm, as shown by the
(Chen et al., 1996). Two results suggest that this is not thexpression of dix2n casmutants, suggesting that this tissue
cause: (1) miles apart, another mutation causing circulatiodoes not provide cues essential for initial migration. However,
defects similar to caand bon(Chen et al., 1996) does not crest cells then accumulate in disorganized masses in cas
disrupt cartilage (data not shown), and (2) rescue of endodemmutants, and fail to migrate further ventrally or medially.
and cartilage in casccurs without rescuing circulatory defects Restoration of endoderm ioas mutants by transplantation
or edema. In addition, we show that premigratceg neural  results in the proper positioning of arch cartilage elements,
crest cells can form cartilage when transplanted among wildstrongly suggesting that these later aspects of crest migration
type neural crest cells, demonstrating tbed function is not are also restored. Thus endoderm appears important for
required in cartilage precursors but rather in their environmentonvergence of cartilage precursors below the head. One
Consistent with this result, cé&snot expressed in neural crest possibility is that midline pharyngeal endoderm provides
cells or in their derivatives (Dickmeis et al., 2001; Kikuchi etattractive signals for arch cartilages/neural crest precursors.
al., 2001). Grafts of wild-type cells into the head mesoderm irlternatively, endoderm may serve as a substrate for the
casdo not restore arch cartilages suggesting that the skeletaligration of neural crest cells, and/or may passively displace
defects are unlikely to result from mesodermal defects. ladherent neural crest cells in the course of its own
contrast, reintroduction of wild-type endoderm, by graftingmorphogenetic movement towards the midline (Warga and
Nodal/tar*-injected cells (David and Rosa, 2001) rescueslusslein-Volhard, 1999). Several bilateral organ anlage
cartilage formation of all pharyngeal arches in eaguing that  including, arch cartilage precursors, the precursors of the heart,
endoderm is sufficient to induce, or at least allow, arch cartilagelood vessels, kidneys and blood fail to converge or they
development. exhibit delayed convergence toward the midline in endoderm
Previous reports had suggested that endoderm is importagéficient mutants such aasand oepAlexander et al., 1999;
in pharyngeal cartilage patterning. For instance, pharynge®&eyrieras et al., 1998). Convergence of heart precursors can
skeletal defects throughout the arches invlie goghmutant  also be rescued by restoring endoderm, therefore strongly
in zebrafish correlate with defects in pharyngeal endodersupporting the notion that endoderm has a key function in the
(Piotrowski and Nusslein-Volhard, 2000). Similarly, the use ofcontrol of convergence movements of many tissues toward the
a pan-RAR antagonist in mice led to defects in specification ohidline, a process essential for their morphogenesis (David
arches 3 and 4 that the authors attributed to a disruption ahd Rosa, 2001; Peyrieras et al., 1998).
signalling from the endoderm associated with these segments
(Wendling et al., 2000). However, in the absence of mosaigndoderm is required for the maintenance of
analysis in both cases, the causal relationship betwediondrogenic crest cells
endodermal and skeletal defects remained speculative. Rec&don after they have reached the yolk surface, neural crest cells
mosaic analyses in the chick have, however, provided stronger cas mutants downregulate dixand dIx3 expression
evidence that the endoderm provides AP positional informatiosuggesting that endoderm is required to maintain expression in
to the developing skeleton (Couly et al., 2002). In the presetese cells. In support of this interpretation, mouse mandibular
work, by means of genetic ablation and reintroduction ofirch mesenchyme cultured by itself initially requires signals
endoderm, we provide direct evidence for a crucial function ofeleased from the adjacent oral epithelium to maintain the
endoderm in the control of pharyngeal arch -cartilagexpression of crest-specific markers, though this later becomes
development. Whether or not endoderm acts directly on neurapithelium-independent (Ferguson et al., 2000). With the
crest cells or requires an intermediate signal via neighbouringarkers available, we find no evidence that, in the absence of
tissues cannot be ascertained at this point. However, the closedoderm in cas, crest cells change their fates from
spatial proximity between neural crest cells and endodermhondrogenic to non-chondrogenic crest fates. Rather, by 30
within an arch (Trainor and Tam, 1995; Miller et al., 2000) aspf, crest cells in the arches undergo a period of extensive cell
well as the coincidence between the early defects in neurdeath, which may explain the lack of pharyngeal arch cartilage
crest-specific gene expression in castants at stages when in the larva. Death may occur as a result of a failure in
these cells first contact pharyngeal pouches (Schilling anchondrogenic specification leading to the subsequent death of

Kimmel, 1994), argue in favour of a direct signal. this subpopulation (fate mapping evidence suggests cartilage
precursors are specified as early as premigratory stages)

Endoderm controls the fates of chondrogenic crest (Schilling and Kimmel, 1994) or, alternativelgas and/or

cells endoderm may have a more general requirement for crest cell

Until now, it was not clear whether endoderm had only a latsurvival in arches, including those cells that would form
function in controlling cartilage differentiation or acted at ancartilage.

early stage for correct migration of neural crest cells, for the

maintenance of their identity, and/or for their survival. OurEndoderm and the process of segmentation

results suggest a role for endoderm in several of these eaf@hondrogenic neural crest cells migrate in distinct streams to

steps. generate distinct segmental structures in each arch (reviewed
by Trainor and Krumlauf, 2001). Segmental migration has

Endoderm is required for midline convergence of cranial ~ peen proposed to reflect the segmental origins of crest cells in

neural crest cells the hindbrain which then confers segmental patterning on the

Arch precursor/neural crest cells normally stream from theipharyngeal region (Noden, 1983). However, recent evidence
origins adjacent to the hindbrain and migrate ventrally tdrom neural crest ablation studies in chick have demonstrated
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that segmentation of the pharyngeal endoderm does not depdmgid) arches. Likewise, transplantation fgff3 morphant-

on neural crest (Veitch et al., 1999). Likewise, our studieslerived endoderm into casnbryos only rescues the formation
suggest that initial segmental migration of neural crest does nof the mandibular and hyoid arches but not the gills. This
require cues from the endoderm. We use cell tracing studies differential requirement fdigf3 function, together with the fact
show that in the absence of endodernecas mutants, neural thatfgf3is maintained in the posterior but not the most anterior
crest in the primordia of the mandibular and hyoid arche¢mandibular) arch endoderm, suggests that pharyngeal
do not fuse and remain separate. Strict segmental lineageadoderm may provide distinct cues along the AP axis, which
restrictions in zebrafish are already established at the onsetadfuld participate in the control of the formation of the distinct
migration for these arches and probably result, at least in patypes of cartilage elements, together with patterning
from factors intrinsic to the neural crest (Schilling and Kimmel,information conveyed by chondrogenic neural crest cells at the
1994). Endodermal morphogenesis may have some influentieme they colonise the pharyngeal pouches.

on the patterning of cranial crest once it reaches the archesWhen is Fgf3 required? Previous studies in quail have
as suggested by recent analysis of tlem gogh mutant suggested a late function of FGF2 in promoting
(Piotrowski and Nusslein-Volhard, 2000). In support of thischondrogenesis (Sarkar et al., 2001). However, both the early
idea, we found that posterior neural crest cells, which normallgxpression of fgf3n pharyngeal endoderm and reduction of
split to form the five branchial arches, remain as a cluster idlx2 expression at 30 hpf iigf3 morphants argue in favour of
casmutants suggesting that endodermal pouches are requirad earlier function for FGF3, in specification and survival of

to subdivide the branchial arches. chondrogenic crest cells. Consistent with this idea, disruption
) of fgf8 function in the ectoderm of the first branchial arch in
Molecular nature of the endodermal signal mice disrupts survival of chondrogenic crest cells (Trumpp et

One further challenge is to identify signals provided by thel., 1999). FGFs can function in vitro as survival factors for a
endoderm to neural crest cells. Several pieces of evidene&de variety of cell types, including crest cells (reviewed by
support a major function of FGF signalling in the control ofSzebenyi and Fallon, 1999). Its absence in endoderm-deprived
cranial neural crest fate and pharyngeal cartilage developmemtutants could thus directly account for the significant increase
First, several FGFs and their receptors are expressed in timecell death observed in these embryos.
pharyngeal region (Launay et al., 1994; Mahmood et al., 1995; Interestingly, whereas fgfi3 necessary for posterior arch
Wall and Hogan, 1995; Shinya et al., 2001; Kudoh et al., 200Xprmation, it does not seem sufficient to induce these arches
Furthauer et al., 2001). Second, FGF signalling is active in thisince transplants of cells expressing fgf3 in the pharyngeal
region in amphibians following neural crest cell migrationregion of caembryos does not rescue gill arch formation nor
(Christen and Slack, 1999) and required to some extent for arclix2 expression (data not shown). This strongly suggests that
patterning in zebrafish and in mice (Roehl and Nussleiendoderm provides other diffusible cues also required for
Volhard, 2001; Trumpp et al., 1999). We show that genergbharyngeal arch formation, a possibility consistent with the
inhibition of FGF signalling by Su5402 during arch fact that FGFs have been shown to act in synergy with other
morphogenesis prevents arch cartilage formation. Su54Qfiffusible substances in head morphogenesis (Schneider et al.,
treatments also cause earlier downregulation of @r@  2001). Alternatively, signalling from endoderm to neural crest
marked neural crest cell death, a situation strikinglycells might also involve additional epithelial mesenchymal
reminiscent of the phenotypes observed in endoderm-deficieimteractions, including direct cell-cell contacts. Thus, an
mutants. exciting challenge in the future will be to identify other cues
Our results also implicate fgé& an important regulator of provided by the endoderm, and the way they help organise the
cartilage development. Indeed, general disruptionfgi8  pharyngeal arch region.
function in fgf3 morphants inhibits formation of posterior
arches (though it has little effect on the most posterifr, 5 We thank our many colleagues and the Tubingen stock center for
branchial arch, which is often unaffected in arch mutants roviding .plasmids.gnd fish gtrains. We are inde;bted to L. Bally-Cuif,
(Schilling et al., 1996b). Howevegf3is expressed both in the Mourrain for a critical reading of this manuscript and to G. Karsenty
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