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Summary

Induction of the otic placode, which gives rise to all tissues insufficient to induce ectopic otic tissue. By contrast,
comprising the inner ear, is a fundamental aspect of global misexpression of Wnt8 causes development of
vertebrate development. A number of studies indicate that supernumerary placodes/vesicles, but this reflects
fibroblast growth factor (Fgf), especially Fgf3, is necessary posteriorization of the neural plate and consequent
and sufficient for otic induction. However, an alternative  expansion of the hindbrain expression domains of Fgf3 and
model proposes that Fgf must cooperate with Wnt8 to Fgf8. Embryos that misexpress Wnt8 globally but are
induce otic differentiation. Using a genetic approach in depleted for Fgf3 and Fgf8 produce no otic tissue. Finally,
zebrafish, we tested the roles of Fgf3, Fgf8 and Wnt8. We cells in the preotic ectoderm express Fgf (but not Wnt)
demonstrate that localized misexpression of either Fgf3 or reporter genes. Thus, preotic cells respond directly to Fgf
Fgf8 is sufficient to induce ectopic otic placodes and but not Wnt8. We propose that Wnt8 serves to regulate
vesicles, even in embryos lacking Wnt8. Wnt8 is expressed timely expression of Fgf3 and Fgf8 in the hindbrain, and
in the hindbrain around the time of otic induction, but loss that Fgf from the hindbrain then acts directly on
of Wnt8 merely delays expression of preotic markers and preplacodal cells to induce otic differentiation.

otic vesicles form eventually. The delay in otic induction

correlates closely with delayed expression ¢§f3 and fgf8 Key words: Otic induction, Hindbrain patterningax8g foxil, erm,

in the hindbrain. Localized misexpression of Wnt8 is dickkopf Preplacodal domain, Zebrafish

Introduction et al., 1998). Loss of Fgf3 function does not prevent otic

General mechanisms of neural development are conservifluction in either mouse or zebrafish, although later otic
broadly amongst metazoans, but components of a number ggvelopment is clearly impaired (Mansour et al., 1993; Phillips
sensory organs in vertebrates are derived from evolutionarift -, 2001; Maroon et al., 2002; Leger and Brand, 2002; Kwak
unique structures known as cranial placodes. The inner ear & @l-» 2002). The reason for continued otic induction is that
particular is remarkable because virtually the entire orgaF’?ther Fgf homologs provide redundancy in the inductive
system and the neurons that innervate it are derived fromPRgthway. In zebrafishfgf8 is coexpressed withgf3 in the
single rudiment, the otic placode (reviewed by Baker andpindbrain, and loss of both leads to complete failure of otic
Bronner-Fraser, 2001; Whitfield et al., 2002; Riley andinduction (Phlll!ps et al., 2001; Maroon et al., 2002; Leger and
Phillips, 2003). The induction and development of the otidrand, 2002; Liu et al., 2003). Fgf8 does not play a comparable
placode has long been a popular subject of experimentﬁ]"e in tetrapods, .but it is I|kejy to regulat.e. later stages of otic
embryology studies because it is readily accessible arféevelopment (reviewed by Riley and Phillips, 2003). Instead,
undergoes such a complex morphogenesis. Considerable st@ffier Fgfs provide redundancy. In the mou$gfl0 is

has shown that even the initial steps in otic induction are highigxpressed in mesoderm just beneath the preplacode, and loss of
complex. Naive ectoderm is induced to form the otic placod@oth Fgf3 and Fgfl0 ablates otic development (Wright and
through a series of interactions with surrounding tissues durinjansour, 2003). The above studies do not exclude a role for
the latter half of gastrulation. The molecular players involvedther inductive signals but, taken together, they indicate that Fgf
in otic induction have only recently begun to come to light. signaling is both necessary and sufficient for otic induction.

A number of studies now point to members of the Fgf family By contrast, an alternative model was proposed recently in
of peptide ligands as the best candidates for otic-inducinghich Fgf must cooperate with another factor, Wnt8, to induce
factors produced by periotic tissues. In particular, Fgf3 appeatBe otic placode (Ladher et al., 2000a). In chiegf19 is
to play a highly conserved role in otic induction. In all expressed initially in subjacent mesoderm and is found later in
vertebrates examined to date, Fgf3 is expressed in th@ndbrain between prospective otic placodes. By itself, Fgf19
hindbrain directly between the developing otic anlage duringloes not induce expression of any otic markers in explants of
mid-late gastrulation (Wilkinson et al., 1989; Mahmood et al.uncommitted ectoderm but it does induce expression of the
1995; Mahmood et al., 1996; McKay et al., 1996; Lombarddindbrain factor Wnt8c, the chick ortholog of Wnt8 (Schubert
et al., 1998; Phillips et al., 2001), and misexpression studies &t al., 2000). Exogenous Wnt8c weakly induces a subset of otic
chick andXenopushow that Fgf3 can induce formation of otic markers in explant cultures, whereas Fgfl9 plus Wnt8 strongly
placodes in ectopic locations (Vendrell et al., 2000, Lombardmduce the full range of otic markers. Thus, it was proposed
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that Fgf1l9 in the mesoderm induces expression of Wnt8c IDNA (10-100 ngul—Y) were injected into embryos between one- and
the hindbrain, and that the two factors synergyze to induce tHé-cell stages. Two methods were used to achieve mosaic
otic placodes. This model has not been tested previously Misexpression of Fgf mRNA: injection at one-cell stage followed by
vivo. In addition, a complication of the model is that Whnt8cblastomere transplantation into uninjected hosts; and injection
and Fgf19 also strongly induce expression of Fgf3, which ma ;}"’ev‘jgréoutgoa”ge\llggﬁ/" Ztggzsn-zsgthmme;g%‘;s gi?CU|t§gvgoepT1%%?S
P B o o s oot Pk i 0 e s S

- i tomegalovirus promoter upstream of the coding sequence of interest
we addressed the question of whether known zebrafish oj,s injected between one- and 16-cell stages. The method that

inducers, Fgf3 and Fgf8, are sufficient to induce otic tissue Qesulted in the greatest frequency of ectopic otic tissue was eight-cell
must cooperate with Wnt8. Our data demonstrate that Fgfjection of fgf plasmid at a concentration of 30 pirl. Mosaic

signaling is both necessary and sufficient for otic inductiomisexpression of Wnt8 was achieved by eight-cell injection of 30-
whereas Wnt8 is neither necessary nor sufficient. Expressiat ngul— of ORF1 or ORF2 plasmid. Global misexpression of Wnt8
of Fgf and Wnt reporter genes indicates that Fgf, but not Wnwas achieved by one-cell injection of 80 pg! ORF1 or ORF2
signals directly to the ofic anlage. Instead, Wnt8 appears fjasmid. Global misexpression of Dkkl was accomplished by one-
be indirectly involved in otic induction by virtue of its cell injection of either 40 ngl=t or 80 ngul=* plasmid. In all cases,

. . . . . injection volume was 1-5 nl. Filtered, green food coloring was added
requirement for timely hindbrain expression of Fgf genes. to a concentration of 3% to visualize fluid during injections.

Materials and methods

Strains and developmental conditions Results

The wild-type strain was derived from the AB line (Eugene, OR). ThaVnt8 is not required for otic induction

Dfw8 mutation was induced by irradiation (Lekven et al., 2000; In zebrafish, Wnt8 is the closest ortholog of chick Wnt8c
Lekven et al, 2001). Embryos were developed in an incubator a{Schubert et al., 2000). The zebrafisht8 locus encodes a
28.5°C in water containing 0.008% Instant Ocean salts. bicistronic message consisting of two complete open-reading
In situ hybridization frames, ORF1 and ORF2, which encode distinct, but highly

Embryos were fixed in MEMFA [0.1 M MOPS (pH 7.4), 2 mM EGTA, hgg}g}/ogoutj 'I'g?‘”?ﬁ' BO”; Or’e”;‘laatd'”? frames f‘re eXp[fslISEd
1 mM MgSQ, 3.7% formaldehyde]. In situ hybridizations (Stachel et o €pIbOly In the ventral and 1ateral marginal zone (Kelly
al., 1993) were performed at 67°C using probepéo.1(Krauss et €t al., 1995; Lekven et al., 2001). At 75% epiboly (8 hours
al., 1991),fgf8 (Reifers et al., 1998)pax8 (Pfeffer et al., 1998), Post fertilization, hpf) ORF2 transcripts can be detected in
TOPAGFP(Dorsky et al., 2002)erm (Roehl and Nusslein-Volhard, rhombomeres 5 and 6 (r5/6), immediately adjacent to the otic
2001; Raible and Brand, 200nt8 ORF2 (Lekven et al., 2001), placode anlagen, and persist until at least the six somite stage.
foxil(Solomon et al., 2003) arkfox-20 (Oxtoby and Jowett, 1993) To test the possibility that preotic cells require Wnt8, we
transcripts. Thégf3 construct was generated by amplifying the codingexamined otic development in embryos injected with
sequence ofgf3 (GenBank Accession Number NM 131291) and morpholinos directed against ORF1 and/or ORF2. Knockdown
ligating it into theClal and ECORI sites of pCS2+. Two-color in situ ot ORE1 alone causes mild dorsalization but no apparent otic
hybridization was performed essentially as described by Jow%ﬁefects (not shown). By contrast, ORF2-MO injected embryos

(Jowett, 1996), with several modifications. RNase inhibitor (10 : - . o
units mrl, Promega) was added during antibody incubation steps t%?ns'Stently produced small ofic vesicles shortened by ~50%

help stabilize mRNA. Fast Red (Roche) was used in the first alkalind0t shown). To ensure more complete loss of Wnt8 function,
phosphatase reaction to give red color and fluorescence. Afterwa@Mbryos were coinjected with ORF1-MO and ORF2-MO
alkaline phosphatase from the first color reaction was inactivated Hjpereafter termedvnt8 morphants). Ear development was
incubating embryos in a 4% formaldehyde solution for 2 hours at roorimpaired to roughly the same degree as in embryos injected
temperature and then heating for 10 minutes at 37°C. NBT-BCIRvith ORF2-MO alone (Fig. 1A,D). Despite the small size of
(Roche) was used for the second alkaline phosphatase reaction to giese otic vesicles, they always contained anterior and posterior
blue color. For sectioning, embryos were embedded in Immunobegensory maculae and associated otoliths, indicating that key
resin (Polysciences No. 17324) and cut infard sections. aspects of morphogenesis and differentiation occurred
Morpholino oligomer injections normally. To ascertain whether the observed ear defects were

Morpholino oligomers (Gene Tools Inc) were diluted in Danieauxcause‘j by faulty otic induction, we examined the expression of

solution [58 mM NaCl, 0.7 mM KCI, 0.4 mM MgSQ0.6 mMm  the preotic markepax8.Preotic expression gfax8begins by

Ca(NQy)2, 5.0 mM HEPES (pH 7.6)] to concentrations of 2ggul-t  90% epiboly (9 hpf) in wild-type embryos (Pfeffer et al., 1998;
fgf3MO, 2.5 pg pl-t fgf8-MO, 1.25pg pl-L wnt8 ORF1-MO,  Phillips et al., 2001), but was still not evident at tailbud stage

1.25ug pl-1 wnt8 ORF2-MO. Filtered green food coloring was added (10 hpf) in wnt8 morphants (Fig. 1G,H). Similarly, preotic

to a concentration of 3% to visualize fluid during injections. pax8was not observed at tailbud stage in embryos homozygous
Approximately 1-5 nl was injected into the yolk of one- to two-cellfor a chromosomal deficiencny(LGl4)wnt8"8 (termed
stage embryos. Embryos were injected and maintained in Holtfreteri§fwg), which deletes bottvnt8 open-reading frames (Lekven
solution [60 mM NaCl, 0.6 mM KCl, 0.9 mM Catb mM HEPES o 5 " 2001) (data not shown). Howeveax8is eventually

(pH 7.4)] with 50 units mit penicillin and 5Qug mi-1 streptomycin. . : ha
Morpholino used werefgiaMO (Phillips et al., 2001)fgf8-MO expressed in the preotic domain in bDfiv8 mutants anavnt8

(Furthauer et al., 2001)wnt8 ORFLMO; and wnt8 ORF2-MO morphants by the six-somite stage (12 hpf), 2 hours later than

(Lekven et al., 2001). normal (Fig. 1K and not shown). This demonstrates that Wnt8
is not necessary for otic induction per se, but is required for
Misexpression timely initiation of the otic field.

To misexpress Fgfs, we tried several approaches in which mRNA and To address the possibility that another, as yet unknown, Wnt
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Fig. 1. Effects of disrupting Wnt8
function. (A-F) Lateral views of live
embryos at 30 hpfvnt8 morphant (A),
moderately affectedkkZ-injected wild-
type embryo (B) and severely affected
dkkZ-injected wild-type embryo lacking
hindbrain and otic tissue (C). Enlarged
view otic vesicles ofvnt8 morphant (D),
moderately affectedkkZ-injected wild-
type embryo (E) and wild-type embryo
(F). (G,H) Lateral views gbax8
expression at tailbud stage in a wild-type &
embryo (G) andvnt8 morphant lacking '
the otic domain (H). (I-K) Dorsal views
of pax8expression at six-somite stage in
a wild-type embryo (1), severely affected
dkklinjected embryo (J) andfw8
homozygote (K). Arrowheads indicate
the preotic region. Abbreviation: mhb,
midbrain-hindbrain border. (A-F) EN
Anterior is to the left and dorsal upward.

(G,H) Lateral views with anterior

upward. (I-K) Dorsal views with anterior 2
upward. Scale bars: A-C, 150n; D-F,

30 um; G-K, 200um.

protein partially compensates for the loss of Wnt8, weexpression at tailbud stage (10 hpf, Fig. 2F). Expressitgf®f
misexpressed the Wnt antagonist Dickkopf 1 (Dkk1). Zebrafisivas also delayed iDfw8 homozygotes, in which expression
Dkk1 is a homologue oKenopusDkkl, which is a potent cannot be detected in the hindbrain until tailbud stage (10 hpf,
extracellular antagonist of Wnt activity in vivo (Glinka et al., Fig. 2G).Dfw8 mutants andvnt8 morphants show strorfgf8
1998; Hashimoto et al., 2000). In total, 165/239 (69%gkifl. ~ expression by the six-somite stage (12 hpf, Fig. 2H and data
plasmid injected embryos displayed a dorsalized andot shown). This indicates that Wnt8 is necessary for timely
anteriorized phenotype characterized by severe truncation ekpression of botfgf3 andfgf8in the hindbrain. The delay in
posterior tissues similar tsnt8 morphants (Fig. 1A,B). These Fgf expression correlates well with the delay in otic induction
dkkZinjected embryos possessed otic vesicles. The remaindand indicates that the otic defects observed in these embryos
(74/239, 31%) exhibited a more severe loss of posteriamay be an indirect effect resulting from a deficiency in Fgf
structures, including hindbrain, than was observedwiot8  signaling. The possibility remains, however, that Wnt signaling
morphants (Fig. 1C). These severe embryos did not appearr@gulates later aspects of otic development (see Discussion).
possess otic vesicles. However, analysipaf8expression at ) ) ) ) _
six-somite stage (12 hpf) showed that otic induction hadFdf signaling regulates wnt8 in the hindbrain
occurred in all (21/219kk-14injected embryos (Fig. 1J). These To more fully understand the epistatic relationship between
data demonstrate that placode induction can occur despi@nt and Fgf signaling, we examinednt8 expression in
globally compromised Wnt function. embryos knocked down for Fgf3 and Fgf8. Expression of
) . ) ORF2 in the r5/6 domain normally begins by 75% epiboly (8
Wnt8 regulates timely expression of  fgf3 and fgf8 in hpf) but did not begin until 90% epiboly (9 hpf) in embryos
the hindbrain depleted for Fgf3 and Fgf8 (Fig. 2J). ORF2 continued to be
To clarify whether the delay in otic induction observed in Wnt8expressed at lower than normal levels in the r5/6 domain
loss-of-function embryos was caused by indirect effects, werough tailbud stage (10 hpf, Fig. 2L). However, tinat8
examined expression of previously identified otic inducersgermring domain appeared unaffected. The finding that Fgf and
Fgf3 and Fgf8, in embryos lacking Wnt8 function. Normally, Wnt positively regulate each other is reminiscent to the model
fgf3is expressed in r4 by 90% epiboly (9 hpf). However, thegproposed by Ladher et al. (Ladher et al., 2000a), in which chick
hindbrain domain ofgf3was barely visible at tailbud stage (10 Fgf19 is proposed to induce expressiolit8cand Wnt8c
hfp) in over half (71/128) ofwnt8 morphants and is induces expression ¢fgf3 (see Discussion).
undetectable at this stageDfw8 mutants (Fig. 2B,C). Strong ) ) o
r4 expression ofgf3 becomes evident by the six-somite stageMisexpression of Fgf3 or Fgf8 induces ectopic otic
(12 hpf) in Dfw8 homozygotes (Fig. 2D). The hindbrain tissue
domain offgf8 becomes evident by 75% epiboly (8 hpf) in Although loss-of-function studies indicate that Fgf3 and Fgf8
wild-type embryos but was only weakly expressed in mosbut not Wnt8 are necessary for otic induction, we sought to test
(61/81)wnt8 morphants even as late as 90% epiboly (9 hpf)whether any of these factors are sufficient for otic induction.
Furthermore, 10% ofwnt8 morphants still had reduced To misexpress either Fgf3 or Fgf8, we injected at various stages
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Table 1. Effects of Fgf misexpression

A B 9 C = D
‘*\p m AT ‘p D Expression of

Morphology at 30 hpf preotic markers
W fgf3 fgf8 fgf3 fgf8
4 4 4 Phenotype injected injected injected injected
Normal 75 270 132 99
Ectopic otic nerve 17 (8.7%)* 37 (8.0%)* 29 (16%)* 16 (12.8%)*
E E G Enlarged otic tissue n.d. n.d. 20 (11%)* 10 (8%)*
- Other head defects 104 157 N/A N/A
Dorsalized 190 48 151 15
Total 386 512 332 140
Non-dorsalized 196 464 181 125

*Percentages reflect ratio of indicated class to non-dorsalized embryos.
N/A, not applicable.

: misexpression also led to ectopic or expanded expression of
v later preotic markerpax2aand dix3b (Fig. 3G and data not
shown). When allowed to develop further, 9% (17/196 non-

Fig. 2. Cross-regulation of Wnt8 and Fgf. (A-B)f3 expression in dorsalized) of embryos injected wifgf3 plasmid and 8%
the hindbrain of tailbud stage wild-type embryo (A), tailbud stage  (37/464 non-dorsalized) of embryos injected Vg8 plasmid

wnt8morphant (B), tailbud stagefw8 homozygote (C) and six- displayed ectopic vesicles containing differentiated sensory
somite stag®fw8 homozygote (D). (E-Hilgf8 expression in the patches and associated otoliths (Fig. 3H-J, Table 1). Formation
hindbrain of tailbud stage wild-type embryo (E), tailbud stagts of ectopic vesicles was limited to the periphery of the anterior
morphant (F), tailbud stagafw8 homozygote (G) and six-somite neural plate, although during earlier developmental stages
stageDfw8 homozygote (H). (I-Kwnt8 ORF2 expression in the isolated pax8 expressing cells were occasionally observed

hindbrains of a wild-type embryo at 90% epiboly (1), wild-type elsewhere, including the neural plate (not shown). Importantly,

embryo injected witligf3- andfgf8-MOs at 90% epiboly (J), wild- s - . 7
type embryo at tailbud stage (K) and tailbud stage wild-type embryo_CO'InJeCtlon offgf8 and wnt8 plasmids did not significantly

injected withfgf3- andfgf8-MOs (L). Arrowheads indicate hindbrain  Increase the number of embryos displaying ectopic vesicles,
domain. p, prechordal plate. Dorsal views with anterior upward. ~ indicating that Wnt8 does not augment the ability of Fgf to
Scale bar: 20Qim. induce otic tissue.

To address the possibility that Fgf acts by inducing ectopic

Wnt8, we injected Fgf plasmid intent8 morphants. We found

that 8% (5/64) of Fgf3 misexpressing and 9% (5/58) of Fgf8
either synthetic RNA or plasmid DNA containing Fgf cDNA misexpressingvnt8morphants showed ectopic patchepax8
under the control of a constitutive promoter. We found thaexpression in the head (not shown). In another experiment,
embryos are extremely sensitive to Fgf misexpression becau$2% (2/17) ofwnt8 morphants injected witligf8 plasmid
both mRNA and early stage plasmid injection led to severproduced ectopic otic vesicles (Fig. 3K). As an additional test,
dorsalization and expansion of the neural plate at the expensmbryos were injected witlikk1-plasmid at the one-cell stage,
of epidermal and preplacodal ectoderm (data not shown). Thisllowed by fgf8 plasmid at the eight-cell stage. The
most likely reflects an early function of Fgf signaling in dorsalizing effects oflkk1 and fgf8 strongly potentiate each
dorsal/ventral patterning (Furthauer et al., 1997; Koshida et abther so that severely affected embryos were more numerous
2002). However, injection of plasmid into wild-type embryoswhen compared tdgf8 injection alone. Hence, embryonic
at the eight-cell stage resulted in belated, mosaic Fgfatterning cannot be easily interpreted in most (176/196)
expression. With this technique, some embryos still exhibitegmbryos. However, of the more moderately affected embryos,
moderate dorsalization, but by co-staining injected embryos fdr5% (3/20) formed ectopic otic vesicles (not shown). Thus, Fgf
neural marker and Fgf expression, we determined that thmisexpression can still induce ectopic otic tissue in embryos
majority had only small, scattered patches of expressing celtiepleted for Wnt8 or otherwise blocked in Wnt signaling
and did not show overt signs of dorsalization. Of the nonactivity.
dorsalized class, 26% (30/118) of Fgf3-misexpressing embryos _ - )
and 15% (14/94) of Fgf8-misexpressing embryos showed/nt8 cannot induce ectopic otic tissue without Fgf
ectopic patches ofpax8 expression and/or significant To test whether mosaic misexpression of Wnt8 is sufficient to
expansion of the endogenous preotic domain. Such expressimmuce ectopic otic tissue, we injectect8 ORF1 or ORF2
did not result from expansion of the otic-inducing portion ofplasmid into wild-type embryos at the eight-cell stage. None of
the hindbrain becauskrox-20 expression was normal (Fig. the embryos injected with ORF2-plasmid showed ectopic otic
3B). Instead, sites of ectogi@x8correlated with sites of Fgf3 vesicles (=50). A small fraction (5/249) of embryos injected
or Fgf8 misexpression (Fig. 3C,D and data not shown)with ORF1-plasmid produced supernumerary otic vesicles. In
Furthermore, Fgf misexpression was able to induce ectopitbese few cases, embryos appeared to be severely posteriorized;
domains of expression dbxil, which encodes an upstream they showed bilateral loss of nasal pits and eyes, and no
regulator of pax8 (Solomon et al., 2003) (Fig. 3F). Fgf morphological development of the epiphysis or midbrain-
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Fig. 3. Effects of Fgf misexpression. (A,B) Two-color il
situ hybridization of three-somite stage. Wild-type (A)
andfgf3 (B) plasmidinjected embryos showingax8
expression (blue) arldox-20expression (red). The left
preotic domain is enlarged significantly and a region \
ectopic upregulation gfax8(arrowhead) is evident.
(C,D) Two-colorin situhybridization of three-somite
stage embryo injected wiflyf3 plasmid showindgf3
expression (blue) arphx8expression (red).

(C) Brightfield and (D) fluorescent images showing
relationship between ectopigf3-expressing cells (arrov
and ectopipax8expressing cells (arrowhead). The be
area in C is enlarged in D. The endogenous preotic
domain on the left is enlarged in the vicinity of
misexpressetyf3. The r4 domain ofgf3is faintly visible
in C. (E,F)foxilexpression at three-somite stage in w
type (E) andgf8 plasmid-injected embryo (F). Ectopic
expression in anterior region of the injected embryo i¢
indicated (arrowhead). (G) Ectopeax2.1expression
(arrowhead) adjacent to the midbrain of a four-somite
stage embryo injected wifgf3-plasmid. (H) Low
magnification view of a 30 hpf wild-type embryo injec
with fgf8-plasmid showing that overall axial developm
is essentially normal, although development of anterit
sensory structures is perturbed. (I) Higher magnificati
of the embryo shown in H. Ectopic otic vesicles are
indicated (arrowheads). Development of adjacent eye tissue is perturbed, but general features of brain developmentgepijtyastaed
midbrain-hindbrain boundary are produced. (J) Frontal/lateral view of an embryo injectégf8vfitasmid. An ectopic otic vesicle is
indicated (arrowhead). Development of adjacent nasal and eye tissue is severely perturbed. (K) Lateralwiénairahant injected with
fgf8-plasmid. Ectopic otic vesicles (arrowheads) are seen next to the midbrain-hindbrain boundary. Abbreviations: e, epiphysiaraihb
hindbrain border; op, endogenous otic placode; r3, rhombomere 3. (A-E,G) Dorsal view with anterior upward. (F) Dorsali@nterior
(H,1,K) Lateral views with anterior to the left. (J) Frontal-lateral view with anterior to the left. Scale bars: A-C,E4®n;15060um; H,
175um; I-K, 75 pum.

hindbrain boundary (not shown). We infer that these areells, we examined expression of the Fgf reporter geme
phenotypes resulting from more widespread expression of OrfErm is a member of the ETS family of transcription factors that
To test the effects of increasing Wnt8 signaling, we doubled this expressed in response to Fgf signaling, and its expression is
concentration ofwnt8 plasmid and injected embryos at the ablated by disrupting Fgf signaling (Roehl and Nusslein-
one-cell stage. Injection of ORF2-plasmid caused mild/olhard, 2001; Raible and Brand, 2001). Accordinghymn is
posteriorization in some embryos but had no visible effect oexpressed in a pattern corresponding to known Fgf expression
otic developmentr118, data not shown). By contrast, 73% domains, including tissues surrounding the prechordal plate,
(129/177) of embryos injected with ORF1-plasmid werethe hindbrain and the germring (Fig. 5A). When visualized
strongly posteriorized, and these included the 5-6% (10/177) efith fgf8, which marks the lateral edge of the hindbrain
embryos that produced supernumerary otic vesicles (Fig. 4Bbutting the otic anlage (Phillips et al., 2008)m expression
Analysis at earlier stages showed that 22% (10/45) of ORFhppears to encompass all or most of the preotic field (Fig.
misexpressing embryos produced enlarged domainzax8 5B,C). Thus, preotic cells respond directly to Fgf signaling.
wrapping around the anterior neural plate (Fig. 4C). This To ascertain whether the otic anlage actively responds to
correlates with expanded hindbrain domainggf8, fgf8and  Wnt signaling, we examined the expression of the Wnt reporter
erm, a reporter of Fgf activity (Fig. 4A,B and data not shown)gene, TOPdGFP (Dorsky et al., 2002). This is a transgene
reminiscent of the patterns seen in embryos posteriorized witonsisting of a GFP-coding sequence downstream of a minimal
retinoic acid (Phillips et al., 2001). Whégf3-MO and fgf8- promoter and four Lef binding sites. Although the transgene
MO were coinjected with ORF1-plasmid at the one-cell stagejoes eventually lead to detectable levels of GFP fluorescence,
preotic expression opax8 was severely reduced or ablated wholemount in situ hybridization is a more sensitive means of
(n=150; Fig. 4D,F). At later stages, most embryos appearedketecting transgene expression during early stages of
posteriorized but none produced any ectopic otic tigst@40).  development (Dorsky et al., 2002 OPdGFPis expressed in
This finding was highly significanP&0.0005) compared to the a pattern similar to that ofvnt8 (Fig. 4D). Moreover,
moderate level of ectopic ear formation in embryos injected OPdGFPexpression is dependent on Wnt8 function because
with ORF1-plasmid alone. These data indicate that Wnt®othwnt8 morphants and®fw8 homozygotes lack expression

cannot directly induce otic tissue in the absence of Fgf. (not shown). Thus,TOPdGFP expression faithfully reports

) Wnt8 activity during late gastrula stages. Although reported
Fof, but not Wnt, reporter genes are expressed in previously to be expressed only in mesendoderm during
preotic cells gastrulation (Dorsky et al., 2002), we find upon sectioning that

To determine whether Fgf signaling acts directly on preotid OPdGFPis also expressed in dorsal ectoderm (Fig. 4F). Co-
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Fig. 4. Effects of Wnt8 misexpression. (A-C) Three-somite stage
embryos globally expressingnt8 ORF1 showing expression fiff8
(A), erm(B) andpax8(C). The r4 domain digf8is indicated. The
weaker anteriofgf8 expression corresponds to midbrain-hindbrain
boundary. Asterisks mark the anterior limit of the neural plate.

(D) pax8expression in an embryo globally expressing ORF1 and
coinjected withfgf3-MO andfgf8-MO. Preotic expression is nearly
ablated. (E) Ectopic otic vesicles (arrowheads) in a live embryo at

30 hpf globally expressing ORF1. Note that anteriqr sensory tailbud stage. (A) Expression efm (B) Costaining oermandfgf8
structures and morphological landmarks in the brain such as the (darker staining). (C) Two-color staining showing expressiceriof

midbrain-hindbrain boundary and epiphysis are not produced. (red) andf : -
e - ; gf8 (blue). (D) TOPdGFPexpression. (E) Costaining of
(F) Loss of otic tissue in a 30 hpf embryo globally expressing OI:uleOPdGFPaLndfng. (F,G) Parasagittal sections at the locations

and coinjected witligf3-MO andfgf8-MO. (A-D) Dorsal views with —jicated in E showingOPdGFPexpression in a domain lateral and
anterlor upward. (E,F) Lateral views with anterior to the left. Scale posterior to the hindbrain (F) afigf8 expression in the hindbrain
bars: A-D, 20Qum; E-F, 75um. (G). Preotic domains are indicated by asterisks. Abbreviations: p,
prechordal plate; hb, hindbrain. (A,B,E) Dorsal views with anterior
. upward. (C) Dorsolateral view with anterior upward. (D) Lateral

staining of TOPdGFP and fgf8 reveals a small group of view with anterior upward and dorsal to the right. (F and G) Dorsal is
TOPdGFRexpressing cells lying posterior and lateral to theto the right and anterior is upward. Scale bar8,E, 150 pm;
hindbrain domain ofgf8 (Fig. 4E-G). These cells could mark C, 40um; D, 175um; F,G, 25um.
the posterior edge of the preotic domain. However, the majority
of preotic cells do not expre3©OPdAGFP Thus, preotic cells
may not respond directly to Wnt signaling, or if they do theFgf8 and Fgf10 have partially redundant roles in otic induction
level is too low to activate expression of the transgene. (Phillips et al., 2001; Maroon et al., 2002; Leger and Brand,
2002; Liu et al., 2003; Wright and Mansour, 2003). However,
Di . these studies did not address whether any of these ligands are

ISCussion sufficient for otic induction. We show here that misexpression
We have assessed two competing models for otic induction. bf either Fgf3 or Fgf8 can induce ectopic otic tissue in zebrafish
one model, Fgfs expressed in the hindbrain and subjace(kig. 3), demonstrating for the first time in a single species that
mesendoderm are necessary and sufficient for otic inductiofgf is both necessary and sufficient for otic induction.
In the other, Fgf must cooperate with Wnt8 to fully induce otic Although we cannot exclude the possibility that Fgf3 and
development. Our data indicate that, in zebrafish, Fgf signalinggf8 induce expression of another hindbrain signal that is
is directly responsible for otic induction whereas Wnt8 actslirectly responsible for otic induction, this seems unlikely for
indirectly by promoting timely expression of Fgf3 and Fgf8 inseveral reasons. First, the Fgf reporter genmeis expressed
the hindbrain. As discussed below, the roles of Fgf and Wnh ectoderm adjacent to the hindbrain during late gastrulation,
signaling are likely to be conserved from teleosts througimdicating that preotic cells receive and respond to Fgf signals

Fig. 5. Expression of Fgf- and Wnt-inducible reporter genes. All
images show gene expression patterns in wild-type embryos at

tetrapods. (Fig. 5). Furthermore, preplacodal expressioaraiis ablated
. S . in embryos depleted of Fgf3 and Fgf8 (our unpublished
A direct role for Fgf signaling in otic induction observations). Finally, mosaic misexpression of Fgf can induce

Comparative studies in zebrafiskgnopus chick and mouse ectopic otic development without inducing hindbrain markers
indicate that Fgf, especially Fgf3, plays a broadly conservesuch askrox20andwnt8 (Fig. 3B and data not shown). The
role in otic induction. However, these model systems have useimplest interpretation of these data is that Fgf3 and Fgf8 act
different experimental approaches, each of which only partiallgdirectly on preplacodal ectoderm to induce the otic placode.
addresses the nature of Fgf function. Misexpression studies inThe function of Fgf signaling is clearly context-dependent.
chick and frog show that Fgf signaling can induce ectopic oti€gf misexpression induced ectopic otic tissue only in ectoderm
tissue (Vendrell et al., 2000; Lombardo et al., 1998), but thisnmediately surrounding the anterior neural plate. This
need not reflect the normal function of the specific ligandgrobably corresponds to the preplacodal domain, a distinct
under study. Loss-of-function studies in zebrafish and mous#domain of the ectoderm lying between neural and epidermal
confirm an essential role for Fgf3 and, in addition, show thag¢ctoderm. The preplacodal domain is marked by expression of
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a number of transcription factors genes, inclu@ngMsx DIx  the canonical Wnt pathway, but it does not reflect signaling via
and Eyarelated homologs (reviewed by Baker and Bonnerthe alternate Wnt mediators, Tcf3 and Tcf3b (Dorsky et al.,
Fraser, 2001; Whitfield et al., 2002; Riley and Phillips, 2003)2002). Analysis of Tcf3 and Tcf3b in zebrafish indicates that
The signaling interactions that regulate these genes are not witlese proteins normally act as transcriptional repressors that are
understood, but BMP signaling from ventral tissue is requirethactivated by Wnt signaling (Kim, 2000; Dorsky, 2003). As
for expressionof Msx and DIx genes, and signals from the yet, no genes have been identified that specifically report Wnt-
organizer and/or neural plate are also required (Feledy et amediated derepression of Tcf3 activity. Despite this caveat, the
1999; Pera et al., 1999; Beanan et al., 2000; McClarren et afailure to detectTOPdGFP expression shows that Wnt8
2003). A balance of these competing axial signals may bsignaling is not sufficient to strongly activate the Lefl-
crucial for establishing an uncommitted preplacodal regiomlependent pathway in preotic cells. It is also worth noting that
along the neural non-neural interface, which is then subdividedone of the known Frizzled receptors examined in several
into different kinds of placodes by specific local cues. Theertebrate species are expressed at appreciable levels in
hindbrain domain of Fgf3 and Fgf8 appears to constitute aprospective otic ectoderm during late gastrulation, when otic
essential part of the local trigger for otic development. It idlevelopment is initiated (Deardorf and Klein, 1999; Stark et
interesting to note that Fgf3 and Fgf8 are also expressed &b, 2000; Momoi et al., 2003). Expression of multiptezled
more anterior tissues, including the prechordal plate andenes is detected later within the nascent otic placode,
midbrain-hindbrain boundary, but these sources do nanhdicating that Wnt signaling could play a role in later stages
normally trigger otic development in more anterior locationsof otic development. Indeed;OPdGFP expression is first
This might reflect insufficiency in the level, timing and detected in prospective otic ectoderm between 12-13 hpf (6-8
duration of Fgf signaling, and the presence of other factorsomites), just prior to morphological formation of the otic
could modify the response to Fgf. In any case, locallyplacode (data not shown). This is also consistent with the
augmenting Fgf signaling can overcome the restrictions on otmbservation that, in rat, periotic accumulation of nuclgar
development in more anterior regions. It is also noteworthy thatatenin is first detected just after formation of the otic placode
Fgf misexpression did not induce formation of ectopic otiqMatsuda and Keino, 2000). In addition, secreted Frizzled
tissue in regions posterior to the endogenous otic placodgsroteins, which are induced by Wnt signaling, are expressed in
This might be because retinoic acid, a posteriorizing agent thahick otic tissue only after formation of the otic placode
is synthesized by posterior mesoderm, strongly modifies th@aranski et al., 2000; Ladher et al., 2000b; Esteve et al., 2000;

response to Fgf signaling (Kudoh et al., 2002). Terry et al., 2000). Although we found no evidence to support
o o ) a direct role for Wnt8 in otic induction, zebrafish embryos
An indirect role for Wnt8 in otic induction lacking Wnt8 function produce smaller vesicles indicating that

Althoughwnt8is expressed in the hindbrain by 75% epibolyWnt8 signaling might stimulate proliferation in the developing
— at the right time and place to influence otic induction — it istic placode. Thus, later Wnt signaling could also regulate
neither necessary nor sufficient for this process. Loss of athorphogenesis or differentiation of ear tissue during post-
wnt8 activity delays but does not block expression of theplacodal stages.
preotic markepax8(Fig. 2). The initial delay in otic induction Although ORF1 and ORF2 show very close sequence
is probably caused by a similar delay in the expressidgf®f homology, their functions are not identical. Knockdown of
and fgf8 in the hindbrain. Most embryos knocked down forORF1 alone has negligible effects on inner ear development
wnt8 ORF1 and ORF2, and embryos that misexpress the Wmthereas knockdown of ORF2 alone significantly delays otic
antagonist Dkk1, produce small, well differentiated oticinduction and leads to production of small otic vesicles. These
vesicles containing sensory maculae and associated otolitefects are not significantly worsened by knockdown of both
(Fig. 1). Misexpression ofvnt8 did occasionally lead to ORF1 and ORF2, suggesting a more crucial role for ORF2. It
production of supernumerary otic vesicles. However, all sucks possible that this reflects the proximity of the hindbrain
embryos appeared severely posteriorized, failing to develogomain of ORF2 to r4, the site of expression of Hgf and
any anterior sensory structures, midbrain-hindbrain bordefigf8. By contrast, misexpression of ORF2 had only mild effects
and epiphysis. Analysis at earlier stages confirmed thand did not induce excess or ectopic otic tissue, whereas
misexpression ownt8 caused the hindbrain domainsfgf3  misexpression of ORF1 posteriorized the neural plate and
and fgf8 to shift almost to the anterior limit of the embryo led to production of supernumerary otic vesicles in 2-5%
(Fig. 4). Moreover, the lateral edges of the hindbrain domainf embryos. This could reflect enhancement of an early
extend forward to form a U-shaped arc of staining that iposteriorizing function normally associated with the germring
complementary to an inverse arc of preqax8that wraps domain of Wnt8. It is not clear why global misexpression of
around the anterior limit of the neural plate. Knockdowfyf¥  ORF2 does not have similar effects, but sequence differences
and fgf8 blocked preotiqpax8 expression and totally ablated between the ligands could be critical for differential receptor
formation of otic vesicles in all embryos injected witht8- binding.
plasmid. These data support the conclusion that Wnt8 acts
indirectly in otic induction by influencing expressionfgf3  Feedback between the Fgf and Wnt pathways
andfgf8in the hindbrain. Although Wnt8 is required for normal expressionfgf3 and
Additional evidence for an indirect role for Wnt8 is thatfgf8in the hindbrain, Fgf signaling is also required for proper
expression offOPdGFR a Wnt-inducible transgene, is not expression ofvnt8-ORF2 in the r5/6 domain. It is not known
detected in preotic cells during gastrulation (Fig. 5). It shouldvhether this mutual regulation is direct or indirect, but it could
be pointed out that one limitation of this transgene is that iteflect the activity of a positive-feedback loop operating within
reports only transcriptional activation by Lefl, a mediator othe hindbrain. The purpose of such a feedback loop could be
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analogous to that of the midbrain-hindbrain boundary, wherein and Dolle, P.(1996). A new mouse member of tétgene familymwnt-
an anterior domain dfVntlabuts a posterior domain Bgf8, 8, is expressed during early embryogenesis and is ectopically induced by
and the two factors cooperate to organize surrounding brajp€tinoic acidMech. Devsg, 141-152. .
tissue (reviewed by Wurst and Bally-Cuif, 2001). Induction o ehailr%?rf’- M A and Kein, B S (1399). Xenopus rzzied B expressed
. ghly in the developing otic vesicle and somitéech. Dev87, 229-233.
both genes is under the control of several upstream regulatorsprsky, R. I., Sheldahl, L. C. and Moon, R. T(2002). A transgenic Lef1/R-
Both factors are required to maintain the midbrain-hindbrain catenin-dependent reporter is expressed in spatially restricted domains
boundary and, therefore, indirectly they require each other. Thet:‘sflg;lggoll‘t ﬁgﬁfﬂSthoegﬁ'(g’qegﬁé’- CE”r']?t'stAflA 2(22%'0233)7-T o (o6 qenes
::tr:ﬁagrl?r?a?LéT;S ggggggl?h:%ﬁ)ﬁgsafg tI:’EeXS’eSSeS(I:ggdeb.S:’]g dna“ coop’eréte;’to palltte.r’n the zebrafish breveloypm.enn.30, .1937-19479.
. Esteve, P., Morcillo, J. and Bovolenta, P(2000). Early and dynamic
fgf8in the r4 domain is necessary to establish the identities of expression of ¢Sfrp1 during chick embryo éevelo)pm\aat)tlw. Dev97,y217-
r5 and r6 (Walshe et al., 2002; Maves et al., 2002; Wiellette del- LA B VL 3. Sandoval 3. 3. Goodrich. 3. S Lim. . H
and Sive, 2003). This could partly explain why Paf signaling™ (S o i cli™ "ot 5. . and Sargen, T 0999 Iniiory
IS reqwrgd for proper expression Wﬁt8, In the, rs/6 region. patterning of the anterior neural plateXenopusy homeodomain factors
The requirement for Wnt8 ORF2 on hindbrain patterning has pix3 andMsx1 Dev. Biol 212, 455-464.
not been examined, but this domain may help to establish am¢rthauer, M., Thisse, C. and Thisse, B(1997). A role for FGF-8 in the
stabilize the r4 signaling center and thereby provide a sustainediorsoventral patterning of the zebrafish gastridlevelopment 24, 4253-
source of Fgf3.ar.1d Fof8 reqqired for otic ir.]dUCtion' FU‘:tzhgter M., Reifers, F., Brand, M., Thisse, B. and Thisse, Q2001).
Whether a similar mechanism operates in other vertebrateSgyroutyaacts in vivo as a feedback-induced antagonist of FGF signaling in
remains to be fully tested. In chick and mou¥ént8 is zebrafishDevelopmen28 2175-2186.
expressed in a domain in the hindbrain, consistent with the ro@mkaﬁ A'bw(liég\slslﬂ %eliﬁi, I-fl-,l Monaghant,) A. Ff’-, Blumefnsts)lck,fc- anolt §
proposed in our study (Hume and Dodd, 1993; Bouillet et al., N'enrs, €. - DICKKopT-L IS @ member of a new Tamily of secrete
1996). The only functional analysis of this domain in amniote gﬁf;'g;éﬁ’ful?;;',orﬁ_|'ni‘;ﬁgdgﬁ;#%ﬁ’;ﬁ;ﬁifgg’?z'smmizu’ -
is a study by Ladher and colleagues (Ladher et al., 2000a)soinica-Krezel, L., Hibi, M. and Hirano, T. (2000). Zebrafish Dkk1
examining the effects of Fgf19 and Wnt8c on gene expressionfunctions in forebrain specification and axial mesendoderm formaian.
in chick explant cultures. From that study it was proposed that Biol. 217, 138-152. _ _
Fgfl9 from periotic mesendoderm induces expression dfume: C.R.and Dodd, J(1993).Cwnt-8c:a novel Wnt gene with a potential
. . . " .~ role in primitive streak formation and hindbrain organizatevelopment
Wnt8cin the hindbrain, and the two factors then induce otic 179 1147-1160.
development in adjacent ectoderm. However, a key observatigewett, T. (1996). Double fluorescent in situ hybridization to zebrafish
was that exogenous Wnt8c induced prospective otic ectodermembryosTrends Genetl2, 387-389.
to expresEgf3 which was inerpreted a3 & marker of eary ol %, M, Sten, 7. Seines B " een B W,
dlfferentlatlpn. This presents a. conundrum becﬁgﬁms not . distinct developmental pathwayBevelopmeni21, 17%37—1799.
expressed in the chick ear until well after formation of the otigjm, c. H., oOda, T., Itoh, M., Jiang, D. Artinger, K. B.
vesicle, but Wnt8c did not induce expression of any earlier Chandrasekharappa, S. C., Driever, W. and Chitnis, A. B.(2000).
markers of otic development. By contrd&gf3is expressed in E)?r%r:t?;?fN:Sir\éizymog1;|egaldéeSS/TCf3 is essential for vertebrate head
1565). raising the possibilty that nduction egi3 by Witgo. K05, Tkt . P Hall B, Duong,T.D.and Ericson, . A2003)
I , - . Methods for introducing morpholinos into the chick embiyev. Dyn226,
mimics an early aspect of hindbrain development. In this 470-477.
scenario, Wnt8c could facilitate a feedback loop that augment®shida, S., Shinya, M., Nikaido, M., Uneo, N., Schulte-Merker, S.,
and maintains Fgf signaling long enough to induce otic Kuroiwa, A. and Takeda, H. (2002). Inhibition of BMP activity by the

development. Thus, the ability to induce a full range of early gff;_'gga' promotes posterior neural development in zebraeh.Biol.

otic markers in_ ?Ultures exposed to Fgfl9 and Wnt8c mighkrayss, s., Johansen, T., Korzh, V. and Fjose, A1991). Expression of the
reflect the additive effects of exogenous Fgfl9 plus newly zebrafish paired box gepex|zf-b]during early neurogenesBevelopment
synthesized Fgf3. More complete analysis of the relative roles113 1193-1206.

of Fgf and Wnt signaling will require Wnt8 misexpression inKudoh, T., Wilson, S. W. and Dawid, I. B.(2002). Distinct roles for Fgf,
. dl ff i tudi - holi - hick Whnt and retinoic acid in posteriorizing the neural ectodé&evelopment
vivo and loss-of-function studies using morpholinos in chick 159 4335 4346.

(Kos et al., 2003) and gene-knockouts in mouse. Kwak, S.-J., Phillips, B. T., Heck, R. and Riley, B. B.(2002). An
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