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Editorial

Inner ear development entails a series of sequential inductive tissue
interactions where one tissue signals to direct the development of
adjacent tissue[s]. Inductive signals from mesodermal, endodermal,
and neuroectodermal origin control multiple aspects of early inner ear
formation. Signals arising from the endoderm and mesoderm that
underlie the presumptive otic field in the cephalic surface ectoderm
control induction of the otic placode from this region [1,2], whereas
signals emanating from the neuroepithelium of the hindbrain direct
invagination of the otic placode to form the otic vesicle. Subsequent
morphogenesis of the otic vesicle into the elaborate three-dimensional
inner ear occurs in response to yet another set of inductive
interactions, this time between the epithelium of the otic vesicle, from
which the cochlear and vestibular anlagen form, and the surrounding
periotic mesenchyme. Thus all tissue layers in and around the otic
region are involved in early inner ear development, and the likely
molecular signals leading to these interactions are discussed below.

Several members of the fibroblast growth factor (FGF) family from
various tissue sources act together to direct different stages of otic
vesicle formation [3]. The expression pattern of Fgf3 in the hindbrain
adjacent to the developing otic placode [4] originally implicated Fgf3
as a likely candidate in otic induction. Overexpression of Fgf3 in the
hindbrain of chicken embryos at a timepoint coincident with
invagination of the otic placode resulted in ectopic formation of otic
vesicles [2], whereas siRNA blockade of Fgf3 at this developmental
stage led to partially invaginated placodes or failure to close the otic
pits [2]. Thus in the chicken, Fgf3 is both sufficient and necessary for
invagination of the otic placode to form the otic vesicle.

However rather than there being any particular “master regulator”
of early inner ear development, it has become clear that several FGFs
are redundantly required to direct proper formation of the inner ear.
Expression patterns of Fgf3 and other FGF ligands (or Fgf genes)
partially overlap during inner ear formation, underscoring the
importance of defining compensatory relationships between FGFs
during this process. Besides FGF3, detection of Fgfl0 expression in the
hindbrain neuroepithelium coincides both temporally and spatially
with development of the otic placode and vesicle [3], supporting its
function as an inductive hindbrain-derived signal. Overexpression of
Fgf10 in the anterior hindbrain of the mouse leads to the formation of
ectopic vesicles that express markers confirming an early otic
character, although the complete repertoire of otic marker expression
was not obtained [3]. Overexpression of Fgf3 shows a more limited
capacity to act as a hindbrain-derived inductive signal. Interestingly,
mice homozygous for null mutation of either the Fgf3 [5] or Fgf10 [6]
genes revealed unaltered induction of the otic vesicle, and
development of seemingly normal albeit smaller otic vesicles.
However, otic vesicle formation is severely disturbed in mouse

embryos doubly mutant for Fgf3 and Fgfl0, evidenced in the most
affected cases by diminished vesicle size, severe reduction or absence
of otic markers, ventral shift of the otic vesicle and absence of the
cochleovestibular ganglion (see below) [3]. Taken together, these
findings suggest that Fgf3 is redundantly required with Fgf10 to elicit a
program of early inner ear formation.

Ectopic expression of FGF10 in the hindbrain is sufficient to rescue
the otic defects resulting from double mutation of Fgf3 and Fgf10 [3]
and interestingly, induces expression of yet another FGF ligand, Fgf8
in the hindbrain, a site where Fgf8 is not normally expressed in the
mouse [2]. During the early stages of inner ear development, Fgf8 is
detected in the preplacodal surface ectoderm, underlying mesoderm,
and pharyngeal endoderm [2,7,8,9,10] but is absent from the
hindbrain. However, early inner ear formation is not affected in Fgf8
mutant mice [2,9], suggesting that Fgf8 is not uniquely required and
may act redundantly with other FGF family members. In both
zebrafish [11,12] and mouse embryos, double mutation of Fgf3 and
Fgf8 during placode induction results in either absence of formation of
otic vesicles with a loss of expression of otic markers or in extremely
abnormal vesicles that are not able to undergo normal morphogenesis

(2].

In the chick, ablation of endoderm prior to otic induction results in
hypoplastic or absent otic placodes, indicating that this tissue is
required for otic induction. Fgf8 is expressed in the endoderm
underlying the otic-inducing mesoderm, and is both necessary and
sufficient for expression of Fgf19 in the mesodermal tissue [9]. This
has been demonstrated by reduced expression of Fgfl9 and
subsequent inhibition of otic placode formation in response to siRNA
knockdown of Fgf8; further, the rescue of the otic marker Pax2 by
Fgf19 in chick otic explants together supports FGF19 as a downstream
otic effector of the FGF8 signal. Interestingly Fgf19, which is initially
expressed in paraxial mesoderm and subsequently in the endoderm
[13], induces the chick neural ectoderm to express Fgf3 as well as
additional signals leading to otic induction [9]. Thus a cascade of FGF
signals governs otic formation. The expression pattern of Fgfl5, the
murine ortholog of Fgf19, and the absence of overt otic anomalies in
Fgf15 null mutant mice, however, does not support a role for Fgf15 in
otic induction in this species [14].

The role of FGF2 in inner ear formation is less clearly defined. In
Xenopus FGF2 can induce ectopic otic vesicles, however analysis of
otic marker expression was limited to the Wnt3a gene [15]. Whereas
implantation of FGF2-soaked beads in the chick induced ectopic cells
expressing a limited, but not complete program of otic markers [16],
misexpression of Fgf2 using retroviruses failed to show any obvious
effect on inner ear development [17]. This could be due to different
levels of the ligand supplied by the two modes of delivery or a species
difference. Although Fgf2 is expressed in the mouse otic placode,
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inactivation of the mouse gene revealed no overt morphological
changes nor molecular changes that were assayed. Taken together,
these findings suggest that the different responses to FGFs during
inner ear development may either be species specific [18] or reflect
differences intrinsic to experimental design [16].

Although our understanding of the role of FGFs in inner ear
development has thus far largely focused on otic induction by
hindbrain-derived signaling, there are subsequent developmental
events in which particular FGFs also clearly participate. A number of
FGFs are expressed within the otic epithelium itself that elicit different
developmental roles. Fgf3 and Fgfl0 are expressed in the antero-
ventral otocyst, in a region from where sensory cells and neuroblasts
originate [19,20]. It is therefore not surprising that the vestibulo-
acoustic ganglion is reduced in size in Fgf3 mouse mutants [5,21] and
defects in vestibular sensory neurons and hair cells are produced
following Fgf10 mutation [22]. Thus within the mouse, Fgf3 and Fgf10
are also required in a non-redundant manner for proper development
within the otic epithelium as well as the earlier hindbrain-signalling
events outlined above [23]. In addition, epithelial-derived FGF8 and
FGF20, expressed in the presumptive epithelial domain of the organ of
Corti, function in the specification of distinct cell types, in particular
pillar cells, one of the supporting cells found in the developing
auditory organ [24,25,26]. Similar to the mouse, in the chick, Fgf3 and
Fgfl0 function in normal development of the semicircular canals
[22,27], whereas Fgfs 2, 8, 10 and 19 influence different aspects of
vestibulo-cochlear neuronal development [28,16].

Formation of the surrounding cartilaginous otic capsule from
periotic mesenchyme is also dependent on interactions with otic
epithelial-derived signals. In vitro studies show that when substituted
for otic epithelium, FGF2 induces a chondrogenic response, albeit
limited, in cultured periotic mesenchyme. However when added in
combination with TGFp, a full chondrogenic response, comparable to
that which occurs in the presence of its inductive tissue (otic
epithelium) is evoked [29]. Furthermore, epithelial-induced
chondrogenesis can be inhibited in vitro by antibody blockade of these
signaling molecules. Taken together, these studies reveal that FGF2,
acting in concert with TGFp, is both necessary and sufficient to initiate
otic capsule chondrogenesis.

Acting alone, FGF3 endogenous to the otic epithelium can also
induce chondrogenesis in the developing otic capsule [30].
Interestingly, Fgf3 is downregulated in the otic vesicle by exposure to
levels of retinoic acid (RA) that can cause inner ear malformations and
capsule defects. Fgf3 is therefore a target of RA signaling that may also
be involved in capsule chondrogenesis [31,32,33]. Expression of Fgf10
is similarly modified within the otic epithelium by aberrant RA
exposure [31]. When cultures of periotic mesenchyme containing otic
epithelium are treated with high doses of RA, chondrogenesis is
suppressed and levels of Fgf3 and Fgfl0 are concomitantly reduced.
Otic capsule chondrogenesis can, however, be rescued by
supplementation of cultures with a combination of FGF3 and FGF10
ligands, suggesting that these FGFs are indeed subject to control
through RA signaling. Furthermore, recent studies show that the
transcription factor GATA3 is a direct upstream regulator of Fgfl0
that activates inner ear transcription [23].

In summary, multiple FGF ligands from various embryonic tissue
sources act in concert to direct proper formation of the inner ear.
Signaling by FGFs are required at several stages of inner ear
development, initially for induction of the otic placode/vesicle but also
subsequently to direct patterning and morphogenesis of the

developing otic vesicle, capsule and vestibulo-acoustic ganglion to
form the complex three-dimensional inner ear.
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