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e, the rudiment of the inner ear, is believed to depend on signals derived from
surrounding tissues, the head mesoderm and the prospective hindbrain. Here we report the first attempt to
define the specific contribution of the neuroectoderm to this inductive process in Xenopus. To this end we
tested the ability of segments of the neural plate (NP), isolated from different axial levels, to induce the otic
marker Pax8 when recombined with blastula stage animal caps. We found that one single domain of the NP,
corresponding to the prospective anterior hindbrain, had Pax8-inducing activity in this assay. Surprisingly,
more than half of these recombinants formed otic vesicle-like structures. Lineage tracing experiments
indicate that these vesicle-like structures are entirely derived from the animal cap and express several pan-
otic markers. Pax8 activation in these recombinants requires active Fgf and canonical Wnt signaling, as
interference with either pathway blocks Pax8 induction. Furthermore, we demonstrate that Fgf and canonical
Wnt signaling cooperate to activate Pax8 expression in isolated animal caps. We propose that in the absence
of mesoderm cues the combined activity of hindbrain-derived Wnt and Fgf signals specifies the otic placode
in Xenopus, and promotes its morphogenesis into an otocyst.

© 2008 Elsevier Inc. All rights reserved.
Introduction
The vertebrate inner ear is the organ responsible for the sense of
hearing, balance and detection of acceleration. This sensory organ is
almost entirely derived from a thickening of the embryonic ectoderm,
adjacent to the hindbrain, known as the otic placode. Once specified,
the otic placode invaginates and eventually separates from the surface
ectoderm to form the otic vesicle or otocyst, a rounded structure
without any apparent polarity. Differential rates of cell division and
complex morphogenetic movements will shape the otic vesicle into a
highly specialized and asymmetrically organized structure. In the
mature inner ear the utricle and semicircular canals constitute the
vestibular apparatus. Structurally and functionally these elements are
highly conserved in vertebrates, whereas the ventrally located
auditory chambers have undergone more extensive evolutionary
modifications. The primary auditory organ in mammals is the cochlea,
which has no known counterpart in amphibians and fish. In
amphibians, the saccule, the basilar papilla and the amphibian papilla
assume the auditory function (reviewed in Riley and Phillips, 2003).

Transplantation and ablation experiments suggest that otic placode
induction depends on signals derived from surrounding tissues, the
prospective hindbrain and the head mesoderm. However, the relative
nnet).
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importance of these inducing tissues differs from one species to
another (reviewed in Jacobson, 1966; Torres and Giráldez, 1998; Baker
and Bronner-Fraser, 2001; Noramly and Grainger, 2002; Riley and
Phillips, 2003; Ohyama et al., 2007). For example, in zebrafish grafting
hindbrain tissue on the ventral side of an embryo induces ectopic otic
vesicles (Woo and Fraser, 1998). Vitamin-A-deficient quail embryos,
lacking the portion of the hindbrain that normally abuts the otic
vesicle, develop normal otocysts (Kil et al., 2005). Mutations that
disrupt formation of the prechordal plate and paraxial headmesoderm
delay but do not prevent otic placode induction in Zebrafish
(Mendonsa and Riley, 1999). In the chick removal of the paraxial
head mesoderm underlying the presumptive otic ectoderm prevents
otic placode development, even when replaced by mesoderm from a
different origin (Kil et al., 2005). A recent study has also implicated
endoderm in otic placode induction in chick. In these experiments
endoderm ablation leads to the formation of severely hypoplastic
otocysts. However, this role is likely to be indirect, through the
activation of mesoderm otic-inducing signals (Ladher et al., 2005).

Several candidate molecules have been proposed as inducer of otic
placode and most of them belong to the fibroblast growth factor (Fgf)
family (reviewed in Schimmang 2007). Different species appear to use
different combinations of these molecules. Fgf19 expressed in the
paraxial mesoderm and Fgf8 derived from the endoderm have been
implicated in otic placode induction in the chick (Ladher et al., 2000,
2005). In the mouse, paraxial mesoderm-derived Fgf8 and Fgf10 are
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Fig. 1. Experimental approach to test the otic-inducing activity of the neural plate. (A)
Early neurula stage embryo (stage 13) viewed from the dorsal side (anterior to top),
with outline of the segments of the neural plate (NP) isolated along the anterior–
posterior axis (B). In these experiments one half of the NP was isolated, avoiding
midline tissues and underlying mesoderm. (C) Example of a bisected NP and the
corresponding dissected NP domains from the most anterior (1) to the most posterior
(5). (D) Experimental procedure: segments of the NP, 1 through 5, from stage 13
embryos, were recombined with animal caps (AC) isolated at the blastula (stage 9),
cultured in vitro for up to 24 h and analyzed by Real-Time RT-PCR, in situ hybridization
(ISH) or Histology.
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involved in this process (Wright and Mansour, 2003; Ladher et al.,
2005; Zelarayan et al., 2007). In both species Fgf3 seems to account for
the hindbrain otic-inducing activity (Vendrell et al., 2000; Wright and
Mansour, 2003; Alvarez et al., 2003; Zelarayan et al., 2007). Work in
birds suggests that molecules of the Wnt family are also involved in
this inductive process (Ladher et al., 2000). Wnt8C, expressed in the
hindbrain, appears to be required in conjunction with Fgf19 to induce
otic placode (Ladher et al., 2000). However, other studies in zebrafish
indicate that otic placode induction depends primarily on Fgf3 and
Fgf8 (Phillips et al., 2001; Maroon et al., 2002; Leger and Brand, 2002;
Liu et al., 2003) and can proceed fairly normally in the absence of
Wnt8 signaling (Phillips et al., 2004). In the mouse Wnt signals has
been proposed to mediate the decision between otic and epidermal
fate (Ohyama et al., 2006).

Although there is evidence that exposure to Fgf2/Fgf3 or activation
of Hedgehog signaling can promote the formation of ectopic otic
vesicles in Xenopus ectoderm (Lombardo and Slack, 1998; Lombardo
et al., 1998; Koebernick et al., 2003), the endogenous signals involved
in this inductive process have not been fully characterized in this
organism. Here, using recombinants of Xenopus blastula stage animal
caps and regions of the neural plate (NP) isolated from different axial
levels we have identified a single domain of the NP with otic placode-
and otic vesicle-inducing capabilities. We demonstrate that the
inductive property of this domain of the NP is mediated by the
combined activity of canonical Wnt and Fgf signaling, suggesting that
in contrast to other species canonical Wnt signaling may have an early
role in otic placode induction in frogs. We propose that in the absence
of mesoderm cues, Wnt and Fgf signals derived from the prospective
hindbrain cooperate to promote otic placode fate in Xenopus.

Materials and methods

Xenopus embryo manipulations and injections

Embryos were staged according to Nieuwkoop and Faber (1967).
Dominant-negative Fgf receptor, XFD (2 ng; Amaya et al., 1991), Wnt1
(100 pg; Wolda et al., 1993), Noggin (10–400 pg; Smith and Harland,
1992), Fgf8a (0.5–10 pg; Christen and Slack, 1997) and inducible
dominant negative, ΔβTGR (1 ng; Yang et al., 2002), mRNAs were
synthesized in vitro using the Message Machine kit (Ambion, Austin,
TX). Fgf3 (Fgf3MO; 40 ng; CCAAATTATAACCATTGTGGCATGG), β-
Catenin (βcatMO; 50 ng; Heasman et al., 2000), Wnt1 (Wnt1MO;
40 ng; ATCCTCATTGCTTTGGAGAC AAGAT), Wnt8 (Wnt8MO; 20 ng;
AAAGTGGTGTTTTGCATGATGAAGG), Fgf8a (Fgf8aMO; 40 ng; Fletcher
et al., 2006) and control (CoMO; 40 ng) morpholino antisense
oligonucleotides were purchased from Gene-Tools LLC (Philomath,
OR), and their specificity was tested (Supplementary Fig. S1) using an
in vitro transcription/translation coupled rabbit reticulocyte lysate
assay (Promega) as previously described (O'Donnell et al., 2006). In
whole embryo experiments, antisense oligonucleotides were injected
into one animal dorsal blastomere at the 4-cell stage to target the NP.
Embryos were also co-injected with β-galactosidase mRNA (β-gal,
1 ng) and processed for Red-Gal staining (Research Organics) to
identify the injected side. For animal cap and tissue recombination
experiments, both blastomeres of 2-cell stage embryos were injected
in the animal pole regionwith synthetic mRNA, morpholino or lysine-
dextran FITC (Molecular Probes; 15 ng). Animal caps were subse-
quently dissected at the late blastula stage and immediately cultured
in vitro in 0.5X NAM (Normal Amphibian Medium) or recombined
with dissected NP domains. One half of the NP of stage 13 embryos
was dissected to avoid midline tissues (Figs. 1A, B), and underlying
mesoderm was manually removed. The bisected NP tissues were
immediately divided into 5 domains (1 through 5) along the anterior–
posterior axis (Fig.1C). Different domains of NPwere recombinedwith
stage 9 animal caps (Fig. 1D). The recombinants were cultured in vitro
anywhere between 8 h and 48 h in 0.5X NAM at 21 °C. In the case of
animal caps injected with ΔβTGR mRNA, recombinants were cultured
in 0.5X NAM plus 10 μM of dexamethasone (Dex; Sigma) immediately
after recombination or 10 h after recombination. Animal caps,
dissected NP domains, and recombinants were subsequently analyzed
by Real-Time RT-PCR for the expression of variousmarker genes (Table
1; Hong and Saint-Jeannet, 2007), in situ hybridization, or histology
(Fig. 1D).

In situ hybridization and histology

Antisense DIG- or FITC-labeled probes (Genius kit, Roche) were
synthesized using template cDNA encoding Pax8 (Heller and Brandli,
1999), Otx2 (Pannese et al., 1995), Krox20 (Bradley et al., 1993), Wnt3a
(Wolda et al., 1993), Sox9 (Saint-Germain et al., 2004), Sox10 (Aoki et
al., 2003), Tbx2 (Hayata et al., 1999), Wnt1 (Wolda et al., 1993), Wnt8
(Smith and Harland, 1991), Fgf3 (Lombardo et al., 1998), and Fgf8
(Christen and Slack, 1997). Whole-mount in situ hybridization was
performed as described (Harland, 1991). For double in situ hybridiza-
tionDIG- and FITC-labeled probeswere hybridized simultaneously and
sequentially detected by anti-FITC (Pax8) or anti-DIG (Fgf3, Fgf8,Wnt1
and Wnt8) alkaline phosphatase conjugated antibodies. Pax8 was
visualized first using BCIP (Roche; green staining) and after inactiva-
tion of the anti-FITC antibody, the color reaction for Fgf3, Fgf8,Wnt1 or
Wnt8 was performed using BM-purple (Roche; purple staining). For
histology, stained embryos were embedded into Paraplast+, 12 μm
sections cut on a rotary microtome and counterstained with Eosin.

Real-Time RT-PCR

For each sample, total RNAs were extracted from 10 animal caps or
4–5 recombinants using an RNeasy microRNA isolation kit (QIAGEN,
Valencia, CA) according to the manufacturer's direction. During the
extraction procedure the samples were treated with DNase I, to
eliminate possible contamination by genomic DNA. The amount of



Table 1
Primers used for Real-Time RT-PCR

Gene Forward primer Reverse primer

Dmrt4 5′-TTTTGTCGCTGGAGGGACTGTTCA-3′ 5′-TTCTATTGCTTGAACAACATCTCC-3′
E-Cadherin 5′-CCAAAGAGCCCACCAATAAA-3′ 5′-CAGGAACCTTTGCCGTGTAT-3′
EF1α 5′-ACCCTCCTCTTGGTCGTTTT-3′ 5′-TTTGGTTTTCGCTGCTTTCT-3′
Eya1 5′-ATGACACCAAATGGCACAGA-3′ 5′-GGGAAAACTGGTGTGCTTGT-3
Fgf3 5′-TACTTATGCTTCGCGCCTTT-3′ 5′-CTCTTCTGGGTCGTCCTTTG-3′
Fgf8 5′-ACCCACACGCCAAGTTAATC-3′ 5′-GCCCCTTCCATTAGTCTTCC-3′
HoxB9 5′-CTGGGACCCCAACATTACAC-3′ 5′-TGTTTTGATGAGTCCGGTCA-3′
Keratin 5′-CACCAGAACACAGAGTAC-3′ 5′-CAACCTTCCCATCAACCA-3′
Krox20 5′-TGGCGGCTAAAGCAGTAGAT-3′ 5′-GATCCACATTGGGGAAGATG-3′
m-Actin 5′-AGGACCTGTACGCCAACAAC-3′ 5′-CACCGATCCAGACGGAGTAT-3′
NCAM 5′-GAGCTGGTTTCTTCCACCTGC-3′ 5′-GTTGGGGACTGTTTTGACT-3′
Otx2 5′-ATCAGCTCTCTGGACCTGGA-3′ 5′-CATAGGCCTGTGAGGAGAGG-3′
Pax2 5′-GCAATGCAGACCTAGGAAGC-3′ 5′-GGGAGTGAAGGGAGTTAGGG-3′
Pax8 5′-ATGGAAAGCGCAAACTTGAT-3′ 5′-CTAGAGGGTGGTGCCCATAA-3′
Six1 5′-CTGGAGAGCCACCAGTTCTC-3′ 5′-AGTGGTCTCCCCCTCAGTTT-3′
Snail2 5′-CATGGGAATAAGTGCAACCA-3′ 5′-AGGCACGTGAAGGGTAGAGA-3′
Sox2 5′-TCACCTCTTCTTCCCATTCG-3′ 5′-CGACATGTGCAGTCTGCTTT-3′
Wnt1 5′-GAATAACAGCGGCAAATGGT-3′ 5′-ACGTTTCTGCCGGCTAAGTA-3′
Wnt8 5′-CTGGTGCTGCACAGTCAAAT-3′ 5′-GGTCGGAGACATTTTCTGGA-3′
Xbra 5′-CAGCATGGAGCACAAACAGA-3′ 5′-CAATTCAGGCCCAGGAAAT-3′
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RNA isolated from tissues was quantified by measuring the optic
density using a spectrophotometer (Beckman Coulter, Fullerton, CA).
Real-Time RT-PCR was performed using the primers shown in Table 1
(Hong and Saint-Jeannet, 2007) and the QuantiTect SYBR Green RT-
PCR kit (QIAGEN) on a LightCycler (Roche Diagnostics). The reaction
mixture consisted of 10 μl of QuantiTect SYBR Green RT-PCR Master
Mix, 500 nM forward and reverse primers, 0.2 μl of RT, and 60 ng of
template RNA in a total volume of 20 μl. The cycling conditions were as
follow: denaturation at 95 °C (3 s), annealing at 55 °C (4 s), and
extension at 72 °C (12 s). By optimizing primers and reaction
conditions, a single specific product was amplified as confirmed by
melting curve analysis. Each reaction included a control without
template and a standard curve of serial dilutions (in 10-fold
increments) of test RNAs. In each case, elongation factor 1α (EF1α)
was used as an internal reference (data not shown). Each bar on the
histograms has been normalized to the level of EF1α. The histograms
presented are representative results of at least three independent
experiments.

Results

NP2 domain induces otic markers when recombined with animal caps

In an attempt to define the region of the NP more specifically
involved in otic placode induction in Xenopus we developed an
assay (Fig. 1), in which segments of the NP were dissected along the
anterior–posterior axis at the early neurula stage (stage 13), and
tested for their ability to induce otic placode markers when
recombined with animal caps isolated at the blastula stage (stage
9). This assay takes advantage of the fact that the entire embryonic
ectoderm is competent to respond to otic placode inducing signals
until the neurula stage (Jacobson, 1966; Gallagher et al., 1996). To
initially confirm that these NP explants were devoid of underlying
mesoderm tissue we analyzed the expression of the pan-mesoderm
marker Xbra (Smith et al., 1991) in the 5 domains of the NP
immediately after isolation (Fig. 2A). With the exception of the
most posterior NP domain (NP5), Xbra was undetectable in various
NP domains. In the posterior region, the mesoderm and the
ectoderm are more tightly associated with one another making the
separation of these layers more difficult. After 24 h in culture
recombinants between animal caps and NP domains showed no
expression of the muscle marker, m-Actin, (Fig. 2B), confirming that
these NP explants were free of mesoderm tissues at the time of
dissection. The expression of the pan-neural marker NCAM (Kintner
and Melton, 1987) was also evaluated in these recombinants as a
way to assess the relative size of the NP explants (Fig. 2B). The
expression of the pan-placodal genes Six1 (Pandur and Moody,
2000) and Eya1 (David et al., 2001) and pre-otic/otic genes Pax2
and Pax8 (Heller and Brandli, 1999; Schlosser and Ahrens, 2004)
was evaluated by Real-Time RT-PCR (Fig. 2C). We found that a
single domain of the NP, namely NP2, had significant Pax8- and
Pax2-inducing activity, whereas the more broadly expressed pan-
placodal marker Six1 and Eya1 were activated by NP2 and to a
lesser extent by NP1 domain. The induction of Pax8 and Pax2 was
specific to NP2 domain and independent of the size of the NP
explant since for example NP1 and NP2 are essentially of the same
size (see NCAM expression; Fig. 2B) and still only NP2 domain
shows substantial Pax2 or Pax8 inducing activity (Fig. 2C). Pax8
activation could also be visualized by whole-mount in situ
hybridization (Fig. 2D), indicating that robust levels of Pax8
expression were activated in these recombinants.

To further define the identity of this domain of the NP with Pax8-
inducing activity we usedmolecular markers with regional expression
along the anterior–posterior neuraxis such as Otx2 (forebrain;
Pannese et al., 1995), Kox20 (hindbrain, rhombomeres 3 and 5;
Bradley et al., 1993) or HoxB9 (spinal cord; Wright et al., 1990). The
NP2 domain showed strong expression of Krox20 as compared to
adjacent domains (Fig. 2E), and relatively low level of Otx2, a marker
that is primarily expressed in the most anterior domain of the NP
(NP1). As expected, HoxB9 was exclusively detected in the most
posterior domains of the NP (NP4 and NP5). These observations
indicate that the NP domain (NP2) with Pax8-inducing activity
correspond to the prospective anterior hindbrain.

Time course of expression of Six1, Eya1, Pax2 and Pax8 in recombinants

We also performed a chronology of Six1, Eya1, Pax2 and Pax8
activation in these recombinants to determine the time course of
expression of these genes (Fig. 3). In this experiment we compared
gene expression in recombinants between animal cap and NP2
domain (AC+NP2) to animal caps and NP2 domains cultured
separately for similar periods of time (AC/NP2). While relatively
low levels of Pax8 transcripts were detected after 8 or 12 h in
culture, substantial increase was observed after 16 and 24 h. These
results indicate that sustained interaction between these tissues is
required to activate Pax8. Six1, Eya1 and Pax2 showed an early
activation after 8 h in culture. Interestingly, while the pan-placodal
marker Six1 followed a fairly similar pattern of induction as Pax8,
with maximum expression after 24 h, Eya1 and Pax2 were
transiently activated after 8 h in culture, after what their expression
decline (Fig. 3). The early activation of Six1, Eya1 and Pax2 together
with increased Pax8 expression over time may suggest that this
recombinant preparation recapitulates the steps required for otic
induction, from pre-placodal to otic fate (reviewed in Ohyama et al.,
2007). Unlike Six1 and Pax8, Eya1 and Pax2 are also expressed in
NP2 domain alone (AC/NP2). We used the cell–cell adhesion
molecule E-cadherin as a marker for epidermal differentiation
(Levi et al., 1991). In animal cap cultured alone (AC/NP2) E-cadherin
expression increases over time, consistent with epidermal differ-
entiation. In contrast E-cadherin is expressed at similar levels in the
recombinants (AC+NP2) from 8 h to 24 h, suggesting a change of
fate in the animal cap (from epidermis to otic) as a result of its
interaction with NP2 domain. The pan-neural marker Sox2 which is
expressed in the NP2 domain alone (AC/NP2) is slightly induced in
recombinants (AC+NP2) after 8 h in culture, which may reflect Sox2
expression in the pre-placodal ectoderm (Mizuseki et al., 1998). The
expression level of NCAM remains fairly constant overtime in
isolated NP2 domains (AC/NP2) and in recombinants (AC+NP2),
indicating that the culture conditions did not affect the differentia-
tion of these tissues.
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Ablation of NP2 domain results in a reduction of otic marker in vivo

To test whether the NP2 domain is critical to induce otic placode in
the developing embryo we analyzed the expression of Pax8 in tailbud
stage embryos from which this domain of the NP had been manually
removed at stage 13. Very consistently (100%; n=8) we found that in
the absence of NP2 domain Pax8 expressionwas significantly reduced
on the manipulated side (Figs. 4G, H), or on both sides when NP2
Fig. 2. The NP2 domain induces otic placode fate. (A) Immediately after dissection the differe
mesoderm marker Xbra. Xbra is not detected in NP1 through NP4 indicating that these dom
domain since in themost posterior region of the embryo the ectoderm andmesoderm layers a
difficult. (B) After 24 h in culture the muscle marker, m-Actin, is virtually undetectable
contamination in these explants. The pan-neural marker NCAM is used to evaluate the relativ
and Eya1), pre-otic/otic (Pax2 and Pax8) markers in recombinants of animal caps and NP seg
was observedwhen animal caps were recombinedwith the NP2 domain. (D) In situ hybridiza
cultured for 24 h, as compared to animal caps cultured alone (AC). (E) Real-Time RT-PCR analy
Krox20 and HoxB9 are used as marker for forebrain, hindbrain (rhombomeres 3 and 5) and
explants were removed bilaterally (not shown). Sibling embryos
hybridized with Krox20 and Otx2 probes confirmed that NP2 domain
removal resulted in the loss or reduction of the hindbrain expression
of Krox20 (rhombomere 3), while Krox20 expression domain in the
neural crest appeared to be largely unaffected (Figs. 4E, F). It should be
pointed out that in these experiments removal of NP2 domain leaves
intact the mesoderm underlying the presumptive otic ectoderm,
whichmay account for residual Pax8 otic expression in these embryos.
nt domains of the NP were analyzed by Real-Time RT-PCR for the expression of the pan-
ains of the NP are devoid of mesoderm. Xbra is however detected at low levels in NP5
remore tightly associated with one anothermaking the removal of themesodermmore
in recombinants between animal cap and NP confirming the absence of mesoderm
e size of the NP explants. (C) Expression by Real-Time RT-PCR of the pan-placodal (Six1
ments (NP1 through NP5) cultured for 24 h. The strongest expression of these markers
tion showing strong Pax8 expression in recombinants of animal caps and NP2 (AC+NP2)
sis establishing the identity of the segments of the NP used in these recombinants. Otx2,
spinal cord, respectively. AC, animal cap; WNP, whole NP; WE, whole embryo.



Fig. 3. Chronology of induction of pan-placodal and otic markers by NP2. Animal caps (AC) and NP2 domain were cultured separately (AC/NP2) or were recombined (AC+NP2) for 8 h (equivalent stage 12.5), 12 h (equivalent stage 14), 16 h
(equivalent stage 18) or 24 h (equivalent stage 24) and analyzed by Real-Time RT-PCR. Chronology of induction of Six1, Eya1, Pax2 and Pax8 in animal caps recombined with the NP2 domain. E-cadherin (E-cad) was analyzed to evaluate
epidermal differentiation. Expression of the pan-neural markers Sox2 and NCAM indicates that the culture conditions did not affect the differentiation of the NP2 domains. The muscle marker, m-Actin, is undetectable in these explants. WE,
whole embryo.
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Fig. 4. Ablation of the NP2 domain reduces the otic expression of Pax8 in stage 23/24 embryos. Otx2 (forebrain and eyes) and Krox20 (rhombomeres 3 and 5, arrowheads) (A, B) and
Pax8 (C, D) otic expression (arrows) in control embryos at stage 23/24. (E–H) Unilateral ablation of NP2 domain results in reduced Pax8 expression on the manipulated side (G–H;
arrows). Sibling embryos after NP2 domain removal (E, F) show reduced Krox20 expression in the hindbrain (residual rhombomere 5 expression can be detected in these embryos;
arrowhead) without affecting Krox20 expression domain in the neural crest (nc). Dorsal (A, C, E, G) and lateral (B, D, F, H) views, anterior to left.
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NP2 domain induces otic vesicle-like structures in animal caps

To determine the origin of Pax8-positive cells in these recombi-
nants we performed lineage tracing experiments using animal caps
derived from lysine-dextran FITC-injected embryos recombined with
unlabeled NP2 domain and cultured for 24 h (Fig. 5A). In all cases
examined Pax8-positive cells detected by in situ hybridization were
found to originate from the FITC-labeled animal cap (Figs. 5B, C),
suggesting that Pax8 activation in these recombinants is the direct
result of an inductive interaction between the NP2 domain and the
animal cap.

We next asked whether these recombinants, which up-regulate
Pax8 expression could produce otic vesicle structures. Because the otic
vesicle is not morphologically recognizable until stage 27 (Nieuwkoop
and Faber, 1967), we cultured these recombinants for 48 h. To our
surprise, in approximately half of these recombinants (52%; n=29)
one, and more rarely two, oticvesicle like structures were observed by
histology (Figs. 5D, E). Lineage tracing confirmed that these otic
vesicle-like structures were entirely derived from the labeled animal
cap and expressed pan-otic markers such as Tbx2 and Sox10 (Figs. 5G,
H, J, K). However these otic vesicle-like structures failed to express
more regionalized markers such as Wnt3a and Otx2 (Figs. 5M, N, P,
Q), which are normally confined to the dorsal and ventral aspect of
the otic vesicle, respectively (Figs. 5L, O). These observations
indicate that the NP2 domain contains the necessary information
to initiate otic placode formation and its subsequent morphogenesis
into an otic vesicle but is lacking other cues critical to fully pattern
the otocyst.

Pax8-inducing activity of NP2 domain requires active Fgf and canonical
Wnt signaling

Studies in mouse, chick and zebrafish embryos have primarily
implicated Fgf signaling in otic placode induction, while a role forWnt
signaling in this process is not as clearly established (reviewed in
Schimmang, 2007; Ohyama et al., 2007). To determine whether these
family of molecules aremediating NP2 activity, we tested the ability of
this NP domain to induce Six1, Eya1 and Pax8 expression when
recombined with animal caps in which Fgf or canonical Wnt signaling
has been inhibited by expression of a dominant negative Fgf receptor
(XFD; Amaya et al., 1991) or injection of a β-catenin antisense
oligonucleotide (βcatMO; Heasman et al., 2000), respectively (Fig. 6A).
XFD expression in animal caps resulted in a dramatic decrease in Six1,
Eya1 and Pax8 expression in these recombinants. Similarly, inter-
ference with canonical Wnt signaling by injection of a βcatMO
reduced NP2-mediated Pax8 expression in these explants (Fig. 6B).
The expression of the pan-placodal markers Six1 and Eya1 was
unaffected or increased in βcatMO-injected recombinants (Fig. 6B)
consistent with the view that the most anterior aspect of the pre-
placodal domain of Six1 and Eya1 requires Wnt inhibition (Brugmann
et al., 2004; Litsiou et al., 2005). Simultaneous inhibition of both
signaling pathways by co-injection of XFD and βcatMO led to an
almost complete inhibition of Pax8 expression (Fig. 6B). Because β-
catenin also regulates cadherin-mediated cell–cell adhesion (Naga-
fuchi and Takeichi, 1989), we analyzed the expression of the cell–cell
adhesion molecule, E-cadherin (E-cad) in these recombinants. We
found that injection of βcatMO did not affect the expression levels of
E-cadherin indicating that the consequence of β-cateninmanipulation
in these explants is canonical Wnt signaling-related. These results
indicate that Wnt and Fgf signaling contribute to the Pax8-inducing
activity of NP2 domain and suggest that both pathways may regulate
otic placode formation in the embryo.

To define the window of time during which canonical Wnt
signaling is required to activate otic fate in these recombinants we
used an inducible dominant negative TCF, which lacks the β-catenin-
binding domain, fused to the hormone-binding domain of the human
glucocorticoid receptor (ΔβTGR; Yang et al., 2002). Animal caps
derived from embryos injected at the 2-cell stage with ΔβTGR mRNA
and recombined with NP2 domain were either treated immediately
with dexamethasone or treated 10 h after recombination (Fig. 6C).
Addition of dexamethasone during the entire duration of the culture
period strongly repressed Pax8 activation, however dexamethasone
treatment after 10 h in culture did not significantly affect Pax8
induction in these recombinants (Fig. 6D). In these experiments
ΔβTGR is more potent than βcatMO at blocking canonical Wnt
signaling. This result suggests that canonical Wnt signaling is required
early for NP2-mediated Pax8 activation but not for its maintenance, a
function that possibly depends on Fgf signaling.

Developmental expression of Wnt and Fgf ligands in the prospective
hindbrain

Our results so far indicate that molecules of Wnt and Fgf families
derived from the NP2 domain are implicated in Pax8 induction in



Fig. 5. NP2-derived signals induce otic vesicle-like structures in animal caps. (A) Experimental design. Animal caps dissected from lysine-dextran FITC-injected embryos were
combined with NP2 domain to determine the origin of Pax8-positive cells. Bright-field (B) and fluorescence (C) images of sectioned recombinants indicate that after 24 h in culture all
Pax8-positive cells (arrow in B) are derived from the FITC-labeled animal cap (arrow in C). (D) After 48 h in culture otic vesicle-like structures were frequently observed in these
recombinants (arrow). (E) Higher magnification of the otic vesicle-like structure shown in panel (D). These otic vesicle-like structures (arrows in G, J, M and P), derived from the FITC-
labeled animal caps (arrows in H, K, N and Q), express the pan-otic vesicle markers Tbx2 (G) and Sox10 (J) but failed to express the dorsally (Wnt3a) and ventrally (Otx2) restricted otic
vesicle markers (M) and (P), respectively. In addition to the otic vesicle, Sox10 is expressed in NP2-derived tissue (darker staining; J). Panels (F), (I), (L), and (O) show the normal
expression domain of Tbx2, Sox10, Wnt3a and Otx2, respectively, in the otic vesicle of sibling embryos at stage 35. In all panels the scale bar represents 100 μm.
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these recombinants. To define the specific ligands involved in this
process in vivo we analyzed by in situ hybridization the expression
of a number of Wnt and Fgf factors for their expression in this
domain of the NP. As previously described Fgf3 (Lombardo et al.,
1998), Fgf8 (Christen and Slack, 1997), Wnt1 (Wolda et al., 1993) and
Wnt8 (Fletcher et al., 2006) are expressed in the prospective
hindbrain around the time of otic placode induction (Figs. 7A, B).
Double in situ hybridization supports the view that the topographic
relationship of Pax8 with these four ligands is consistent with their
potential role in mediating the otic-inducing activity of the NP2
domain (Fig. 7C). To further confirm that these factors are actually
expressed in the NP2 domain we performed Real-Time RT-PCR on
NP segments shortly after dissection at stage 13, and found that all
four factors were strongly enriched in NP2 as compared to adjacent
domains, NP1 and NP3 (Fig. 7D). These observations suggest that
several Fgf and Wnt ligands expressed in the hindbrain are
candidate otic placode inducers in vivo.

Wnt and Fgf signaling are required for otic placode induction in vivo

To evaluate the requirement of these ligands for the development
of otic placode fate we performed a systematic knockdown of Fgf3,
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Fgf8a, Wnt1 and Wnt8 using morpholino antisense oligonucleotides
with well-established specificity (Fletcher et al., 2006; and Supple-
mentary Fig. S1). In these experiments morpholino injections were
targeted to the prospective hindbrain at the 4-cell stage to interfere
with the production of these factors, and the otic expression of Pax8
and Sox9 (Saint-Germain et al., 2004) analyzed at the neurula stage
(stage 15) by in situ hybridization (Fig. 8A). Single injections of
Fgf3MO, Wnt1MO or Wnt8MO had virtually no effect on the
expression of these otic markers as compared to control morpholino
(CoMO)-injected embryos, while Fgf8MO injection resulted in
reduced otic expression of Pax8 and Sox9 in a approximately 20% of
the embryos examined (Figs. 8A, B). The co-injection of at least two
morpholinos (with the exception of the co-injection of Wnt1MO and
Fgf3MO) resulted in a more pronounced reduction of the otic
expression of Pax8 and Sox9, however the frequency of embryos
affected never exceeded 30%–50% (Fig. 8B). This reduction in Sox9 and
Pax8 otic expression was also not sufficient to prevent otic vesicle
formation since a large proportion of these morpholino-injected
embryos formed otocysts at stage 35, thought reduced in size (not
shown). These results suggest that these ligands may have functional
redundancy in the hindbrain. Alternatively it is also possible that other
members of these families of signaling molecules might be involved in
this inductive process.

Wnt and Fgf signaling cooperate to induce otic fate

Otic placode precursors like most cranial placodes originate from
the NP border, a region of the ectoderm that requires attenuation of
Bmp signaling (Brugmann et al., 2004; Glavic et al., 2004; Litsiou et al.,
2005). To determine whether Wnt and Fgf signaling are sufficient to
promote otic fate, embryos were injected with NogginmRNA alone (to
attenuate Bmp activity) or in combination with Wnt1 mRNA and/or
increasing doses of Fgf8a mRNA (Hong and Saint-Jeannet, 2007). The
corresponding animal caps were isolated at the blastula stage,
cultured for 10 h and analyzed by Real-Time RT-PCR for the expression
of genes specific for multiple lineages of the ectoderm (Fig. 9A). These
genes include Pax8, Sox2, Dmrt4 a gene expressed in the olfactory
placode (Huang et al., 2005), the neural crest-specific gene Snail2
(Mayor et al., 1995) and keratin (Jonas et al., 1989) to evaluate
epidermis formation. As previously reported (Saint-Jeannet et al.,
1997; LaBonne and Bronner-Fraser, 1998), Noggin injection and
Noggin/Wnt1 co-injection induced neural (Sox2) and neural crest
(Snail2) fates, respectively, at the expense of keratin. We found that a
combination of Noggin/Wnt1/Fgf8a was needed to activate Pax8 in
these explants (Fig. 9A). Interestingly, maximum Pax8 activation was
only obtained for a very narrow range of injected Fgf8a mRNA (2 pg).
While Pax8 requires simultaneous activation of Fgf andWnt signaling,
Dmrt4, a gene expressed in the olfactory placode (the most anterior
cranial placode) was repressed under these conditions (Fig. 9A).
Unlike recombinant between animal cap and NP2 domain, which can
support long-term culture (up to 48 h, time required to visualize otic
vesicle structures by histology; Fig. 5), animal explants injected with
this combination of factors could not be cultured for extended periods
of time, therefore we have not been able to determine whether or not
otic vesicle structures could form in these explants.

We also analyzed the expression of these genes in animal caps
injected with increasing doses of Noggin mRNA alone or in
combination with Wnt1 and Fgf8a mRNAs (Fig. 9B). Maximum
activation of Dmrt4 was obtained for intermediate levels of Bmp
inhibition, while Sox2 induction was directly dependent on the
amount of injected NogginmRNA. Co-expression ofWnt1 and Fgf8a in
these explants strongly repressed Dmrt4 and promoted Pax8 expres-
sion for levels of Bmp inhibition incompatible with neural crest fate
(Snail2). In both set of experiments the muscle marker m-Actin was
not induced (Figs. 9A, B) indicating that the results observed are a
direct consequence of the injected factors and not secondary to the
activation of muscle fate. Altogether these results strongly support the
view that in addition to Bmp attenuation, Fgf and Wnt signaling
cooperate to specify otic placode fate in Xenopus.

Discussion

In spite of a rich history of embryological manipulations little is
known about the molecular mechanisms regulating otic placode
specification in amphibian (reviewed in Torres and Giráldez, 1998;
Baker and Bronner-Fraser, 2001; Noramly and Grainger, 2002).
Classical transplantation experiments have led to the model that
otic placode induction is initiated during late gastrulation by awave of
signals from the involuting paraxial mesoderm, followed by planar
signals from the adjacent NP (Jacobson, 1966). However, the relative
contribution of these tissues to this inductive process remains unclear.
A number of very elegant studies have evaluated the otic vesicle-
forming potential of different regions of the ectoderm when
transplanted in the presumptive otic region of early or late neurula
stage Xenopus embryos (Gallagher et al., 1996). While these studies
point to a possible role of neural tissue in otic placode induction they
did not directly address the nature of the signals involved in this
inductive process.

Here, using recombinants of blastula stage animal caps and
segments of the NP isolated from different axial levels we show that
in the absence of mesoderm, signals derived from a region of the NP
corresponding to the prospective anterior hindbrain are sufficient to
initiate otic placode induction and its subsequent development into an
otic vesicle. This domain of NP (NP2) express high level of the
transcription factor Krox20, normally restricted to rhombomeres 3
and 5 in the hindbrain (Bradley et al., 1993). The otic-inducing activity
associated with this domain of the NP is consistent with the actual
position of the otic placode/vesicle in the developing embryo, which is
centered onto rhombomere 4 in Xenopus (Ruiz i Altaba and Jessell,
1991).

One of the most remarkable features of the NP2 domain is its
ability to induce at a high frequency the formation of bona fide otic
vesicle structures, indicating that this region of the hindbrain contains
many of the cues required to initiate otic placode specification and
morphogenesis. However, the signals provided by the NP2 domain are
also not sufficient for all aspects of otic vesicle development. Regional
otic markers such as Otx2 and Wnt3a were not detected in these
otocysts suggesting that other cues (possibly mesoderm-derived) are
needed to fully pattern the otic vesicle (Riccomagno et al., 2002). The
recombinant assay described here represents a unique preparation to
test tissues and factors that may further direct the patterning of the
otocyst and its differentiation into the major components of the inner
ear.

It has been proposed that otic placode induction requires at
least three sequential steps (reviewed in Ohyama et al., 2007).
First, the ectoderm is induced as pre-placodal, a process that gives
competence to this region of the ectoderm to respond to more
specific placode inducers. Second, the posterior region of the pre-
placodal ectoderm is specified as pre-otic. Finally, the pre-otic field
becomes committed as otic placode. Our results suggest that the
recombinant preparation recapitulates these inductive steps from a
pre-placodal state all the way to the development of otic vesicles.
The time course of expression of the pre-placodal gene Six1 and
Eya1 indicates an early up-regulation (after 8 h in culture; Fig. 3)
consistent with a pre-placodal fate (step 1). The transition from
step 1 to step 2 (pre-otic fate) is exemplified by the early
activation of Pax2 and the progressive increase in Pax8 expression
(Fig. 3), two genes restricted to the pre-otic ectoderm at the
neurula stage (Schlosser and Ahrens, 2004). Finally, Step 3 is
characterized by the maintenance of Pax8 expression in 24 h
recombinants (Fig. 3), followed by the differentiation of otic
vesicle in 48 h explants (Fig. 5).
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Fig. 7. Developmental expression of putative hindbrain-derived otic-inducing factors. (A) Fgf3, Fgf8, Wnt1 andWnt8 are expressed in a region of NP corresponding to NP2 domain at
the early neurula stage; dorsal views, anterior to top. (B) Pax8 otic expression at stage 15 (black arrow). (C) Double in situ hybridization showing the relationship of expression of Pax8
(black arrows; green staining) and Fgf3, Fgf8, Wnt1 and Wnt8 (white arrows; purple staining) at the neurula stage. Lateral views, anterior to the left. At this stage Wnt8 is also
expressed outside of the hindbrain in a region of the ectoderm presumably corresponding to the neural crest. (D) Real-Time RT-PCR analysis of Fgf3, Fgf8, Wnt1 andWnt8 expression
in various segments of NP (NP1, NP2 and NP3) shortly after dissection. All four ligands are enriched in NP2 domain. WNP; whole NP.
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In Xenopus it has been proposed that the otic expression of the
transcription factor Sox9 is under the dual control of Fgf and Wnt
signaling, as interferencewith either signaling pathway blocks the otic
expression of Sox9 in the whole embryo (Saint-Germain et al., 2004).
However, because Fgf and Wnt signaling are also involved in
mesoderm and neural patterning, the reduction in Sox9 expression
in the otic placode of these embryos may reflect a disruption of the
inducing tissues, thereby making these experiments difficult to
interpret. Here taking advantage of the recombinant assay, we clearly
demonstrate that blocking Fgf or canonical Wnt signaling in the
animal cap severely down-regulates NP2-mediated Pax8 induction.
Moreover, interference with both signaling pathways further reduces
Pax8 expression in this preparation. These experiments unambigu-
ously establish that Fgf and Wnt signaling are key regulators of otic
placode fate in Xenopus.

While the involvement of Fgf signaling in otic placode induction
appears to be conserved across species (reviewed in Schimmang,
2007; Schneider-Maunoury and Pujades, 2007), a role for Wnt
Fig. 6.Wnt and Fgf signaling pathways are mediating NP2-derived otic-inducing activity. (A) E
encoding a dominant negative Fgf receptor (XFD) or β-catenin morpholino (βcatMO), or bot
embryos. (B) Real-Time RT-PCR analysis of Six1, Eya1 and Pax8 expression in these recombina
demonstrates that injection of βcatMO did not affect cell–cell adhesion in these recombinants
signaling is required for Pax8 induction. mRNA encoding the inducible dominant negative
recombined with the NP2 domain isolated at the neurula stage and either treated with dexam
of Pax8 expression in explants treated with Dex immediately (+Dex) or 10 h after recombina
sibling recombinants cultured in the absence of Dex (−Dex).
signaling in that process is not as clearly established (reviewed in
Ohyama et al., 2007). The first evidence of Wnt signaling involvement
in otic placode induction came fromwork in birds. Chick presumptive
otic ectoderm showed a stronger induction of the otic marker gene
Pax2 when cultured in the presence of Fgf19 and Wnt8C as compared
to explants cultured with Fgf19 alone (Ladher et al., 2000). A
subsequent study in zebrafish showed that Wnt8 depletion or
overexpression of a Wnt inhibitor (Dkk1) did not prevent otic vesicle
formation (Phillips et al., 2004). However in these studies we cannot
exclude the possibility that other Wnt ligands compensate for the loss
of Wnt8 or that Dkk1 injection resulted in only a partial inhibition of
endogenous Wnt activity. Mouse work has also provided some
evidence that aspects of the presumptive otic ectoderm are exposed
to Wnt signals, as the activity of a TCF/Lef-LacZ reporter is detected in
the pre-otic ectoderm (Ohyama et al., 2006). Conditional knockout of
β-catenin results in an otic vesicle reduced in size, and conditional
stabilization of β-catenin expands the placodal domain (Ohyama et al.,
2006), suggesting that Wnt signaling may regulate the size of the otic
xperimental design. Animal caps derived from 2-cell stage embryos injected with mRNA
h (XFD+βcatMO), were recombined with the NP2 domain dissected from neurula stage
nts after 24 h in culture. Analysis of the cell–cell adhesion molecule, E-cadherin (E-cad),
. (C) Experimental procedure to analyze thewindow of time during which canonical Wnt
TCF (ΔβTGR) was injected at the 2 cell stage, explants isolated at the blastula stage,
ethasone (+Dex) immediately or 10 h after recombination. (D) Real-Time RT-PCR analysis
tion (+Dex/10 h). Pax8 expression in these samples was compared to Pax8 expression in
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Fig. 9.Wnt and Fgf signaling cooperate to promote otic placode fate in animal caps. (A) Embryos at the 2-cell stagewere injected in the animal pole with NogginmRNA (400 pg) alone
or in combination with increasing doses of Fgf8a mRNA (0.5 pg, 2 pg, 5 pg and 10 pg). One set of embryos was also co-injected with Wnt1 mRNA (100 pg) in addition to Noggin and
Fgf8a mRNAs. Animal caps were dissected at the blastula stage, cultured for 10 h and analyzed by Real-Time RT-PCR for the expression of the otic marker Pax8, Dmrt4, a gene
expressed in the olfactory placode, the neural crest-specific gene Snail2, Sox2 for NP, keratin for epidermis andm-Actin as a marker for mesoderm-derived tissues. While animal caps
injected with Noggin and Fgf8a induce Dmrt4 expression, the co-injection ofWnt1 blocked Dmrt4 and activated Pax8 expression. (B) Embryos at the 2-cell stage were injected in the
animal pole with increasing doses of NogginmRNA (10 pg, 40 pg, 100 pg and 400 pg) alone or in combinationwith 2 pg of Fgf8a mRNA and 100 pg ofWnt1 mRNA. One set of embryos
was also co-injected with Fgf8a (2 pg) andWnt1 (100 pg) mRNAs in the absence of Noggin mRNA. Animal caps were dissected at the blastula stage, cultured for 10 h and analyzed by
Real-Time RT-PCR. While Dmrt4 is strongly induced by 40 pg of Noggin mRNA, co-injection of Fgf8a and Wnt1 inhibited Dmrt4 expression and promoted Pax8 activation.

Fig. 8. Wnt and Fgf signaling are required for otic placode specification. (A) Embryos injected with different combinations of Fgf3 (F3MO), Fgf8 (F8MO), Wnt1 (W1MO) and Wnt8
(W8MO), morpholino antisense oligonucleotides show reduction of Pax8 and Sox9 otic expression at the neurula stage (stage 15). The affected otic domain is indicated by an arrow on
the injected side. In these embryos two morpholinos were co-injected at the 4-cell stage to target the NP. For the same embryos the control and injected sides are shown for
comparison. Lateral views. For the control panels anterior to right. For the injected panels anterior to left. (B) Quantification of the in situ hybridization results. The number on the top
of each bar indicates the number of embryo analyzed.
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field. Our results clearly point to a major role of canonical Wnt
signaling pathway in otic placode specification in Xenopus. In an
attempt to define more specifically the temporal requirement of Wnt
signaling for Pax8 induction we analyzed the consequence of
interfering with canonical Wnt signaling at different times during
the culture of the recombinant (Figs. 6C, D). While it is well-
established that the most anterior aspect of the pre-placodal domain
requires Wnt inhibition (Brugmann et al., 2004; Litsiou et al., 2005),
our data suggest that canonical Wnt signaling is required early to
define the most posterior domain of the pre-placodal ectoderm, the
future otic region.

By defining the specific region of the NP carrying otic-inducing
activity we were in a position to identify the potential ligands
directly involved in this inductive process. Among the factor
detected in this region of the neuroectoderm, Wnt1, Wnt8, Fgf3
and Fgf8 are expressed at the right place and at the right time to
mediate the activity of the NP2 domain and therefore are good
candidate otic inducers. However, the individual knockdown of
these ligands was rather ineffective at blocking the otic expression
of Pax8 and Sox9 suggesting that these molecules may have
redundant function in the hindbrain. In zebrafish, Fgf3 and Fgf8
have been shown to function redundantly during otic placode
specification (Phillips et al., 2001). Moreover, Wnt1 and Wnt3a in
the neuroectoderm of mouse embryos are known to compensate
for each other's function (Ikeya et al., 1997; Riccomagno et al.,
2005). Therefore it is very likely that a similar compensatory
mechanism exists in the frog. A reduction in the expression of Pax8
and Sox9 was only observed when at least two morpholinos were
co-injected. Even then, in the best cases (co-injection of F3MO
+F8MO or F8MO+W8MO) not more than 50% of the embryos
showed reduced otic expression of Pax8 and Sox9. These results
imply that a depletion of all four ligands might be required to
completely prevent otic placode formation. However this type of
experiments is difficult to perform as injections of large quantities
of morpholinos may severely compromise the survival of these
embryos. We cannot exclude the possibility that other Wnt and Fgf
ligands also expressed in this domain of NP can compensate for the
loss of these signals, or that other signaling molecules are also
required.

Our animal caps results (Figs. 9A, B) provide additional
evidence for the combined activity of both signaling pathways in
otic placode specification in Xenopus. Like most NP border cell
types, pre-placodal ectoderm fate requires Bmp attenuation (Brug-
mann et al., 2004; Glavic et al., 2004). Moreover, it has been
previously shown that emergence of pre-placodal cells also
requires active Fgf signaling and inhibition of canonical Wnt
pathway (Brugmann et al., 2004; Litsiou et al., 2005; Ahrens and
Schlosser, 2005). Consistent with these observations we find that
Fgf8a promotes olfactory placode (Dmrt4) formation in animal cap
injected with Noggin. However, we also found that the simulta-
neous activation of Wnt signaling in these explants inhibited
Dmrt4 expression and promoted otic placode fate (Pax8). These
results indicate that cranial placodes along the antero-posterior
axis have different requirements with regard to Wnt signaling. The
most anterior cranial placode (olfactory) requires Wnt inhibition
while the most posterior placode (otic) depends on active Wnt
signaling.

In conclusion, through a series of embryological manipulations and
molecular analysis this work provides novel information on the
molecular nature of the tissue interactions underlying otic placode
formation in Xenopus. We have identified a specific region of the
neuroectoderm that carries the ability, when recombined with a piece
of naive ectoderm, to specify the otic placode and direct its subsequent
development into an otic vesicle. We show that this inductive process
requires Wnt and Fgf signaling, and that several Wnt and Fgf ligands
are expressed at the right place and time to mediate this activity.
Finally we demonstrate that these two families of signaling molecules
cooperate to promote otic placode fate in Xenopus.
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