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The first steps towards hearing:
mechanisms of otic placode induction

TAKAHIRO OHYAMA, ANDREW K. GROVES* and KAREEN MARTIN
Department of Cell and Molecular Biology, House Ear Institute, Los Angeles, CA, USA

ABSTRACT The entire inner ear, together with the neurons that innervate it, derive from a simple
piece of ectoderm on the side of the embryonic head - the otic placode. In this review, we describe
the current state of the field of otic placode induction. Several lines of evidence suggest that all
craniofacial sensory organs, including the inner ear, derive from a common “pre-placodal region”
early in development. We review data showing that assumption of a pre-placodal cell state
correlates with the competence of embryonic ectoderm to respond to otic placode inducing
signals, such as members of the fibroblast growth factor (FGF) family. We also review evidence
for FGF-independent signals that contribute to the induction of the otic placode. Finally, we review
recent evidence suggesting that Wnt signals may act after FGF signaling to mediate a cell fate

decision between otic placode and epidermis.
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The formation of the otic placode is the earliest morphologically
visible event in inner ear development. It is a simple layer of
thickened ectoderm lying next to the hindbrain and yet this
nondescript patch of skin will give rise to one of the most complex
sensory organs in the body, producing cells such as
mechanosensory hair cells and the neurons of the vestibulo-
acoustic ganglion which transmit hearing and balance information
to the brain. The development of such a sophisticated structure
from simple origins involves a series of changes in the otic
ectoderm, which are the results of consecutive inductive signals
emanating from neighboring tissues and within the ear itself. Inner
ear formation thus provides an excellent model to study principles
of embryonic induction.

The otic placode becomes visible after the events of gastrula-
tion have laid down the body plan of the vertebrate embryo,
typically once the first 5-10 pairs of somites have been generated.
The placode then invaginates to produce a vesicle, the otocyst,
which will develop into the different components of the inner ear:
the cochlea, the semicircular canals and their associated sensory
organs - the cristae - and the sensory maculae of the utricle and
saccule, together with the vestibulo-acoustic ganglion. Although
otic placode induction has been studied from the end of the 19t
century, early studies relied on morphological evidence of ear
formation such as the formation of an otic vesicle or sensory
organs, which necessarily come after the molecular and genetic
signaling events thatinitiate induction. The emergence of molecu-
lar biology and genetics has enabled a more precise dissection of

this process using molecular markers associated with ear tissue
and has provided candidate inducers involved in otic induction.
The ability to manipulate the embryo and assay the expression of
specific otic markers has revealed multiple inductive steps in otic
placode induction. In this review we provide a model where three
major steps punctuate the induction of the otic placode. The first
step is the formation of a region of competence for all craniofacial
sensory placodes — the so-called “pre-placodal domain”. The
second step is the induction of a “pre-otic field” within this pre-
placodal domain, which is subsequently refined into the otic
placode and surrounding non-otic epidermis in a third inductive
step.

Evidence for a pre-placodal domain

All craniofacial sensory organs (nose, lens, ear, trigeminal and
epibranchial ganglia and lateral line) arise from placodal struc-
tures located at the periphery of the neural plate (reviewed in
Baker and Bronner-Fraser, 2001; Brugmann and Moody, 2005).
There is growing evidence supporting the idea that these pla-
codes derive from a common pre-placodal domain consisting of
a narrow band of ectoderm that encompasses the anterior neural
plate that is established at the end of gastrulation (Baker and
Bronner-Fraser, 2001, Streit, 2004, Brugmann and Moody, 2005,
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Bailey and Streit, 2006). Current hypotheses of craniofacial
development suggest that cranial placodes form in two steps.
The first step is the acquisition of a general placodal state in the
ectodermal domain adjacent to the neural ectoderm, with the
second step being the determination of the identity of each
placode by local inducing signals (Fig. 1). Streit and colleagues
discuss the patterning of the pre-placodal domain in an accom-
panying article in this issue. Below, we briefly describe evi-
dence for the existence of the pre-placodal domain.

Morphological evidence: Morphological studies in mice, hu-
mans and some fish and amphibian species have shown the
presence of a thickened continuous band of ectoderm running
along the boundary of the anterior neural plate where the future
placodes will lie (Platt, 1896, Knouff, 1935, van Oostrom and
Verwoerd, 1972, Verwoerd and van Oostrom, 1979, O’Rahilly
and Muller, 1985, Braun, 1996, Miyake et al., 1997). This
thickening becomes restricted to the different placodes as they
differentiate. However, thickening of the entire pre-placodal
ectoderm does not seem to be a universal feature, since it is not
observed in species such as in chick and zebrafish (Baker and
Bronner-Fraser, 2001, Streit, 2004).

Experimental evidence: Experimental evidence for a pre-
placodal domain comes from embryological studies performed
in amphibians by Jacobson in the 1960s (reviewed in Jacobson,
1966). They involved the rotation of a band of ectoderm lying
next to the anterior neural plate along the anteroposterior axis
(Jacobson, 1963). When the rotations were conducted at open
neural plate stages, the nasal, lens and otic placodes formed at
the right location, suggesting that the rotated ectoderm was
competent at early stages to form multiple placodes. However,
when the rotations were conducted at later stages, placodes
formed in inappropriate locations, suggesting they had already
committed to specific placodal fates. More recently, fate map
studies in fish and chick showed that precursor cells for differ-
ent placodes often overlap initially before converging to their
final destination and differentiating (Kozlowski et al., 1997,
Whitlock and Westerfield, 2000, Streit, 2002, Bhattacharyya et
al.,2004). Recentwork on lens development demonstrated that
the pre-placodal domain may be transiently specified to give
lens tissue with later, local signals such as FGFs restricting the
lens tissue to its specific location, as well as inducing the
olfactory placode (Bailey et al., 2006).

Molecular evidence: Gene expression studies have shown
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duced in response to specific molecular signals.
In the case of the otic placode, some of the
inducing signals come from members of the
fibroblast growth factors (FGFs).

that the pre-placodal domain can be visualized as a distinct
molecular entity characterized by a number of genes belonging
to the DIx, Six, Eya, Iro, BMP, Foxi and Msx families (Glavic et
al., 2004, Ohyama and Groves, 2004a, Streit, 2004, Brown et
al., 2005). Loss and gain of function of some of these genes
resulted in the widening or reduction of the pre-placodal field
(Brugmann et al., 2004, Glavic et al., 2004, Litsiou et al., 2005);
this was also associated with expansion or inhibition of the
expression domain of some placode-specific genes (Glavic et
al., 2004). It remains to be determined which of these gene
families are either necessary or sufficient for the formation of
individual placodes.

Otic placode induction

Three main questions need to be addressed as a prerequi-
site to studying the induction of the otic placode: which tissues
are competentto give rise to the otic placode and when does the
induction start and finish?

Genes expressed in the presumptive otic ectoderm

In order to answer the three questions above, it is necessary
to have a panel of genes marking the otic region. Several genes
have been found to be specifically expressed in the region that
will eventually thicken to form the otic placode. The earliest ear
marker reported so far is foxil in zebrafish (Solomon et al.,
2003). However, none of the mouse or chick Foxi class genes
are expressed early in the otic placode (Ohyama and Groves,
2004a; A. Groves, unpublished observations), although mouse
Foxi3 marks the entire pre-placodal domain at slightly earlier
stages. The second earliest molecular marker known is Pax8
which is expressed in the presumptive otic ectoderm in fish,
frogs and mice (Pfeffer et al., 1998, Heller and Brandli, 1999,
Ohyama and Groves, 2004b). Pax2 expression follows shortly
after, although its domain is initially larger than the otic placode
in chick and mouse (Nornes et al., 1990, Krauss et al., 1991,
Groves and Bronner-Fraser, 2000) A number of signaling
molecules (FGFs, BMP7) and transcription factors (Eyal,
GATAS3, Nkx5.1, Gbx2, Sox3, Sox9) are also expressed in the
otic ectoderm prior to invagination (George et al., 1994, Rinkwitz-
Brandt et al., 1995, Wright et al., 1995, Penzel et al., 1997,
Shamim and Mason, 1998, Sahly etal., 1999, Sheng and Stern,
1999, Solloway and Robertson, 1999, Wood and Episkopou,



1999, Xu et al., 1999, Groves and Bronner-Fraser, 2000, Liu
and Joyner, 2001, Sanchez-Calderon et al., 2002).

The roles of several genes expressed during otic induction
have been examined in genetic studies in zebrafish. Disruption
of foxil in the mutant hearsay resulted in severe defects or
absence of otic placode formation (Solomon et al., 2003). The
otic expression of early markers, pax8, pax2a and dIx3b was
also reduced or absent in foxil mutants (Nissen et al., 2003,
Solomon et al., 2003). Knockout mice for Foxil have been
produced and, in contrast to fish, did not show defects in the
early formation of the otic placode, although later ear develop-
mentis abnormal (Hulander et al., 1998, Hulander et al., 2003).
The zebrafish genes dIx3b and dix4b are expressed in pre-
sumptive otic ectoderm shortly after foxil but before pax2a.
Their involvement in otic placode formation was first shown in
b380 mutants, containing a large chromosomal deletion which
removes several genes including dIx3b, dIx4b and sox9a (Liu et
al., 2003). b380 mutants completely lack otic vesicles (Solomon
and Fritz, 2002). Morpholino knockdown of both dIx3b and
dix4b showed a milder phenotype than the b380 mutant, with
serious defects in otocyst formation as well as a lack of pax2a
expression (Solomon and Fritz. 2002). Targeting of dIx3b,
dix4b and sox9a resulted in the complete loss of otic tissue,
reproducing the phenotype observed in the b380 mutant (Liu et
al., 2003). Unlike foxil mutants, morpholino knockdowns of
dIx3b and dix4b still expressed pax8. Taken together, these
results suggest a model where foxil would be involved in the
induction of pax8 while dIx3b and dIx4b would act later in the
induction of pax2 (Hans et al., 2004, Solomon et al., 2004). Loss
of either pax8 or pax2 in fish as well as in mouse did not affect
the induction of the otic placode (Torres et al., 1996, Mansouri
etal.,, 1998, Riley et al., 1999, Whitfield et al., 2002, Hans et al.,
2004). In contrast, pax2a mutants treated with pax8 morpholi-
nos failed to form an otic placode (Hans et al., 2004, Mackereth
et al., 2005), suggesting that their functions, at least in fish, are
redundant. No double mutants for Pax2 and Pax8 have been
described in mouse. The growing body of work on the interac-
tions between the foxil, dIx3b, dIx4b, pax2 and pax8in zebrafish
has been summarized by Solomon and colleagues (Solomon et
al., 2004), Riley and Phillips (Riley and Phillips, 2003) and Hans
and colleagues (Hans et al., 2004). However, further experi-
ments need to be conducted to determine whether this network
of transcription factor interactions also applies to other species.

Which tissues are competent to respond to otic inducing
signals?

The competence of a tissue is defined by its ability to acquire
a specific fate in response to appropriate inducing signals. A
simple embryological test is to graft tissue taken from different
locations into the region that would normally become an otic
placode and test whether the graft can develop placode char-
acteristics. In chick, the ectoderm lying along the neural plate
of the head and anterior trunk is competent to express ear
specific markers and to form an otic vesicle when transplanted
to the future otic placode site (Groves and Bronner-Fraser,
2000). This competence was seen in embryonic ectoderm from
the end of gastrulation and decreases with age until the chick
has 10-12 pairs of somites, after which time the ectoderm
becomes refractory to otic inducing signals. Similar results

Induction of the otic placode 465

have been seen in amphibian embryos (Gallagher et al., 1996).

When is ectoderm specified to form the otic placode?

A tissue is said to be specified when it has already received
inducing signals and can express otic markers in the absence of
any additional signals. The specification of otic tissue is thus an
operational definition for the start of inner ear induction. In chick,
specification assays for the expression of the otic markers Pax2
and BMP7 have been carried out (Groves and Bronner-Fraser,
2000). In such experiments, pieces of presumptive otic ectoderm
were collected at different ages and placed in culture in minimal
medium in the absence of inducing signals such as growth factors
or serum. Presumptive otic ectoderm is specified to express Pax2
at the 5-6 somite stage (ss) and BMP7 at 7-8ss. Specification of
Pax2 and BMP7 occurs at the approximately same time as they
appear in vivo, 5ss and 7ss respectively. These experiments can
give us an approximate estimate of the onset of otic placode
induction, although it is important to note that other as yet
unidentified genes in chick may be induced prior to Pax2.

When is ectoderm committed to form the otic placode?

A tissue is said to be committed to a particular fate when it
adopts that fate regardless of its environment. A test for otic
commitment is to transplant pieces of presumptive otic ectoderm
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Fig. 2. Only the ectoderm within the pre-placodal region can induce
Pax2 in response to FGF2. (A) Anterior epiblast from HH stage 3+-4 chick
embryos is unable to induce Pax2 when cultured in presence of FGF2. (B)
Lateral ectoderm (outside the pre-placodal domain) from 0-4ss chick
embryos does not express Pax2 when treated with FGF2. (C) Presumptive
trigeminal ectoderm (within the pre-placodal domain) from 0-4ss chick
embryo expresses Pax2 only when cultured in the presence of FGF2.



466 T.Ohyamaet al.

24 hours
Y No Pax2
e expression

+/- FGF2

Fig. 3. Competence to respond to oticinducing
signals correlates with expression of pre-
placodal genes. Anterior epiblast from HH stage
3+-4 chick embryo is unable to induce Pax2 when
cultured in FGF2, but it can form an otic vesicle
expressing Pax2 when grafted for 24 hours into
the presumptive otic region of a 0-4ss chick em-

24 hours : ; bryo. Quail anterior epiblast grafted into the pre-
Ectopic vesicles form . .
—_—1l ith Pax2 : placodal region of a 0-4ss chick embryo for only
W s Bxplassion two hours does not upregulate pre-placodal mark-
ﬂ ers and will not subsequently express Pax2 when
cultured with FGF2. In contrast, the same epiblast
host: 0-4ss expresses pre-placodal makers when grafted for
y chick embryo 8 hours in the pan placodal region and is able to
'\]/ express Pax2 in response to FGF2
donor: HH3+-4 2 hours (@) No Pax2
quail embryo expression
EE— +/- FGF2 P
No upregulation of pan
j placodal markers
‘ 8 hours
ﬁ
:_o:;kt: 0":)55 ) Pax2 expression
GG emeno when exposed to
+- FGF2 FGF2

Upregulation of pan

placodal markers

of different ages in an ectopic environment and assaying for the
formation of ectopic expression of ear markers or formation of otic
vesicles. These assays operationally define the end of otic placode
induction. In the chick, otic ectoderm becomes committed to
express Pax2 andto form a vesicle at 9-10ss (Groves and Bronner-
Fraser, 2000). Studies in amphibians exhibited a variation in the
onset of commitment from species to species (Ginsburgt, 1995). It
is important to note that, as for specification, the time at which a
tissue is said to become committed is dependent on the markers
used and can only be considered a provisional indicator, as one
can never be truly sure that the committed tissue has been
challenged with all possible signals.

Which tissues have otic inducing properties?

Embryonic induction has been described as “an interaction
between an inducing and responding tissue that alters the path of
differentiation of the responding tissue” (Gurdon, 1987, Jacobson
and Sater, 1988). Once a responding tissue has been character-
ized by the sorts of experiments described above, the inducing
tissues remain to be identified. There is now clear evidence for the
contribution of the hindbrain and mesoderm in otic placode induc-
tion. The firstinvestigations on their potential role date from the first
half of the 20" century, although most of these experiments were
performed when molecular markers were not yet available and
relied on the formation of a morphologically defined structure as an
indication of induction. The identification of molecular markers for
the otic placode, together with genetic gain and loss of function
approaches has provided more information regarding the specific
roles of hindbrain and mesoderm in ear induction. For example,

some zebrafish mutants have been characterized with defects in
mesoderm development, namely cyclops and one-eyed pinhead
(oep) mutants (Zhang et al., 1998, Gritsman et al., 1999). These
fish exhibit a delayed formation of the otic vesicle. However, as
these mutants present a number of other phenotypes that could
also affect ear formation, it is difficult to attribute the delayed
induction as solely to the lack of mesoderm. Introduction of an oep-
specific morpholino in zebrafish embryos also results in smaller
otic vesicles (Phillips et al., 2001, Leger and Brand, 2002). The fact
thatan otic vesicle still formsin the absence of mesoderm suggests
that this tissue is not necessary for otic induction in fish. More
recently, the role of the mesoderm in chick otic placode induction
was investigated using ablation and grafting experiments. Re-
moval of the cranial paraxial mesoderm underlying the presump-
tive otic ectoderm or its replacement with mesoderm from more
anterior or posterior locations prevents the induction of the otic
placode (Kil et al., 2005). This study also tested the role of the
hindbrain in otic induction using vitamin A-deficient embryos which
lack rhombomeres 5 and 6 and possess an enlarged rhombomere
4. Otic vesicles form normally in these embryos suggesting that the
posterior hindbrain is not necessary for otic placode induction in
birds. Mutant fish with defective hindbrain have been described,
such as the valentino mutation which affects the development of
rhombomere 5 and 6, or mutants of Pbx2 and 4, in which the
hindbrain adopts a rhombomere 1 identity (Waskiewicz et al.,
2002). Otic vesicles still form in both these mutants, although
subsequent ear development is abnormal (Kwak et al., 2002). The
hindbrain therefore does not appear to be necessary for the
formation of an otic vesicle, however it may be necessary for later



aspects of ear patterning. For example, in chick, the Lmx1 tran-
scription factor requires signals from the hindbrain to be ex-
pressed, although the role of Lmx1 in ear formation is still unknown
(Giraldez, 1998). Finally, it has been shown that the endoderm was
also involved in inner ear induction in birds (Ladher et al., 2005).
Endoderm ablation resulted in the loss of epithelial thickening on
the ablated side as well as the loss of Pax2 expression. In this case,
it seems that the role of the endoderm is indirect with the endoderm
acting on the mesoderm, which then induces ear development
directly. Taken together, these data suggest that both mesoderm
and the hindbrain are involved in the development of the otic
placode, although their specific roles appear to vary from one
species to another.

What are the molecular inducers of the otic placode?

Members of the fibroblast growth factors have been shown to
play a critical role in inner ear induction in several species. Their
expression in the developing hindbrain adjacent to presumptive
otictissue, orinthe underlying mesoderm suggested arole for FGF
family members as possible ear inducers. FGF signaling has now
been demonstrated to be necessary for otic placode induction in
fish, chick and mouse. In zebrafish, treatment with the FGF
receptor inhibitor SU5402 resulted in the complete loss of otic
vesicles as well as the loss of expression of some ear markers,
pax2a and dIx3b (Leger and Brand, 2002, Maroon et al., 2002). In
the chick, future ear ectoderm failed to express Pax2 and EphA4
when cultured in presence of SU5402 (Martin and Groves, 2006).
In fish, fgf3 and fgf8 have been implicated as being the main
candidates for FGF-dependent ear inductive signaling. Both are
expressed in the vicinity of the pre-otic domain at the time of
placode induction (Reifers et al., 1998, Furthauer et al., 2001,
Phillips et al., 2001, Maroon et al., 2002). Loss of fgf3 or fgf8 in
morpholino-treated or mutant fish was associated with a de-
creased expression domain of pax2a and dIx3b as well as smaller
vesicles. When both fgf3 and fgf8 were targeted, no otic vesicles
form (Phillips et al., 2001, Leger and Brand, 2002, Maroon et al.,
2002, Liu etal., 2003). In mouse, FGF3 and FGF10 are considered
as potential inducers, with FGF3 being expressed in rhombomere
5and 6 of the hindbrain and FGF10in the mesoderm underlying the
presumptive placode (Mahmood et al., 1995, McKay et al., 1996,
Wright and Mansour, 2003). FGF10 mutant mice develop smaller
otic vesicles (Ohuchi et al., 2000), whereas FGF3 mutants develop
an otic placode, although later ear differentiation is highly abnormal
(Mansour et al., 1993). Mutants of both FGF3 and FGF10 failed to
form otic vesicles or form microvesicles and Pax2 was absentin the
ear tissue, while Pax8 and Gbx2 were reduced (Alvarez et al.,
2003, Wright and Mansour, 2003). FGF8 is also involved in
placode induction in chick and mouse, although its role appears to
be indirect. Itis expressed in cranial endoderm and is necessary for
the mesodermal expression of FGF19 in chick and FGF10 in
mouse (Ladher et al., 2005).

The studies described above have established the central role
of FGF signaling in otic placode induction in every species exam-
ined, although the identity and source of the inducing FGFs vary
from species to species. Itis important to note, however, that some
aspects of otic placode induction are FGF-independent. For ex-
ample, in zebrafish induction of foxil, dIx4 and sox9b are unaf-
fected in mutants lacking both fgf3 and fgf8 (Solomon et al., 2004).
Indeed, foxil has been proposed to act as a competence factor in
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fish, allowing ectoderm to respond to FGF signaling, but not itself
responding to FGFs (Hans etal., 2004, Hans et al., 2007), although
Phillips and colleagues have shown that fgf8 mis-expression
induced ectopic domains of expression of foxil (Phillips et al.,
2004). In addition, zebrafish dIx3b has also been reported to be
FGF-independent in some studies but not others (Leger and
Brand, 2002, Maroon et al., 2002, Liu et al., 2003, Solomon et al.,
2004). The factors responsible for the expression of foxil, dIx3b,
dix4b and sox9a are not known, although it has been recently
suggested that BMP signaling might be a candidate for foxil and
dix3binduction (Hans et al., 2007). Evidence for FGF-independent
pathways in otic placode induction has also come from work in
chick, where induction of two otic markers, DIx3 and BMP7, was
unaffected by treatment with the FGF receptor inhibitor SU5402
(Martin and Groves, 2006).

Ectopic exposure to different members of the FGF family also
confirmed theirrole in otic placode induction. FGF beads implanted
into the posterior ectoderm of Xenopus embryos or in the vicinity
of the otic tissue in chick could induce ectopic otic vesicles
(Lombardo et al., 1998, Lombardo and Slack, 1998, Adamska et
al., 2001). Similar results were observed in chick when FGF3 was
misexpressed in non-otic tissue (Vendrell et al., 2000). Although
the results obtained in frogs and chicks support the inductive
properties of FGF, they do not address whether FGF3 acts directly
or indirectly. It is possible that FGF signaling would induce other
molecules in the neighboring tissues which themselves would be
responsible for the formation of ectopic otic epithelium. For ex-
ample, FGF19induces Pax2 in competent ectoderm only when the
ectoderm is co-cultured with neural tissue or when FGF19 is
applied in conjunction with Wnt8c (Ladher et al., 2000). The
authors drew a model of placode induction in which FGF19 would
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Fig. 4. Pax2* cells give rise to both otic placode and epidermis. Pax2-
Cre mice are crossed with reporter mice that express GFP in a Cre-
inducible fashion. All Pax2-expressing cells and their descendants will
express GFP in embryos derived from such crosses (left). GFP-positive
cells are observed not only in the otic vesicle (OV), but also in the
epidermis at E9.5, while no cells are GFP-positive in reporter mice alone
(right).
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Fig. 5. Wnt signals mediate a placode-epidermis fate decision. /n normal mice (left), the
canonical Wnt signaling pathway is activated (light blue) in the Pax2* pre-otic field by Whnts from
the hindbrain (HB). Cells receiving high levels of Wnt signals differentiate as otic placode
(magenta), while those receiving lower or no Wht signals differentiate as epidermis (grey). In the
absence of Whnt signaling in the pre-otic field (center), epidermis is expanded at the expense of
the otic placode. When B-catenin is stabilized in the pre-otic field (right), it activates Wnt-
responsive genes in the entire pre-otic field, thus expanding the otic placode at the expense of

epidermis. Modified from Ohyama et al., (2006).

firstinduce Wnt8c expression in neural ectoderm and then induce
some aspects of otic placode induction together with Wnt8c. These
results are discussed further later in this review. A more recent
study in chick showed that pieces of competent ectoderm respond
relatively quickly to FGF2 treatment (Martin and Groves, 2006). A
number of otic markers, Pax2, Pax8, EphA4, DIx3, were upregulated
as early as 6 hours after exposure and induction occurred without
inducing neural or mesodermal markers, suggesting that FGF
likely acts directly to induce otic ectoderm. Interestingly, the otic
marker BMP7 was never induced at any concentrations of FGF
tested, again demonstrating the existence of FGF-independent
pathways of otic induction.

From pre-placode to placode: testing atwo step model
of otic placode induction

In the preceding sections, we have outlined evidence for the
existence of a common pre-placodal domain and have suggested
that local inducing signals act on restricted regions of the pre-
placodal domain to induce specific cranial placodes. In the case of
the otic placode, FGF signaling from the hindbrain and cranial
paraxial mesoderm underlying the presumptive placode is a strong
candidate for an otic inducer. Induction of cranial placodes would
thus occur in two steps —induction of the pre-placodal region being
a necessary prerequisite to subsequent induction of specific pla-
codes. There is some circumstantial evidence for such a two-step
model of otic induction. For example, cranial ectoderm taken from
within the pre-placodal region rapidly expresses otic markers when
cultured with FGF2, whereas ectoderm from the same axial level
but lying lateral to the pre-placodal region is unresponsive to FGF2
(Martin and Groves, 2006). Moreover, young anterior epiblast that

mem Wit signals

does not express pre-placodal genes readily
forms an otocyst when grafted to the pre-
sumptive otic region, but cannot express otic
markers when cultured in the presence of
FGF2 (Groves and Bronner-Fraser, 2000;
Martin and Groves, 2006; Figures 2 and 3).

Recent experiments have tested the hy-
pothesis thatacquisition of pre-placodal iden-
tity is necessary for subsequent induction of
the otic placode by FGF signaling. Naive
epiblast tissue is able to up-regulate pre-
placodal genes (such as Eya and DIx gene
family members) between 4 and 8 hours
after being grafted into the pre-placodal re-
gion of chick embryos. Significantly, if such
grafts are removed prior to their expression
of pre-placodal genes, they are unrespon-
sive to FGF signals, whereas the same grafts
respond readily when challenged with FGF
afterthey have expressed pre-placodal genes
(Martin and Groves, 2006; Fig. 3). Thus,
competence to respond to FGF signaling
correlateswith the expression of pre-placodal
genes in otic induction. There are many
different ways in which pre-placodal identity
could confer competence to respond to FGF
signals on presumptive otic ectoderm. Many
of the genes known to be expressed in the
pre-placodal domain are transcription factors of the DIx, Six, Eya,
Dach and Foxi families (Streit, 2004, Groves, 2005) and it is
possible that some of these genes act individually or in concert as
“competence factors”, as has been suggested for foxi and dIx3b
and dix4bin zebrafish (Hans et al., 2004, Hans et al., 2007). Itis not
clear whether these competence factors act downstream of FGF
signaling, or whether they themselves enable FGF signaling to
occur by, for example, up-regulating components of the FGF
signaling pathway. In Xenopus, over-expression of Six1 resulted in
the expansion of the pre-placodal field, whereas a loss of Six1
function led to a reduction of this domain (Brugmann et al., 2004).
It remains to be determined whether these results can be general-
ized to other species and whether these or other currently uniden-
tified transcription factors will be sufficient to confer competence to
respond to FGF signaling.

Revising the two-step model: insights from fate map-
ping

The simple two-step model of placode induction described
above envisages ectodermal cells adjacent to the neural tube
receiving signals that up-regulate pre-placodal genes as a neces-
sary prerequisite to the induction of specific placodes by local
inducing signals. However, itis clear from fate mapping studies that
the precursors of different cranial placodes can be intermingled
prior to their differentiation.

For example, Kozlowski and colleagues found that at 50%
epiboly in zebrafish there are regions adjacent to the presumptive
otic region that give rise to not only the otic vesicle but also to other
sensory organs such as lens, olfactory epithelium and trigeminal
ganglion (Kozlowski et al., 1997). In a second lineage study, Streit



labeled cells in the region of the presumptive chick otic ectoderm
at late gastrula and early post-gastrula stages and found that the
otic placode arises from a very broad region of the epiblast and that
its precursors are intermingled with cells giving rise to the epider-
mis, the epibranchial placodes, the central nervous system and
neural crest cells (Streit, 2002). Other studies have suggested a
similar intermingling of precursor cells for the lens and olfactory
placodes (Whitlock and Westerfield, 2000, Bhattacharyya et al.,
2004).

Although these fate mapping studies provide convincing evi-
dence for the intermingling of different placodal precursors, they do
not provide information about when individual precursors are
singled out for a particular fate. More recent fate mapping evidence
has shown that this selection can occur even after the expression
of early placode genes. For example, although Pax2 is commonly
regarded as one of the earliest markers of the otic placode, studies
in chick and mouse reveal that Pax2-expressing cells can adopt
epidermal as well as otic placode fates. In Streit’s lineage analysis
in chick, cells in the area of the Pax2 expressing domain at early
head fold stages mainly give rise to both otic placode and non-
placodal ectoderm and the Pax2* domain is roughly divided into
placodal and non-placodal territories (see Fig. 3D and E in Streit,
2002). To further test the fate of Pax2-expressing cells, we geneti-
cally labeled Pax2* ectoderm in mouse and followed the descen-
dants of these cells by using the Cre-loxP recombination system.
When Pax2-Cre transgenic mice are crossed with loxP reporter
mice, Pax2* cells are permanently labeled with a reporter gene
product by irreversible Cre-loxP recombination. In the offspring of
such crosses, reporter-positive cells are located in both the otic
placode and epidermis (Ohyama and Groves, 2004b), suggesting
that Pax2-expressing cells are not yet committed to an otic fate, but
can also give rise to epidermis.

How can we reconcile these results with the previously de-
scribed observations on the role of FGF signaling in otic placode
induction? As described above, several lines of evidence suggest
FGF signaling is both necessary and sufficient to induce early otic
marker genes such as Pax2 (Phillips et al., 2001, Leger and Brand,
2002, Maroon et al., 2002, Ladher et al., 2005, Martin and Groves,
2006). In the light of our fate mapping studies, it is clear that FGF
signaling induces a region of Pax2-expressing cells that can give
rise to the otic placode, but which can also differentiate as epider-
mis. We have described this domain marked by early otic marker
genes such as Pax2 and Pax8 as a ‘pre-otic field’, distinct from the
otic placode. Thus, our two-step model has now acquired a third
step, in which FGF signaling is required for the induction of the
Pax2* pre-otic field, while additional signals are required to sub-
divide the pre-otic field into the otic placode and epidermis. Below,
we describe evidence to suggest that Wnt signaling might mediate
this otic placode-epidermis fate decision.

Wnt signaling and the induction of the otic placode

Ladher and colleagues reported the first evidence of the involve-
ment of Wnt signaling in otic placode induction. They cultured
presumptive chick otic ectoderm with FGF19 or Wnt8c-soaked
beads. They observed stronger induction of otic marker genes
such as Pax2 with FGF19 and Wnt8c than FGF19 alone. They
hypothesized that Wnt8c is induced in the hindbrain by
mesodermally-derived FGF19 and that it synergistically induces
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otic genes with FGF19 (Ladher et al., 2000). Several observations
have challenged this hypothesis —for example, Wnt8 is expressed
inthe hindbrain of several species after Pax2 and Pax8 are induced
in the presumptive otic ectoderm (Hume and Dodd, 1993, Bouillet
etal., 1996, Lekven et al., 2001). Moreover, a study by Phillips and
colleagues in zebrafish showed that after depletion of Wnt8 signal-
ing with morpholino knockdown or the Wnt antagonist dickkopf
(Dkk1), the otocyst still forms although its size is smaller (Phillips
et al., 2004). It is possible, however, that other Wnt molecules
compensate for the loss of Wnt8 function and Dkk1 expression in
these experiments does not completely block Wnt signaling. De-
spite these contradictory observations, itis nevertheless clear that
presumptive otic ectoderm is exposed to Wnt signals. TCF/Lef-
lacZ transgenic reporter mice, which reveal activity of the canonical
Whnt signaling pathway (Mohamed et al., 2004), show the reporter
activity in a subset of the pre-otic field, with cells closest to the
neural tube displaying high levels of reporter activity and more
lateral ectoderm displaying little or no reporter activity (Ohyama et
al., 2006). To test whether Wnt signaling modulates a placode-
epidermis fate decision, B-catenin, a downstream molecule neces-
sary for canonical Wnt signaling pathway was conditionally inacti-
vated or activated in the pre-otic field using Pax2-Cre mice (Ohyama
et al., 2006). In B-catenin conditional knockout mice, the otic
placode is significantly reduced in size. Conversely, conditional
stabilization of B-catenin results in an expansion of a placode-like
thickening at the expense of non-placodal ectoderm (Fig. 5).

These results strongly suggest that canonical Wnt signaling
plays a crucial role in mediating a placode-epidermis fate decision
within the pre-otic field, with cells receiving high levels of Wnt
signaling differentiating as otic placode, while cells receiving little
or no Wnt signaling differentiating as epidermis. To date, there is
no direct evidence for the role of specific Wnt family members in
this placode-epidermis fate decision. In mouse, Wnt6 is expressed
in posterior surface ectoderm at E7.5 (T.O. and C. Jayasena,
unpublished observations). Wnt8a is expressed in rhombomere 4
at E8.0 (Bouillet et al., 1996) and little later, Wnt1 and Wnt3a start
to be expressed in the dorsal neural folds (Gavin et al., 1990).
Expression of other Wnt signaling components in the pre-otic field
has not been investigated in detail. However, one of the Wnt
receptors, frizzled-8 and a downstream transcription factor Tcf3
seem to be expressed in the anterior ectoderm at E7.5 (Lu et al.,
2004, Merrill et al., 2004). The Wnt8-Tcf3 pathway mediates body
axis formation (Popperl et al., 1997, Merrill et al., 2004) and unlike
Lefl or Tcfl, Tcf3 acts as a repressor (Merrill et al., 2001). Thus,
similar mechanisms might modulate a placode-epidermis fate
decision in the pre-otic field.

How do the Wnt and FGF signaling pathways interact to gener-
ate the otic placode? Several studies suggest a potential crosstalk
between Wnt and FGF pathways. For instance, chick Sox2 which
is expressed in the epiblast (Avilion et al., 2003) has a posterior
neural plate enhancer that is synergistically activated by FGFs and
Whnts. The Sox2 enhancer region contains both Lefl binding sites
and FGF-responsive elements and reporter assays have shown
that Wnt-dependent activation is significantly enhanced in the
presence of FGFs, while FGF alone activates the enhancer at low
level (Takemoto et al., 2006). Moreover, several lines of evidence
show that increased phosphorylation of GSK3[ by FGF signaling
(possibly via Akt) enhances the stabilization of (-catenin
(Hashimoto et al., 2002, Holnthoner et al., 2002, Israsena et al.,
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2004, Dailey et al., 2005). These results suggest that Wnt signal-
ing can only influence the placode-epidermis fate decision in the
presence of FGF signaling. It is also possible that other non-
diffusible signals such as Notch signaling are important to refine
the border between placode and epidermis. Martinez-Arias and
colleagues have proposed a model in which Wnt signaling acts as
atranscriptional noise filter (Arias and Hayward, 2006). They also
showed Notch modulates Wnt signaling by regulating the activity
of B-catenin (Hayward et al., 2005, Hayward et al., 2006). More-
over, in mouse epidermis, the Notch ligand Jaggedl has been
shown to be a target of B-catenin (Estrach et al., 2006). Thus,
crosstalk between Wnt and other signals may be necessary to
define the proper size of the otic placode.

It is also possible that FGF and Wnt signaling act indepen-
dently during otic placode induction. For example, our recent
studies show that activation of Wnt signaling represses the
epidermis-specific transcription factor Foxi2, whereas loss of Wnt
signaling causes an expansion of Foxi2 expression (Ohyama et
al., 2006). Wnt signaling could therefore simply be acting as a
permissive factor that defines the size of the otic placode by
repressing Foxi2, thus giving FGF free rein to induce otic genes
in a Foxi2-negative domain. Further gain- and loss-of-function
studies with both the Wnt pathway and epidermis-specific tran-
scriptional cascades will be required to more fully understand the
relationship between Wnt and FGF signaling in ear induction.

From ectoderm to otic placode: three steps and more?

The studies described above are starting to offer a more
detailed description of how naive ectoderm is induced to form
specific craniofacial placodes. First, ectoderm is induced to ex-
press pre-placodal genes in response to signals from anterior
mesoderm (including cardiac mesoderm) that include FGFs to-
gether with BMP and Wnt antagonists (Litsiou et al., 2005; see
article by Streitand colleaguesinthisissue). Second, more recent
evidence suggests that pre-placodal cells are all transiently
specified as having lens identity (Bailey et al., 2006), with subse-
quent signals restricting lens identity to only a small region of the
pre-placodal region. These two steps render ectoderm competent
torespond to placode-inducing signals —for example, pre-placodal
identity is necessary for ectoderm to respond to FGFs to induce
markers of the pre-otic field such as Pax2 (Martin and Groves,
2006). This induction of a competent pre-placodal region is likely
to also be required for the induction of other placodes — for
example, the response to FGF in nasal placode induction
(Bhattacharyya et al., 2004) and to neural tube-derived factors in
trigeminal placode induction (Baker et al., 1999). Finally, the
Pax2* pre-otic field is partitioned into epidermis and committed
otic placode tissue through the action of Wnt signaling (Ohyama
etal.,2006). An outstanding problem is to understand how similar
signals are deployed at different times during the process of
placode induction to produce different results. For example, FGF
signaling is crucial for the induction of pre-placodal genes (Litsiou
etal.,2005), butis also later required for the induction of the nasal
placode (Bhattacharyya et al., 2004), the pre-otic field (Martin and
Groves, 2006) and the zebrafish epibranchial placodes
(Nechiporuk et al., 2005, Nechiporuk et al., 2007, Nikaido et al.,
2007, Sun et al.,, 2007). Nevertheless, the use of molecular
biology and genetics is transforming the study of otic placode

induction from an embryological curiosity to give an increasingly
detailed molecular description of the genesis of one of the body’s
most complicated sensory organs.
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