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An essential role for Fgfs in endodermal pouch formation
influences later craniofacial skeletal patterning
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Summary

Fibroblast growth factor (Fgf) proteins are important  early somite stages to promote first pouch formation. In
regulators of pharyngeal arch development. Analyses of addition, we show that animals doubly reduced for Fgf8
Fgf8 function in chick and mouse and Fgf3 function in and Fgf3 have severe reductions in hyoid cartilages and the
zebrafish have demonstrated a role for Fgfs in the more posterior branchial cartilages. By examining early
differentiation and survival of postmigratory neural crest  pouch and later cartilage phenotypes in individual animals
cells (NCC) that give rise to the pharyngeal skeleton. Here hypomorphic for Fgf function, we find that alterations in
we describe, in zebrafish, an earlier, essential function for pouch structure correlate with later cartilage defects. We
Fgf8 and Fgf3 in regulating the segmentation of the present a model in which Fgf signaling in the mesoderm
pharyngeal endoderm into pouches. Using time-lapse and segmented hindbrain organizes the segmentation of the
microscopy, we show that pharyngeal pouches form by the pharyngeal endoderm into pouches. Moreover, we argue
directed lateral migration of discrete clusters of that the Fgf-dependent morphogenesis of the pharyngeal
endodermal cells. In animals doubly reduced for Fgf8 and endoderm into pouches is critical for the later patterning
Fgf3, the migration of pharyngeal endodermal cells is of pharyngeal cartilages.

disorganized and pouches fail to form. Transplantation and

pharmacological experiments show that Fgf8 and Fgf3 are Key words: Pouch, Pharyngeal endoderm, Cartilage, Neural crest,
required in the neural keel and cranial mesoderm during  Segmentation, Fgf8, Fgfacerebellar GFP, Zebrafish

Introduction derived from the hyoid and branchial arches and in the formation

The cartilages and bones that form the skeleton of the face aifi, Pharyngeal pouches. Pouches are outpocketings of the
in mammals, the middle ear, are derived from a specializ aryngeal endoderm that interdigitate with the crest-derived

€0/— i H i
population of ectomesenchyme, the cranial neural crest ( aryngeal archegfg"**” mice, which are hypomorphic for

Douarin, 1982; Weston et al., 2004). Cranial neural crest cells3'® display a range of craniofacial abnormalities that include
(NCC) c’)riginat'e adjacent to ’neural ectoderm and migrate iF}educnons in cartilages and bones derived from all pharyngeal

three streams (mandibular, hyoid and branchial) to form sev arches and disorganized endodermal pouches (Abu-Issa et al.,

h | arches. S i £ NCC into distinct st 02). Likewise, in the zebrafishcerebellar(acd mutant, a
pharyngeal arches. segmentation o Into distinct s r?an%ﬁong loss-of-function mutation &ff8 (hereafter referred to as
is coupled to the segmentation of the hindbrain intq

18, hyoid cartilage i h issh
thombomeres (R1-7) (Kontges and Lumsden, 1996). NCC th%%g)’ yoid cartilage is reduced and pouches are misshaped

X ) : X raper et al., 2001; Reifers et al., 1998; Roehl and Nusslein-
contribute to the formation of the mandibular arch delaminat olhard, 2001).

adjacent to posterior midbrain-R2 and do not express Hox genes,ncreasing evidence suggests that signals from the pharyngeal
whereas NCC of the hyoid and branchial arches originate nexhqoderm pattern the bones and cartilages of the pharyngeal
to R4 and R6-R7, respectively, and are Hox-positive (Schillingches, Analysis otasanova(cag mutant zebrafish, which
and Kimmel, 1994; Trainor and Krumlauf, 2001). make no endoderm (Alexander et al., 1999), suggest that
Fibroblast growth factors (Fgfs) are a family of extracellularendoderm is required for the development of all pharyngeal
signaling molecules that have been implicated in diverse facegartilages (David et al., 2002). ltbx1 (van gogh mutant
of vertebrate craniofacial development. Fgf8 from the orakebrafish, pharyngeal pouches are largely absent and cartilages
surface ectoderm induces patterns of gene expression in adjacgié misshaped and fused with those of adjacent arches
mandibular mesenchyme, subdividing the mandibular arch int@Piotrowski and Nusslein-Volhard, 2000), suggesting that
rostral odontogenic and caudal skeletogenic fields (Tucker et ahouches contribute to the segmentation of NCC into distinct
1999) and controlling the position of the jaw joint (Wilson andarches. In addition, transplantation experiments in chick show
Tucker, 2004). In addition to functions in mandibular archthat foregut endoderm is both necessary and sufficient to induce
development, Fgfs have roles in the development of cartilagélse shape and orientation of pharyngeal skeletal elements (Couly
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et al., 2002). One role of pharyngeal endoderm may be to localiy al., 1996; Reifers et al., 1998)1-GFP albino transgenic fish are the
promote the survival of skeletogenic NCC (Crump et al., 2004game asTG(flil:EGFPY*; alb™ (Lawson and Weinstein, 2002) and
Fgf3 has been shown to be required in pouch endoderm for th@A.F/Z:GFP transgenic fish are as described (Pauls et al., 2001).
survival of skeletogenic NCC of the hyoid and branchial arches Thefgf8 MOs E2I2 and E3I3 (Draper et al., 2001) were used at 0.5
(David et al., 2002; Nissen et al., 2003), and a similar NC g/ml each. To generatgf8-; fgf3-MO embryos, we pressure-injected

. . f8~ embryos at the one-cell stage with 5 nl of 1.0 mg/ml
survival-promoting role for endodermal Fgf8 has been propos +8 fgfac (())/.25 mg/ml) MO com%ination. As pﬂ%ﬁ)lﬁsly dcgascri)be q

but not proven in zebrafish (Walshe and Mason, 200'3a).'c'?lear@‘aveS et al., 2002), thigia MO dose gave highly reproducitigs-
understanding how pharyngeal endoderm develops is critical f@it3 Mo phenotypes, scored as either the lack of ears or the lack of R5
understanding the later development of the pharyngeal skeletailex20staining.

In this study, we investigate an earlier role for Fgfs in the _ _

formation of pharyngeal pouches. Whereasfgig~ animals  Phenotypic analysis

pharyngeal pouches are variably misshaped, we find thaician Green staining was performed as described (Miller et al., 2003).

reducing both Fgf8 and Fgf3, by injectifgf8 animals with an ~ For flat-mount dissections, Alcian-stained animals were digested for 1

formation. We use time-lapse microscopy to show thaf'®'® tdls_secte% frie tfrom T]uréoun_dmg t'és‘.JeS A"".th Entta ;ta'nless'Steel
. . . sect pins and photographed using a Zeiss Axiophot 2 microscope.

pharyr]geal pouches form by the dlrect(.ad lateral migration qfr]nage background was cleaned up with Adobe Photoshop. For

periodic clusters of endodermal cellsfdf8’, fgf3-MO anlmals, immunocytochemistry, embryos were prepared as described (Maves et

pharyngeal endodermal cells are present but their laterg] 2002). Antibodies were used at the following dilutions: rabbit anti-

migration is disorganized and discrete pouches fail to form. Werp, 1:1000 (Molecular Probes); Zn8, 1:400 (Fashena and Westerfield,

use the Fgf receptor-inhibiting drug SU5402 to show that Fgf999; Trevarrow et al., 1990), goat anti-rabbit Alexa Fluor 488 and anti-

signaling is required during early somite stages for first poucinouse Alexa Fluor 568, both 1:300 (Molecular Probes).

formation. At these stagdgf8is expressed in the head in lateral The following cDNA probes were usedix2 (Akimenko et al.,

mesoderm (Reifers et al., 2000) and in midbrain-hindbraif994);krox20(Oxtoby and Jowett, 1993)ax2a(Krauss et al., 1991);

et al., 2002; Reifers et al., 1998). Starting at 4-somites (11PFa3(Brown et al.,, 1998). Probe syntheses and whole-mount in-situ

hours post-fertilization¥gf3 expression overlaggf8 expression h?’\?ggg{gpi&ﬂ?ﬁ@gg?ﬁg Lﬁtigée\gggzl)y described (Hauptmann

in neural MHB and R4 domains (Maves et al., 2002; Walshe & ' ' ' ’

al., 2002), and mesodermal and neural Fgf expression domaigg5402 treatment

are in close proximity to developing pharyngeal endoderm. Afi1-GFP embryos were manually dechorionated and incubateduin 40

later stagedgf3and, to a lesser extefyf8 are expressed in the of EM with 0.4 mM SU5402 (Calbiochem) in agar wells. SU5402 was

pharyngeal pouches (David et al., 2002; Walshe and Masodijuted from a 40 mM stock in DMSO. After 1- or 4-hour incubations,

2003a). However, we use mosaic analysis to show that Fgfs agebryos were washed vigorously in EM. For 4-hour incubation

required in mesodermal and neural domains, and not in tiexperiments, sibling controls were fixed and processed for in-situ

pharyngeal endoderm, to rescue pharyngeal arch structure NiPridizations withpea3

fgf8~; fgf3MO animals. Thus, we find an essential, Fgf'_Transplantations

dep;anlcli_ent functlont tgf the% tt;}raln hand he"’lld ”&effdem.‘ t'ﬂansplant techniques were as described (Maves et al., 2002). For
controlling  segmentation o € pharyngeal endoderm IntQn,qogerm transplants, donor embryos were injected at the 1-cell stage

pouches. ) ) ) _ ~ with an ‘Alexa568’ mixture of 2% Alexa Fluor 568 dextran and 3%
In addition to their requirement in pouch formation, we findyysine-fixable biotin dextran (10,008, Molecular Probes) along with
that Fgf8 and Fgf3 have redundant, essential functions isctivated Taram-A receptor (TAR*) RNA prepared according to David
pharyngeal cartilage development. fgi8; fgf3-MO animals, etal. (David et al., 2002). At 40% epiboly (ca. 4 hpf) donor TAR* tissue
hyoid and branchial cartilages are largely absent and mandibulsas moved to the margins 8, fgf3-MO; flil-GFP host embryos.
cartilages are reduced. By imaging pouch structure early af@r neural and mesodermal transplants, donor embryos were injected
cartilage structure later in individual sides of animals in whictft the 1-cell stage with Alexa568. For neural transplants, donor fissue
Fgf signaling has been manipulated, we find that altered pouch@s taken from the animal cap at shield stage (ca. 6 hpf) and moved to
correlate with later rearrangements of the cartilage pattern. ThisPoSition approximately two germ ring widths from the margin and

Ivsi s that ph | h struct - iti from dorsal infgf8~; fgf3-MO; flil-GFP hosts (Maves et al., 2002).
analysis suggests that pharyngeal pouch structure Is a CritiGgy, ,agqdermal transplants, donor tissue was taken from the margin at

determ_lnant.of the phgryngeal' cartilage pattern. We presentsgo, epiboly (ca. 5 hpf) and moved to the marginigte: fgf3MO;
model in which an earlier function of Fgfs in pouch formationiji1-GFp hosts (Kimmel et al., 1990). All hosts were screened using a
in addition to their well-documented role as pouch-secretefluorescence stereomicroscope at 34 hpf, and only hosts with
survival factors later in development, contributes to the diversitgubstantial, tissue-specific contributions to the pharyngeal endoderm,
of craniofacial phenotypes seenffi8 mutants. hindbrain or cranial mesoderm were used for subsequent analysis. In
addition, the mesodermal transplant technique produced six embryos
with contributions to both the hindbrain and cranial mesoderm. In order

i to control for variability in the effectiveness of tigg3-MO, only fgf8;
Mate.rlalls and methoqs fgf3-MO; flil-GFP hosts in which the ear was missing in at least one
Zebrafish lines and morpholinos side were used for the analysis. In control transplants, mutant siblings

Zebrafish Danio rerig) were raised and staged as previously describeth which donor tissue did not contribute to head tissues, we never
(Kimmel et al., 1995; Westerfield, 1995). Time (hpf) refers to hoursobserved the presence of an ear on only one side. At 34 hpf, confocal
post-fertilization at 283. The wild-type line used was AB. images of select host embryos were analyzed for pharyngeal arch
Homozygousacerebellat?8?2 (acd mutant embryos were scored by structure. Rescue of arch structure was scored as complete if the first
their loss of the cerebellum or loss of midbiaéx2aexpression (Brand pouch and mandibular and hyoid arches were indistinguishable from
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wild type, and rescue was scored as partial for all other embryos withefects in the formation of pharyngeal pouches and cartilages
arch structure subjectively more organized thdigfiér; fgf3-MO; flil- (Fig. 1B,B,F and especially Fig. 2l,J). Since tHgf8

GFP controls. phenotype is relatively mild, we wondered if other Fgfs were
partially redundant with Fgf8 in patterning pharyngeal arches.

Time-lapse analysis anq confocal 'maging . Fgf3 was a good candidate, as it has been shown to act
For the endoderm movies (see Movies 3-6 in supplementary materi }_}

pharyngeal endoderm was labeled by transplanting donor tissue injec Gdubndf’;lntly dW'th Fl\g/lfS to patlttelrn Z'glgz.pl(\)/lsterlor thlr}dbg?)'g’z_
with a mixture of Alexa568 and TAR* into GFP hosts. Embryos wer orebrain and ear (Maroon et al., » viaves et al., '

selected for large fractions of labeled donor endoderm and bright GFENIllips et al., 2001; Walshe et al., 2002; Walshe and Mason,
fluorescence using a Leica MZ FLIII fluorescence stereomicroscop€003b). In addition, Fgf3 has been shown to play a role in
After manual dechorionation and anesthetization with buffered ethyebrafish pharyngeal arch development (David et al., 2002;
mraminobenzoate methane sulfanate (MESAB) (Westerfield, 1995)issen et al., 2003). Althouglyf3-MO animals had largely
embryos were transferred to 0.2% agarose in embryo media (EM) withormal pouches (Fig. 1C)Y3David et al., 2002), we found that
10 mM HEPES and MESAB and then mounted onto a drop of 3%n fgf8; fgf3-MO animals no pouches were made (Fig. 12,D
methylcellulose on a rectangular coverslip with three superglued #h addition, we found that Fgf8 and Fgf3 acted redundantly
square coverslips on each side. A _ring of vacuum grease was ad promote pharyngeal cartilage development.fgfs-MO
around the embryo to make an airtight seal upon addition of the tognimals, the ceratobranchial (CB) cartilages, which derive

coverslip. A heated stage kept the embryos at’€8.Bpproximately . . .
80pum Z-stacks at gm intervals were captured every 6 minutes usingfrom the branchial arches located posterior to the hyoid arch,

a Zeiss LSM5 Pascal confocal fluorescence microscope. At each tinfé"e largely absent (David et al., 2002; Nissen et al., 2003).
point, Z-stacks were projected with maximum intensity onto a singlélowever, whereas hyoid cartilages fgff3-MO and fgf8”
plane. Time-lapse recordings were further processed with Adob@nimals were relatively mildly affected at 4 days (Fig. 1F,G),
Premiere. For single time point confocal sections, embryos weraearly all of the hyoid and CB cartilages fgf8~; fgf3-MO

mounted without vacuum grease. animals were absent (Fig. 1H). Although reduced in size,
mandibular cartilages were patterned correctlygi@™; fgf3-
Results MO animals (inset to Fig. 1H).
_ ) Sincefgf8; fgf3-MO animals have both pouch and cartilage
Fgf8 and Fgf3 are essential for the formation of defects, we wondered whether defects in pouch development
pharyngeal pouches and most pharyngeal cartilages could be responsible for later cartilage losses. In order to study

As previously reported (Roehl and Nusslein-Volhard, 2001)correlations between pouch and cartilage defects in individual
fgf8~ zebrafish had incompletely penetrant and expressivenimals, we took advantage of the fact that partially reducing

wild type

Fig. 1.Fgf8 and Fgf3 have redundant functions in the formation of pharyngeal pouches and cartilages. (A-D) Confocal microgragksd,are me
lateral views of cranial NCC (green: anti-GFP antibody) and endodermal pouches (red: Zn8 antibody) at 3 ispbiow just the red channel.
(AA") In wild-typeflil-GFP animals, the NCC-containing pharyngeal arches are numbered 1-7 (A) and the pouches are numbergdAl-p5 (A
few hours later, the sixth pouch will form and arches 6 and 7 will separate to form the final arrangement of seven afctyé8:; 1BGFP
animals have variable defects in pouch structure (arrowheddlenBtes a misshapen first pouch). Whefgi@sMO; flil-GFP animals have

normal pouches (C,§; fgf8~; fgf3-MO; flil-GFP animals lack all pouches (D)Palthough pharyngeal endoderm is still present (white line in

D'). The Zn8 antibody also recognizes cranial sensory ganglia (dots in ACZ). AE-H) Ventral whole-mount views show Alcian-stained
pharyngeal cartilages at 4 days. As shown for wild type (E), M and PQ cartilages are derived from the mandibular, ordit$taiadcHS are

hyoid, or second, arch cartilages, and CB1-5 cartilages are formed from the five most posterior branchfgf@rahesals have relatively

mild defects in pharyngeal cartilages (F), anfyf8-MO animals CB cartilages are lost and hyoid cartilages are misshapen (G). However, in
fgf8~; fgf3-MO animals, nearly all CB and hyoid cartilages are absent and mandibular cartilages are reduced in size (H). The iad&dtto H is
mount preparation d§jf8"; fgf3-MO cartilages showing that, although reduced in size, M and PQ cartilages retain their distinctive shapes. In
E-H, asterisks denote the position of the midline neurocranium that is still prefgBt;ifgf3-MO animals. Anterior is to the left in all panels.

M, Meckel's; PQ, palatoquadrate; CH, ceratohyal; HS, hyosymplectic; CB, ceratobranchial. Scalepvarst AD; 100um in E-H.
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Fig. 2. Correlated first pouch and hyoid cartilage . . ’ _ PQ(1
defects in animals reduced for Fgf8. Confocal wild type; e, 1 L (1) HS(2)
projections oflil-GFP-labeled pharyngeal arche Jiri-Grl f ) 4 i

living wild-type (A) andfgf8-MO (C,E,G) animals

at 28 hpf. By this stage of wild-type developmeni
the mandibular (1), hyoid (2), and three branchie
arches (3, 4, 5-7) have formed. Pouches are lab
pl-p4 (A), and white arrowheads mark the positi
of the first pouch. Ifigf8-MO; flil-GFP animals,
variable phenotypes include shape changes in tl
first pouch (C,E), ectopic pouches (arrow in G),
reductions of more posterior pouches (C,E,G).

(I) Confocal micrograph of a fixefgf8; flil-GFP
animal with a similar ectopic pouch phenotype
(arrow) to thefgf8-MO; flil-GFP animal in G; Zn8
staining (red) confirms that the ndit-GFP-
expressing region is probably an ectopic
endodermal pouch. (B,D,F,H,J) Flat-mount
preparations of Alcian-stained mandibular and
hyoid cartilages at 4 days. As labeled in the wild
type example (B), M and PQ are mandibular (1)
CH and HS are hyoid (2) cartilages. (C and D, E
F, G and H) Paired images of individual animals
imaged live forflil-GFP early and subsequently
stained for cartilage. Variable hyoid cartilage def
(D,FH) are correlated with earlier first pouch
defects (C,E,G) in individudyf8-MO; flil-GFP
animals. In H, the black arrowhead marks an
apparent ectopic hyoid cartilage that correlates \.....
the ectopic pouch in G. (J) Similar ectopic cartilages (black arrowhead) were seen fgf8arfid-GFP animals. Anterior is to the left and
dorsal is up. M, Meckel's; PQ, palatoquadrate; CH, ceratohyal; HS, hyosymplectic. Scaleudpar: 50

Fgf function with arfgf8 morpholino {gf8-MO), or genetically  ectopic cartilage element developed later in the hyoid arch
with the fgf8 mutation, causes variably penetrant and(Fig. 2H). To confirm that the non-GFP-expressing regions
expressive phenotypes. We imaged pharyngeal arch structubserved in live animals probably corresponded to misshapen
in live fgf8-MO; flil-GFP andfgf8; flil-GFP embryos at 28 and ectopic pouches, and not another non-GFP-expressing
hpf and subsequently raised individuals to 4 days to examirtesssue such as mesoderm, we fixed and staigi€d animals
cartilage. Theflil-GFP transgene (Lawson and Weinstein,displaying similar GFP phenotypes with the endoderm-labeling
2002) labels cranial NCC shortly after ventrolateral migratiorzn8 antibody (Trevarrow et al., 1990). In numerous examples,
and perdures as cells differentiate into the pharyngeal cartilag@n-GFP expressing regionsfgi8~ animals, of similar shapes
elementsflil-GFP also marks the developing vasculature buand positions to those observed in the live analysis, were found
is not expressed in the pharyngeal mesoderm or endodetm be Zn8-positive (red in Fig. 1B and Fig. 2I; and data not
(except for early, transient expression in the second pouch; seleown). Lastly, whereas the majority fff8~ animals with
below). At pharyngula stages, the endodermal pouches am@rmal arch morphology early had no defects in the hyoid
evident as nofflil-GFP-expressing regions separatingftie  cartilage pattern later, we observed graded reductions of the
GFP-expressing NCC of the pharyngeal arches (black in Fithyomandibular cartilage element in some sides with no pouch
2A). In individual sides ofgf8&-MO; flil-GFP andfgf8; flil- defects (Table 1). Thus, Fgf8 is likely to have other functions
GFP animals we found a correlation between early archn cartilage development, in addition to its role in controlling
structure and alterations of the hyoid cartilage pattern (Fig. 2@ouch development. Nonetheless, we conclude that, in contrast
J and Table 1). In all sides with abnormal first pouchto simple cartilage losses, the alterations in hyoid cartilage
morphology we observed hyoid cartilage alterations later. Ishape and position observed in a subset of animals reduced for
some cases, the first pouch was ‘deformed’ (Fig. 2C), invadinggf8 are most tightly correlated with early changes in pouch
hyoid NCC territory, and this arch phenotype was most oftemorphology.

linked to a complete loss of the dorsal hyomandibular cartilage ) _

element (Fig. 2D). In other cases, the first pouch was ‘shifted®osterior pharyngeal pouch defects underlie

to a more posterior position (Fig. 2E), and this ‘shift wasreduced arch segmentationin  fgf8-MO animals

correlated with changes in the shape and position of dorsAfter NCC migration the third, most posterior, NCC mass
hyoid cartilage (Fig. 2F). In the most striking example ofsegments into the five branchial, or gill-bearing, arches from
pouch—cartilage shape correlations, a small ectopic pouch, which the five CB cartilages subsequently develop (Fig. 3A).
addition to the normal first pouch, formed in the middle of thdt has been previously shown that the segmentation of NCC
hyoid NCC territory (Fig. 2G), and in these same sides amto distinct arches requires the segmentation of the pharyngeal
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Table 1. Correlated pouch and cartilage phenotypes ifgf8™; flil-GFP animals
Hyoid cartilage phenotype

Arch structure %) Wild type HM reduced HM loss Ventral loss Shape change Ectopic
Wild type 74 59 33 2 0 6 0
No p1 2 0 100 0 0 0 0
Deformed p1 6 0 0 88 0 12 0
Shifted pl 2 0 0 0 0 100 0
Ectopic p1 5 0 0 0 0 50 50
Arch shape 12 7 13 13 20 40 7

Percentage of sides with each phenotype is listeftyfdr, flil-GFP animalsr=128). In 100 wild-type animals, none of these phenotypes were seen. At 33
hpf, individual sides ofgf8~; flil-GFP mutant animals were scored under a fluorescence dissecting microscope for pharyngeal arch structure. Hyoid arches of
mutant sides were scored as percentage of the total having the following morphology: wild type, missing the first poudefoonEd first pouch (deformed
p1), shifted first pouch (shifted p1), ectopic first pouch in addition to normal first pouch (ectopic p1), and miscellanesukateffected arch shape but not
first pouch structure (arch shape). Individuals were subsequently grown to 4 days to examine hyoid cartilage structugesRefreantaarch structure
category having the following hyoid cartilage phenotypes are shown: wild type, reduction of HM (HM reduced), loss of HMsHbs®sf ventral cartilage
(ventral loss), rearrangement of the cartilage pattern (shape change), and ectopic cartilage elements (ectopic).

endoderm into pouches (Piotrowski and Nusslein-Volhardiifth and sixth pouches had fully formed, but the fourth pouch
2000). In animals reduced for Fgf8, we observed a range of Cigad retracted, and what in wild-type animals would have been
cartilage phenotypes that suggests defects in the segmentattbe second and third posterior branchial segments had fused
of NCC into distinct branchial arches. These phenotype®gether, resulting in one less branchial segment (Fig. 3J,K).
include reductions in the number of CB cartilages (Fig. 3BJConsistent with this animal forming one less branchial
and fusions of cartilages of adjacent segments (Fig. 3Cyegment, we found that one less CB cartilage developed (data
incompletely formed CB cartilages were also observed (Figiot shown). These results suggest that at least some, and
3C). In addition, as reported fdgf8 animals (Roehl and possibly all, of the CB cartilage defects seefgii@ animals
Nusslein-Volhard, 2001), more posterior pharyngeal pouchesre the result of a failure of posterior endodermal pouches to
were reduced and disorganizedf@i8-MO; flil-GFP animals form properly and segment branchial NCC into discrete
(Fig. 2C,E,G). We investigated whether the CB cartilage defec&rches.
seen irfgf8&-MO animals might be secondary to posterior pouch ) o ) ) )
formation defects that result in reduced branchial NCd-9f signaling is required during early somite stages
segmentation. for first pouch development

In order to understand the cellular basis of NCCIn order to determine when Fgfs act to control pouch
segmentation, we made time-lapse recordings of pharynged¢velopment, we inhibited Fgf signaling at different times of
arch development in wild-type (see Movie 1 in supplementargevelopment using the Fgf receptor antagonist SU5402. As
material) andgf8MO (see Movie 2 in supplementary material) extended (24-hour) treatment of embryos with SU5402
animals. Time-lapse recordings were made of wild-type animalsauses widespread death of NCC (David et al., 2002), we
expressing both the pan-nuclear H2A.F/Z:GFP and the NCQerformed shorter treatments of SU5402 in order to dissociate
expressinglil-GFP (12-38 hpf; Movie 1). In wild-type animals, requirements for Fgf signaling in pharyngeal pouch formation
NCC migrated in three streams to ventrolateral regions, whefeom those in NCC survival. After addition of SU5402 for 1-
they contributed to the formation of the pharyngeal archedo 4-hour periods, followed by a washout, embryos were
Starting at 12 hpf (5-somites), H2A.F/Z:GFP-labeled NCCscored for pouch defects at 34 hpf. In the case of 4-hour
were seen migrating in two streams (mandibular and hyoidyeatments, we examined effectiveness of inhibition of Fgf
anterior to, and one stream (branchial) posterior to, thsignaling by expression of the Ets factpea3 in treated
developing otic vesicle. By around 16 hpf, the NCC finishediblings.pea3is a downstream target of Fgf signaling (Roehl
their migration and began to expréglks GFP as they condensed and Nusslein-Volhard, 2001), and we observed partial-to-
to form the arch masses. Shortly after the initiatioflibiGFP ~ complete inhibition ofpea3expression during the treatment
expression in NCC, the first branching of the branchial massnd gradual recovery after washout (data not shown,
occurred as the third pouch was formed (Fig. 3D). Over the nesummarized in Fig. 4 legend). In embryos treated with
20 hours, the fourth, fifth and sixth pouches formed in arsU5402 from 10 to 14 hpf, we found that the first pouch was
anterior-posterior (AP) wave of development, and by 38 hpf thepecifically lost in 39% of embryos (Fig. 4B) and misshapen
branchial mass had been subdivided into the five segments fram another 26% of embryos (data not shown). In addition,
which the CB cartilages would arise (Fig. 3E-G). when animals with first pouch defects were raised to 4 days,

By contrast, in thégf8-MO; flil-GFP example shown (see we observed specific losses of hyoid cartilage (Fig. 4E). By
Movie 2 in supplementary material), one fewer branchiatontrast, SU5402 treatments from 6 to 10 hpf and 14 to 18
segment formed. We found that in this animal the reducelpf had lesser effects on pouch development (Fig. 4G). We
number of segments was due to the failure of the fourth poudound a similar temporal requirement for Fgf signaling
to develop. While the third pouch (i.e. the first pouch tousing 1-hour SU5402 treatments (Fig. 4C,H). The highest
subdivide the branchial mass) formed normally (Fig. 3H), th@enetrance of first pouch shape defects was seen when 1-hour
fourth pouch initiated outgrowth yet failed to fully subdivide SU5402 treatments began between 9 and 13 hpf. Interestingly,
the branchial mass into a new segment (Fig. 31). By 38 hpf thater (>20 hpf) treatments with SU5402 produced variable
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defects in the development of more posterior pouches batevelopment based on GFP-labeled arch structure. First, we
not the first pouch (Fig. 4F), consistent with more posteriofound that wild-type endoderm was not able to rescue first
pouches forming later in an AP temporal wave ofpouch structure (Fig. 5B‘B compared with control
development. In summary, we find that Fgf signaling has aontralateral sides that did not receive transplants (Fig. 5A-
peak requirement in first pouch development from 10 hpA"). Wild-type mesoderm (Fig. 5C*C or neural tissue (Fig.

(tailbud) to 14 hpf (10-somites). 5D-D") alone was able to only partially rescue pouch and arch
_ ) structure in less than half é§f8~; fgf3-MO; flil-GFP hosts

Neural and mesodermal requirement for Fgfs in (Fig. 5F). By contrast, transplantation of wild-type neural and

pharyngeal pouch formation mesodermal tissues together completely rescued pouch

As Fgf8 and Fgf3 are expressed in neural and mesodermgttucture in 3/6 embryos, and partial rescue was seen in another
tissues at early somite stages, and then in the pharyngedb embryos (Fig. 5E-B. As neural tube transplants alone
endoderm at later stages, we investigated which Fgf sourceere sufficient to rescue the ear and cerebellar defefd$3of

are required for pouch formation. Using transplantatiorfgf3-MO embryos (Fig. 5D), yet failed to completely rescue
techniques (see Materials and methods), we introduced wilghouch structure (Fig. 5) we conclude that the requirements
type tissues at pre-shield stages (<6 hpf) fgt6; fgf3-MO; for both neural and mesodermal tissues is not simply a function
flil-GFP embryos and then assayed for rescue of first poudt restoring neural structure fgf8-; fgf3-MO embryos. Thus,

wild type;
H2A:GFP;
flil-GFP

f2f8-MO;
flil-GFP

Fig. 3.Fgf8 is required for segmentation of the branchial arches. Bilateral flat-mount dissections of Alcian-stained pharyngesl ab4tila
days. As shown for wild type (A), M and PQ are mandibular (1) cartilages, CH and HS are hyoid (2) cartilages, and CRfe$ aatila
formed from the five most posterior branchial arches (3-7). Note the teeth (*) on the CB5 caftjf8gasimals have variable CB cartilage
defects, which include reduced CB number (only 4 CBs per side in B), incompletely formed CB cartilages (arrowhead insi@nsnd fu
between adjacent cartilages (arrow in C). In a represenfgi®eflil-GFP clutch (=172) there was an average of 3.9 CB cartilages per side;
6% of sides had fusions of adjacent cartilages and 2% had incomplete cartilages. (D-K) Time-lapse recordings oflidiiGHEpe
H2A.F/Z:GFP (D-G, and see Movie 1 in supplementary materialjgi8dMO; flil-GFP (H-K, and see Movie 2 in supplementary material)
animals show the cellular basis of branchial arch segmentation. In wild-type animals, branchial arches form as pouchié sepacitial
NCC mass into segments in an A—P wave of development. At the beginning of Movie 1 (5-somites, 12 hpf), H2A.F/Z:GFP lableisahe nu
NCC that are migrating ventrolaterally in two streams anterior to, and one stream posterior to, the developingfiGAReinitiates in

NCC of the pharyngeal arches, selected projections from Movies 1 and 2 show the subdivision of each successive braacitied at20(
hpf: D,H; arch 4 at 28 hpf: E,I; arch 5 at 34 hpf: F,J; and arches 6 and 7 at 38 hpf: G,K). Pouches are labeled p1-p6, raodvelaitis &

D-G indicate the developing vasculature that also exprégs€s-P. The white arrows in panels I-K and Movie 2 (in supplementary material)
refer to arches 4 and 5, which fail to separate completely ifgf8is10 animal. Similar cell behaviors were seen in three time-lapse
recordings of wild-type animals, and variable defects were observed in four time-lapse recorfdjf&®sI6¥; flil-GFP animals. Anterior is to
the left in all panels. A-C are ventral views, and dorsal is up and slightly to the right in D-K. M, Meckel's cartilagdat®@,gdrate; CH,
ceratohyal; HS, hyosymplectic; CB, ceratobranchial. Scale bam50
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Fgf8 and Fgf3 are required additively in both the neural tube lateral pharyngeal endoderm, in particular the first pouch

and mesoderm, but not the endoderm, to promotand regions where the second and more posterior pouches

morphogenesis of the pharyngeal endoderm into pouches. would form (Fig. 6A,E). Irfgf3-MO animalsnkx2.7andaxial
expression was similar to that seen in wild-type animals (Fig.

Fgf8 and Fgf3 are required for the subsequent 6C,G), whereas ifgf8 animalsnkx2.7andaxial were present
development, and not the generation, of pharyngeal but first pouch staining was variably absent (Fig. 6B,F).
endoderm and NCC Strikingly, in fgf8"; fgf3MO animals, these markers revealed

In order to test whether the lack of pouches is due to a genethht a significant amount of pharyngeal endoderm was present,
reduction in pharyngeal endoderm, we examined early markeygt there was no clear evidence of pouches (Fig. 6D,H). In
of pharyngeal endoderm iigf8~; fgf3-MO animals. In wild- addition, as assayed laxial staining, we saw no differences
type embryos, the first pouch began to form around 16 hpf (sée the amount of pharyngeal endoderm at an earlier stage (10
below). At 18 hpf,nkx2.7andaxial normally were expressed hpf) betweerfgf8~; fgf3-MO and wild-type animals (data not

G 4 hour Treatment H
25 2
" %0 I I I I

n g n n 80 L -
=, = ol |
g E g &0
° a0 o 40 L -~
Za .
E g m E 2 L -
i.-l; ; [ == 1 h-; 0 1 I 1 ¢ .
o* 6-1010-1414-18 s 0 5 10 15 20 25

SU5402 Duration (hpf) Start Time of SU5402 (hpf)

Fig. 4. Fgf signaling is required during early somite stages for first pouch and hyoid cartilage development. (A-C) Confocal mistagvaphs
Zn8-labeled pharyngeal pouches (red) and GFP-labeled NCC (gréh)GirP animals at 34 hpf. Cranial sensory ganglia (dots) also stain
with Zn8. In the wild-type animal (A), an arrowhead marks the first pouch. (B) The first pouch is variably absent (arrovilie&HRn

animals upon treatment with the Fgf receptor antagonist SU5402 from 10-14 hpf. The absence of the first pouch is seleetipestioro
pouches form normally. (C) Treatment with SU5402 for 1-hour periods starting from 9-13 hpf (a 10.5-11.5 hpf treatment iscihaven) p
subtler shape changes of the first pouch (arrowhead). (D,E) Flat-mount preparations of Alcian-stained pharyngeal cad#ggel atidd-
type (D), mandibular M and PQ, hyoid CH and HS, and branchial CB1-5 cartilages are labeled. In those animals in whictS1(64@2pf
treatment caused losses of the first pouch early, the HS cartilage was selectively absent later (E). Although M, PQ dadeStauearti
reduced in size, posterior CB cartilages are relatively unaffected. (F) Whereas later treatments with SU5402 (a 20-2 & hipisteketwn) do
not affect first pouch development (arrowhead), they do occasionally disrupt the formation of more posterior pouches (araow show
unsegmented branchial NCC mass). (G) Quantitation of first pouch defects after 4-hour treatments with SU5402. The perapimtades of
with first pouch losses, in black, and misshapen first pouches, in gray, are plotteg=49, N10.14 hpF99, N14.18 npF21. First pouch loss after
10-14 hpf treatment is statistically significant using Tukey HSD test. (H) The percentafyg=6P animals having first pouch defects
(primarily shape changes) plotted against the start time of 1 hour treatments with Std24217, N7 np=14, Ng hp=24, Ng hp=14, N10.5 hpF21,

N11 hp18, M2 hp26, N13 hpF26, N14 hpF22, N1 hp26, Noo hp=24, N24 hp=31. The period of strongest effect is from 9 hpf (90% epiboly) to 13 hpf
(8-somites). In order to assess the efficiency of inhibition of Fgf signaling, and the recovery after washout, we fixedrsitdiagnd
examinedoea3expression, a downstream effector of Fgf signaling, at 0 and 4 hours after washout. We know that SU5402 is at least partially
being washed out as omission of the washout step leads to severe necrosis of animals. For 4-hour incubation experimntsptasia
individual animals, relative to those in similarly staged untreated controls, were as follows: 6-10 hpf, 6/8 reduced &t/18 hefluted and
2/13 absent at 14 hpf; 10-14 hpf, 5/13 reduced and 8/13 absent at 14 hpf, 6/13 reduced and 7/13 absent at 18 hpf; 14-18uyqedSHaa re
7112 absent at 18 hpf. Ama3levels were similarly reduced at 18 hpf in 10-14 hpf and 14-18 hpf treatments, yet only 10-14 hpf treatments
cause first pouch defects, we conclude that Fgf signaling is required from 10-14 hpf for first pouch development. Howexpertiresegse

do not exclude additional requirements for Fgf signaling at later times. Anterior is to the left and dorsal is up. M, R€xkadtgtoquadrate;
CH, ceratohyal; HS, hyosymplectic; SU, SU5402. Scale barnb0
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shown). These results suggest that Fgf8 and Fgf3 act tpf wild-type embryos, dix2 expression marked three
promote the segmentation of pharyngeal endoderm intpostmigratory NCC masses: the mandibular, hyoid and
pouches and not endoderm generation. branchial primordia (Fig. 6l). Ifgf3-MO andfgf8~ embryos,
Similarly, in order to understand the losses of the NCCthe threedIx2-positive masses resembled those in wild-type
derived cartilages irigf8; fgf3-MO animals, we examined animals (Fig. 6J,K). By contrast, fgf8-; fgf3-MO embryos,
the development of NCC in doubly reduced animals. In 1®nly two dix2-positive masses were present (Fig. 6L). Based

control endoderm mesoderm neural neur. + meso.

transplant

¥ i

i

Nomarski transplant

Fig. 5. Fgfs are required in neural and mesodermal tissues
for first pouch formation. Labeled wild-type tissues (red:
A"-E") were transplanted infgf8"; fgf3-MO; flil-GFP
animals from 4-6 hpf, and GFP-expressing NCC (greén: A
E') were examined at 34 hpf for rescue of pharyngeal arch - .
structure, a proxy for pouch structuré:& and A'-E" are control endodern
confocal projections and are merged in A-E.-E" are

individual confocal sections from A-E and include the

Nomarski channel. (A-A) As transplantations generally contribute donor tissue unilaterally, we used contralateral non-recipientgg&ies of
fgf3-MO; flil-GFP animals as negative controls for rescue (the red staining fnrépfesents a comparatively small amount of donor tissue

that has crossed the midline). In control sides, only mandibular (1) and a few unidentified (?) NCC are éyidewk tffe ear is missing

(A"™). (B-B") Wild-type endoderm (e) fails to rescue pharyngeal arch structYrar{@the ear (B). As seen in B, wild-type endoderm does

not segment into pouchesff8; fgf3-MO; flil-GFP hosts. Wild-type mesoderm (m, C-Xor wild-type neural tissue (n, DD only

partially rescues pharyngeal arch structure in a fraction of animals. In the non-rescued mesodermal examplg,giiwavpn@zal (1 + ?)

NCC remain unsegmented, revealing a lack of pouches. The neural example shaepréSents what we scored as partial rescue of arch

structure. There is an increase in the amount and organization of NCC, but they are not segmented into ordered pharyagdalailche

type animals. The lack of rescue of arch structure by wild-type neural tissue is striking, as other structures such alsltioel MétBel

(asterisk in D), the neural flexure (white arrowhead ifi)Pand the ear (black arrowhead iff Pare rescued by neural tissue. By contrast,

wild-type mesoderm did not rescue the edf YGE-E") Both wild-type mesoderm and neural tissue are required together to completely rescue
pharyngeal arch structure, and hence pouchégfan fgf3-MO; flil-GFP animals. In this example, a morphologically normal first pouch (p1,

arrow) and mandibular (1) and hyoid (2) arches are clearly s€eis{ne of the more posterior pouche’s (Bte the segmentation of the

branchial (3+) NCC mass) and the ear (black arrowhead jrake rescued as well. The identification of mesoderm in the transplants was

based on the lack of colocalization with the neural crest mérkeésFP in confocal sections, and in this example by the characteristic

morphology of the mesodermal cores of the pharyngeal arches (Kimmel et al., 2001) (F) Quantitation of pharyngeal archvilestypeby

tissues is plotted as percentage of host sides with complete (black) or partial (gray) rescue of archratiasatire34, Nmesoderim 11,

MneuraF30, Nneural+mesoderm®. COmplete rescue by neural and mesodermal tissue (neur. + meso.) and partial rescue by mesoderm or neural tissue
were statistically significant using Tukey HSD test. In addition, no rescue was seen by wild-type neural crest, a tisssenthabqoess

either Fgf8 or Fgf3 (data not shown). Anterior is to the left and dorsal is up. Scale jar:: 50

partial rescue
W complete rescue

arch structure §

L]

mesoderm neural neur. + meso.
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nkx2.7
18hpf

axial
krox-20
18hpf

dix2
pax2a
krox-20
18hpf

dix2 ;0
33hpf 123 56-7
Fig. 6. Pharyngeal endoderm and cranial NCC defects in animals lacking Fgf8 andkx@f3(A-D) andaxial (E-H) label pharyngeal
endoderm during early pouch morphogenesis stages (18kpg.7andaxial are in blue, and, in E-Hgox-20in red labels R3 and R5. In wild-
type animals (A,E), the first pouch (p1: arrows) has formed anterior to R3, and a more posterior endodermal mass théentid thee
remaining pouches (black lines) is situated adjacent to R4-R6 territory. The first pouch is variabfgigstimimals (asterisk in B, question
mark in F). Whereas pharyngeal endoderm develops normdd§8ivO animals (C,G), ifigf8~; fgf3-MO animals (D,H) pharyngeal endoderm
is present as a single anterior mass (black line) and no pouches are evidatikZli®blue, labels cranial NCC; in red (I-lpax2alabels the
MHB andkrox-20labels R3 and R5. (I) In 18 hpf wild-type animals, mandibular (1), hyoid (2), and branchial (3) NCC streams give rise to seven
pharyngeal arches. (M) At 33 hpf, the third branchial stream has generated arches 3-5 and arches 6 and 7 have yetrtégé&pdrateahd
fgf3-MO (K,0) animals, the migration and coalescence of NCC to form the pharyngeal arches is largely nfgf@alfgf8-MO animals, the
mandibular (1) stream is disorganized and hyoid and branchial streams are fused together (2/3) at 18 hpf (L). By 33 hp&(P)yoeband

branchial NCC are absent, and mandibular (1) NCC are present but reduced. Anterior is to the left in all panels. A-Dviee/sicasdl E-P
are lateral views. R3 and R5, rhombomeres 3 and 5; MHB, midbrain-hindbrain boundary; p1, first pouch. Scalenbar: 50

on their positions with respect to the R3 domain of thd®haryngeal pouches form by the lateral migration of
hindbrain, we interpreted these two masses as a disorganiz&@dodermal cells

mandibular mass and a single fused mass incorporating hyodi¢hderstanding the role of Fgfs in pouch formation requires a
and branchial NCC. As hyoid NCC are generated adjacent ttetailed knowledge of the cell behaviors underlying pouch
R4 and branchial NCC develop adjacent to R6-R7 domaindevelopment in wild-type animals. Surprisingly, little is known
(Schilling and Kimmel, 1994; Trainor and Krumlauf, 2001), about the mechanism of pouch formation in any species. In
the NCC fusions are probably due to the absence afrder to investigate the morphogenesis of pouch endoderm
intervening R5-R6 territory infgf8~; fgf3MO embryos directly, we made time-lapse recordings of Alexa568-labeled
(Maves et al., 2002; Walshe et al., 2002). We observed similaleveloping endoderm in H2A.F/Z:GFRj1-GFP zebrafish
dix2 phenotypes at 12 hpf (data not shown). By 33 bpf2  (10-30 hpf: see Movies 3, 4 in supplementary material). As
labeled the mandibular and hyoid arches and four branchi&dbeled endoderm was generated by a combination of TAR*
segments in wild-type animals (Fig. 6M). fgf3MO and induction and transplantation techniques (see Materials and
fgf8~ animals, dIx2 expression was only mildly reduced methods for details), a large fraction, but not all, of the
compared with wild-type controls (Fig. 6N,O). Howew#ik2  endodermal cells can be seen in the recordings. H2A.F/Z:GFP
expression irfgf8; fgf3-MO animals revealed that by 33 hpf labels the nucleus of every cell (Pauls et al., 2001) and helps
most NCC were absent except for a reduced mandibuléo identify landmarks, wheredkl-GFP labels postmigratory
population (Fig. 6P). We observed similar NCC losségfBr; NCC. At 10 hpf of wild-type development, Alexa568-labeled
fgf3-MO animals based on the NCC expression ofltheGFP  pharyngeal endodermal cells were scattered along the surface
transgene (Fig. 1D). Moreover, the selective disappearance of the yolk (Fig. 7A,A), a distribution that closely resembled
hyoid and branchial NCC between 18 hpf and 33 hpf wagndodermahbxial expression at this time (Reiter et al., 2001).
consistent with the later specific losses of the hyoid an@®ver the next 6 hours, endodermal cells underwent a medial
branchial cartilages ifgf8~; fgf3-MO animals. In conclusion, migration and became increasingly packed together near the
we found requirements for Fgf8 and Fgf3 in both the earlynidline (Fig. 7B,B show a 14 hpf intermediate stage). Shortly
organization (12-18 hpf) and the later survival (33 hpf) ofafter medial migration, endodermal cells that would give rise
NCC. to the first pouch began to extend thin cytoplasmic processes
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and migrate back out laterally (18 hpf: Fig. 7Cadd more development. By 30 hpf in this recording, the positions of the
clearly in Movie 4). At this time, the first postmigratory NCC first three pouches were clearly seen relative tdlih&FP-
began to turn onflil-GFP. During the next few hours, labeled NCC of the arches (Fig. 78,Bn three wild-type
endodermal cells continued to migrate laterally in a directedecordings, the lateral migration of endodermal cells was
fashion, and by 22 hpf the first pouch was nearly fully formedbserved to underlie the formation of all labeled pouches. We
(Fig. 7D,D). In addition, clusters of endodermal cells situatedconclude that the directed lateral migration of periodically
periodically along the AP axis migrated laterally to formspaced endodermal cells is the mechanism that generates the
progressively more posterior pouches in an AP wave gbharyngeal pouches.

10hpf 18hpf 22hpf 30hpf
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Fig. 7.Pharyngeal pouches form by an Fgf-dependent lateral migration of endodermal cells. (A-E) Representative still imagesfrom a tim
lapse confocal recording of pharyngeal pouch and arch development in wild-type animals (see Movies 3, 4 in supplemeatary materi
Pharyngeal endoderm has been labeled in re'(Anerged with GFP in A-E) by transplanting TAR* endoderm infiilaGFP;

H2A.F/Z:GFP host at 4 hpf; this technique leads to mosaic labeling of endoderm in the host animal. In green, H2A.F/Z:GRP alloles

of every cell to be seen, afil-GFP marks NCC of the pharyngeal arches. In wild-type development, endodermal cells are spread out in a
monolayer over the surface of the yolk at 10 hpf (A\,£oncomitant with medial ectodermal movements to form the neural keel, endodermal
cells migrate medially and begin to aggregate (14 hpf)Bhortly after medial migration, individual endodermal cells destined to become the
first pouch (arrow in § then migrate back out laterally (C: 18 hpf). As seen in Movie 4, pouch endodermal cells extend cytoplasmic processes
laterally during migration. At the same time, cranial NCC begin to condense and ékxpi@s$°. By 22 hpf, the first two pouches'(p1,p2)

have formed and interdigitate three NCC-containing pharyngeal arches (D: 1-3). Although in this example most second poectotells
labeled in red, their development can still be observed based on transient expretigi@Féf (asterisks in C,D). Also, the characteristic

flexure of the neural keel near the MHB is visible by H2A.F/Z:GFP (arrowhead in D). At 30 hpf, three potcghes @ and four arches (E:

1-4) are well developed. (F-J) Representative still images from a time-lapse recording of pharyngeal development in etuaeidnfalrr-gf8

and Fgf3 (see Movies 5, 6 in supplementary material). Similar cell behaviors were seen in two separate recordings. Ldbatedredylo

was generated by transplantation of wild-type TAR* endodernf@fio; fgf3-MO; H2A.F/Z:GFP animals (see text for discussion of
experimental rationale, including how wild-type and mutant endoderm probably behave similarly in a mutantfgésst)idfs8-MO animals,

the generation (F)}Fand medial migration (G,{of pharyngeal endoderm is normal. However, by 18 hpf, the lateral migration of endodermal
cells is delayed (H,H. Also, the migration of endodermal cells is disorganized, with cytoplasmic processes not being oriented laterally as in
wild-type animals (arrows in Movie 6 in supplementary material). By 22 hpf lateral endodermal cells form an extended asggidrit@a

line in I). A confirmation of thégf8; fgf3-MO phenotype is the lack of a neural flexure (arrowhead in 1), increased cell death at the MHB, and
the lack of an ear (data not shown). By 30 hpf, pharyngeal endoderm has not segmented into discrete pouches and renaiteriarsingle
mass (white line in"Jl Although animals did not carry tliEl-GFP transgene, reduced mandibular (1) and possibly hyoid (2?) arches are
visible as condensations of H2A.F/Z:GFP-expressing cells. The views are dorsolateral with anterior to the left. Scala.bar: 50
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Fgfs are required for the segmentation and directed ventral midline, subsets of endodermal cells migrated laterally
migration of endodermal cells that form pouches at periodic intervals along the AP axis to form pouches. As

In order to understand the cellular basis for the lack of pouch&glls could be seen extending cytoplasmic processes laterally
in animals reduced for Fgf8 and Fgf3, we made time-laps@uring migration, we propose that chemotactic or substrate
recordings of pharyngea| endoderm deve|opmefg_f81; fgf3. cues in the !OC&' environment gwde pOUCh endodermal cells to
MO; H2A.F/Z:GFP animals (10-30 hpf: see Movies 5, 6 inlateral positions. o

supplementary material). For technical reasons, we visualized Several lines of evidence indicate that the lack of pouches
pharyngeal endoderm by transplanting labeled, TAR*-inducedh fgf87; fgf3-MO animals is probably due to a defect in the
endoderm from wild-type donors intdgf8~ fgf3-MO; later morphogenesis of pouch endoderm. Based on the
H2A.F/Z:GFP hosts (see Materials and methods). However, &pression of endodermal markers suctexal and nkx2.7

we knew that wild-type endoderm failed to make pouches iRharyngeal endoderm was presentgfs’; fgf3MO animals,
anfgf8; fgf3-MO background, we inferred that the endodermalthough we do not know if mediolateral patterning of the
defects we describe here would be the same as in non-mosgidoderm was completely normal. Whereagl and nkx2.7
fgfs: fgf3MO animals. At 10 hpf, we saw a similar €xpression suggest that pouch formation was defective at early
distribution of pharyngeal endodermal cells over the surface gtages infgf8~; fgf3MO animals, a lack of pouch formation
the yolk as in wild-type animals (Fig. 7BFconsistent with Wwas clearly seen later using the Zn8 antibody or transplant
our earlier finding thatgf8; fgf3MO animals had no defect techniques to label endoderm. A role for Fgfs in the
in 10 hpf endodermaixial expression. In addition, the medial morphogenesis of pouch endoderm was most evident in time-
migration and subsequent compaction of endodermal cells nel@pse recordings of endodermal developmergfsr; fgf3-MO

the midline was largely normal fgf8"; fgf3-MO animals (Fig. €mbryos. Whereas the generation, medial migration and
7G-H). However, by 18 hpf we saw defects in the lateracoalescence of endodermal cells were largely normal, we saw
migration of endodermal cells (Fig. 7H)H Although defects in both the later lateral migration and AP positioning
endodermal cells extended cytoplasmic processefgfgr, ~ Of pharyngeal endodermal cells figf8; fgf3-MO embryos.
fgf3-MO animals, these processes were not always directethe migration of endodermal cells was delayed, and the thin
laterally and often retracted (see Movie 6 in supplementargytoplasmic processes characteristic of migrating cells were
material). By 22 hpf, endodermal cells had failed to migratdlisorganized irfgf8; fgf3-MO embryos. Thus, in the absence
laterally and discrete pouches were not seen (Fig!).71,1 of Fgfs, putative pouch endodermal cells had the ability to
Moreover, putative pouch endodermal cells did not align inténigrate but could not orient themselves along the mediolateral
regularly spaced arrays and by 30 hpf had formed a singléxis. In addition, whereas in wild-type embryos pouch
unsegmented clump of cells laterally (Fig. JJ\We conclude endodermal cells migrated laterally at periodic AP positions,
that Fgf8 and Fgf3 are not required for the initial generation dn fgf85 fgf3MO embryos endodermal cells remained a
medial migration of pharyngeal endodermal cells. Instead, Fggontinuous mass occupying the anterior pharyngea_l region. We
have later functions in the directed lateral migration and reguldiropose that Fgf signaling may regulate both the migration and

spacing of pharyngeal endodermal cells along the AP axié\P positioning of pouch endodermal cells, and future
processes critical for the formation of discrete pouches_ experiments are needed to elucidate the extent to which these

processes are interrelated.

Discussion How do neural and mesodermal Fgfs pattern
Pharyngeal pouches form by an Fgf-dependent pharyngeal pouches?
lateral migration of endodermal cells Our transplantation experiments demonstrated that Fgf8 and

We have demonstrated an essential role for Fgf signaling in tlkegf3 are required additively in the neural keel and head
formation of pharyngeal pouches. Wheré&#8™ animals had mesoderm to rescue first pouch formatiorfgf8~; fgf3-MO
variable defects in pouch formation, animals reduced for botambryos. Consistent with this, inhibition of Fgf signaling from
Fgf8 and Fgf3 lacked all pharyngeal pouches. In additiortailbud (10 hpf) to 10-somites (14 hpf), stages at which Fgf8
transient inhibition of Fgf signaling with the Fgf receptorand Fgf3 are expressed in the neural keel and lateral mesoderm,
antagonist SU5402 caused similar defects in pouch formatioblocked first pouch formation. An attractive model is that
This essential function of Fgfs in pouch formation is probablysignals from the neural keel help to pattern both the pharyngeal
conserved among vertebrates, as mice hypomorphiegi®  endoderm and premigratory NCC (Fig. 8A). Such a strategy
or Fgf receptor 1(FgfR1) have similar pouch defects to those would link the two sources of pharyngeal segmentation,
in fgf8™ zebrafish (Abu-Issa et al., 2002; Trokovic et al., 2003)segmentation of NCC into distinct streams and segmentation
Previous to this study, little was known about the cellulaiof the endoderm into pouches, to the earlier segmentation of
behaviors underlying pouch formation. Pharyngeal pouchete hindbrain. Intriguingly, mandibular NCC originate from
arise as lateral branches of the foregut endoderm. Branchiegtomesenchyme adjacent to the MHB and are Hox-negative,
morphogenesis is a common theme in organogenesis, aadd the first pharyngeal pouch develops in the vicinity of
various cellular mechanisms, such as clefting and ceMHB-R2 and is also Hox-negative (Hunt et al., 1991; Miller
migration, have been implicated in branch generation (Chuargt al., 2004). By contrast, the second pouch and hyoid NCC
and McMahon, 2003; Ghabrial et al., 2003; Sakai et al., 2003jlevelop adjacent to R4 and are both Hox-positive. Whereas
By directly imaging pouch formation in developing zebrafishdevelopment of the first two pouches connects to segmental
embryos, we showed that cell migration is the mechanism thakpression of Fgf in the hindbrain, it is less clear how
drives the lateral branching of the pharyngeal endoderm intdevelopment of the more posterior pouches would be
pouches. After coalescence of pharyngeal endoderm near tregulated. All pouches were lost in animals lacking both Fgf8
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Fig. 8.Fgf8 and Fgf3 as positional determinants of A wt
pharyngeal segmentation. Model of pharyngeal NC i
segmentation in wild type (A,B) and animals lacking F N
and Fgf3 (C,D). This model is basedfgf8 expression i R1 R2
(Reifers et al., 2000) arfdf3 expression (Maves et al., .
2002) at 13 hpf (8-somites). A and C are lateral views
anterior to the left and dorsal up, and B and D are cros
sectional views at the level of R2. (A,B) In wild type, F s ; v .
protein, dark blue, is produced in neural MHB-R2 and C f$f3 5 fgf3-MO L f&f8'5 fgf3-MO
domains and in the lateral mesoderm. Fgf3 protein, lig
blue, is co-produced with Fgf8 in the MHB and R4 (str 27! 3 o4 R

domains represent overlap). Mandibular (1) NCC (Hox R

negative: light green) are generated adjacent to MHB- e =~~~ ——

territory, whereas hyoid (2) and branchial (3) NCC (Ho —

positive: dark green) have their origins at R4 and R6-R7 axial levels, respectively. Likewise, the first (p1) endodernidbypoedaijve:

red) develops ventrolateral to R2, and the second (p2) and more posterior (p3+) pouches (Hox positive: wine) form veatRAaaeichR6-

R7, respectively. The ear (black circle with two dots) develops adjacent to R5. (B) A cross-sectional view shows thaetalrmigtation

pouch endodermal cells are in close proximity to Fgf-expressing ventral neural keel and lateral mesoderm. Pharyngealyddifohms wo

where Fgf expression in the hindbrain coincides with Fgf8 expression in the underlying lateral mesodermf@@&Digii3-MO animals,

NCC and pharyngeal endoderm are generated but subsequent morphogenesis is defective. Pharyngeal endoderm remains whsegmented an
hyoid and branchial NCC streams fuse. The structure of the hindbrain is also defective in animals lacking Fgf8 and FgfB, RB)ARR6

regions fail to develop, and R2 and R3 are reduced in size (Brand et al., 1996; Walshe et al., 2002; Maves et al., 20812aIRdi#98). As

Fgfs are required in both neural and mesodermal tissues to promote the formation of pouches, Fgf signaling may linklearty neura
mesodermal patterning to segmentation of the pharyngeal endoderm. In a direct model, Fgfs from the lateral mesodermhamabvaintral

act as chemoattractants to promote the lateral migration of pouch endodermal cells (B). In animals lacking Fgf8 and Feyf8iopeuctal

cells would fail to get the appropriate cues to migrate laterally (D). Alternatively, in an indirect model, Fgfs functioate tee structure of,

and gene expression in, the hindbrain and lateral mesoderm. In the absence of Fgf signaling, guidance cues for pouchneigdati@nmal

would be reduced or absent. LM, lateral mesoderm; MHB, midbrain—hindbrain boundary; R, rhombomere.

Endoderm pl

3.3

and Fgf3, and transient inhibition of Fgf signaling, at timescues in the hindbrain for their migration, the reduced size and
later than those used to inhibit first pouch formation, disruptedegmentation of the hindbrain may explain why endodermal
the formation of more posterior pouches. However, pouche=ells did not migrate at discrete AP positions and ultimately
three through six develop at stages when Fgfs are no longermed compressed clumps igf8~; fgf3-MO animals (Fig.
expressed in the hindbrain and head mesoderm. Furth8C,D). In addition, a$gf8 but notfgf3-MO zebrafish have
analysis will be required to determine how similar thedefects in MHB structure (Reifers et al., 1998), a lack of early
functions of Fgfs in posterior pouch formation are to thosd-gf8-dependent MHB signals might explain wig§8~ but not
described here for first pouch formation. fgf3-MO embryos had variable first pouch defects. Similarly,
Although we showed that Fgfs are essential for pouclgf8 has been shown to control both the gene expression
morphogenesis, our results do not distinguish between direptofile and morphogenesis of the lateral head mesoderm
and indirect functions of Fgfs in pouch outgrowth. For(Reifers et al., 2000). Thus, Fgfs might promote pouch
example, Fgfs from the lateral mesoderm may act directly &ermation indirectly by controlling the positioning and
chemoattractants for the lateral migration of pharyngeagxpression of pouch guidance factors in the hindbrain and
endodermal cells. IDrosophila the branching of the trachea lateral mesoderm. Future experiments that address where Fgf
also requires Fgf signaling (Klambt et al., 1992; Sutherlandignaling is required, for example by manipulating Fgf receptor
et al., 1996), and tracheal cells have been shown to migratenction in the endoderm and other tissues, should help to
toward ectopic sources of Fgf (Sato and Kornberg, 2002klarify how directly Fgfs act to control pouch formation.
Alternatively, Fgfs may influence pouch formation indirectly _ )
by regulating patterning of the hindbrain and lateral mesodernfharyngeal pouches pattern cartilages of the hyoid
By 16 hpf, pharyngeal endodermal cells in close proximity@nd branchial arches
ventrally to the neural keel and medially to lateral mesoderrm fgf8~; fgf3-MO animals, no pouches formed and little or no
begin to migrate to form the pouches (Fig. 8B). However, weartilage was made from the Hox-expressing NCC of the hyoid
could block first pouch formation by inhibiting Fgf signaling and branchial arches. Similarly, transient inhibition of Fgf
from 10-14 hpf, although we cannot rule out that there is aignaling during early somite stages led to correlated losses of
delay between addition of the drug and effective inhibition oboth the first pouch and dorsal hyoid cartilage. However, in
Fgf signaling. In one model, the role of Fgfs would be tofgf8~; fgf3-MO animals, mandibular cartilages, which are
establish segmental signals in the hindbrain that control théerived from NCC that do not express Hox genes, were less
later lateral migration of endodermal cells at periodic positionaffected. By contrastas mutant zebrafish lack all endoderm
along the AP axis. Consistent with this, animals reduced faaind are missing cartilages derived from all pharyngeal arches
Fgf8 and Fgf3 have hindbrain defects that include losses ¢bavid et al., 2002), implying that Fgf-independent
MHB and segments R1, R5 and R6, and reductions in size ehdodermal signals pattern cartilages of the mandibular arch.
additional rhombomeres (Walshe et al., 2002; Maves et alAs pharyngeal endoderm was present but not segmented into
2002). If pouch endodermal cells are responding to segmentabuches infgf8~; fgf3-MO animals, we conclude that the



Fgfs pattern pouches and cartilages 5715

outpocketing of the pharyngeal endoderm to form pouches [@obably due in part to there being no pouches to secrete
a critical event that allows endoderm to induce cartilage isurvival factors such as Fgf8 and Fgf3. As has been observed
Hox-positive NCC. in tooth and lung development (Chuang and McMahon, 2003;
By analyzing individual sides dff8 animals, we found a Jernvall and Thesleff, 2000), it is becoming apparent that Fgfs
correlation between early changes in pouch structure and latgiso have multiple, temporally distinct functions during
rearrangements of the cartilage pattern. In our studies @haryngeal ontogeny. We propose that, in addition to a later
integrina5 mutant zebrafish, we found that the first pouchfunction as pouch-derived survival factors, an essential early
promotes the local compaction and survival of NCC that givéunction of Fgfs in endodermal pouch morphogenesis may help
rise to specific regions of dorsal hyoid cartilage (Crump et algxplain the diversity of craniofacial phenotypes seefgi@
2004). Infgf8 mutant sides in which the first pouch was shiftedanimals.
in position or an ectopic pouch formed in presumptive hyoid
NCC territory, we observed similar positional shifts of We thank John Dowd and the UO Fish Facility for abundant help
dorsal hyoid cartilage or ectopic cartilage elements. Thes@ith raising fish; Jose Campos-Ortega for providing the
correlations are consistent with the abnormal first poucfSZA'F/Z:GFP line before publication; Craig T. Miller, Le Trinh, Nick
promoting hyoid cartilage development in abnormal locations sborne and Tom Schilling for helpful discussions, especially about

. . .. _endoderm; and Johann Eberhart for comments on the manuscript.
In other cases a deformed first pouch invaded NCC territory 5 = “is'an O'Donnell Fellow of the Life Sciences Research

that, based on our previous fate mapping (Crump et al., 2004y ndation. L.M. was supported by a fellowship from the Damon

normally forms dorsal hyoid cartilage, and this deformeckunyon-walter Winchell Cancer Research Fund. Research is funded
pouch was correlated with a subsequent loss of dorsal hyoiy NIH grants DE13834 and HD22486.
cartilage. In addition, defects in the formation of more .
posterior pouches were correlated with losses and fusions 8fPPlementary mater!al S _
the ceratobranchial cartilages. Thus, whereas early poudhipplementary material for this article is available at
defects are largely predictive of later cartilage alterations, thitp:/dev.biologists.org/cgi/content/full/131/22/5703/DC1
precise interpretation of the resultant cartilage defedigfén
animals is complicated by the fact that Fgf8 probably hag«tarences
multiple functions in pharyngeal cartilage development.
Our finding that pharyngeal pouches were essential sourc88U-ssa, R., Smyth, G., Smoak, I., Yamamura, K. and Meyers, E. N.
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