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a b s t r a c t

For both the intricate morphogenetic layout of the sensory cells in the ear and the elegantly radial
arrangement of the sensory neurons in the nose, numerous signaling molecules and genetic determi-
nants are required in concert to generate these specialized neuronal populations that help connect us to
our environment. In this review, we outline many of the proteins and pathways that play essential roles
in the differentiation of otic and olfactory neurons and their integration into their non-neuronal support
structures. In both cases, well-known signaling pathways together with region-specific factors transform
thickened ectodermal placodes into complex sense organs containing numerous, diverse neuronal
subtypes. Olfactory and otic placodes, in combination with migratory neural crest stem cells, generate
highly specialized subtypes of neuronal cells that sense sound, position and movement in space, odors
and pheromones throughout our lives.

& 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).

Introduction

The vertebrate ear and nose share interesting similarities as well
as important differences in their modes of sensation. Both sensory
systems can detect a vast array of distinct environmental stimuli:
the human nose can detect up to 400,000 different odors (Mori
et al., 2006), while the inner ear can distinguish a wide range of
sounds by amplitude, quality and frequency, and detect different
vestibular stimuli (gravity, and linear and angular acceleration).
However, the strategies employed by the nose and the inner ear
differ significantly regarding the modes of transmission to the brain
and discrimination between distinct inputs. Whereas olfactory
sensory neurons (OSNs) are primary sensory receptor cells, with
axons that project directly to the olfactory bulb, hair cells of the
inner ear are secondary sensory receptor cells, lacking an axon. Hair
cells convey sound and balance information to the brain indirectly
via afferent auditory and vestibular neurons in the VIIIth ganglion
(ganglion of the VIIIth (statoacoustic) cranial nerve) (Fig. 1A and B).
For the purposes of this review, we will consider both otic neurons
and sensory hair cells as neuronal cell types, and use the terms
neurogenesis and sensorigenesis, respectively, to describe their
generation. Otic and olfactory neurogenesis are highly similar
processes, each following a sequence of commitment to a neural

fate, initiation of neurogenic divisions to generate neuronal pre-
cursors and differentiation via the expression of bHLH genes.

In the olfactory system, sensory neurons are specialized to each
detect a single odorant. In the mouse, for example, there are 1200
distinct odorant genes, with generally only one (or a few) expressed
by each OSN, thus determining the cell's spectral response (Buck and
Axel, 1991). No such receptor specificity exists in the inner ear hair
cells. Instead, mechanical forces displace specialized stereociliary
bundles such that deflection of the bundles opens ion channels that
modulate the cells' membrane potential (Corey, 2009). In the ear,
sensory epithelia responsible for detection of auditory and vestibular
inputs are segregated into distinct compartments, and along the
mammalian cochlea, differences in frequency sensitivity generate a
tonotopic map that in turn is transmitted to the brain. Here, we
review current knowledge of the process of development of the
olfactory and otic systems, describing their common traits and
highlighting their interesting differences, particularly with respect
to neurogenesis. We also refer the reader to a number of previous
excellent reviews (Fritzsch et al., 2006a, 2006b, 2010; Kelley, 2006b,
2006a, 2009; Sanchez-Calderon et al., 2007; Alsina et al., 2009;
DeMaria and Ngai, 2010; Gokoffski et al., 2010; Treloar et al., 2010;
Bazáes et al., 2013; Miyasaka et al., 2013; Rodriguez, 2013).

Origin of olfactory and otic placodes

In vertebrates, all peripheral sensory neurons arise from two
specialized regions of ectoderm that form at the border of the
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neural plate: the cranial placodes and the neural crest. Placodes
are regions of condensed ectoderm arising in the head region that
give rise to both non-neural (lens and adenohypophyseal pla-
codes) and neural structures. The neurogenic placodes include the
olfactory, trigeminal, profundal, lateral line, otic and epibranchial
placodes (Schlosser, 2010). Most neurogenic placodes give rise
solely to sensory neurons and associated structures. By contrast,
the olfactory and otic placodes give rise to both neural and non-
neural structures in the nose and the inner ear, respectively.
Moreover, throughout development, both organs undergo a series
of cellular rearrangements that spatially distribute their emerging
cell types in precise anatomical positions.

Development of the placode-derived sensory organs is a multi-
step process. It starts with subdivision of the embryonic ectoderm
into epidermal ectoderm, neural ectoderm and the neural plate
border region, as reviewed in Groves and LaBonne (this issue).
While anterior placodal cells (e.g. olfactory, adenohypophyseal,
and lens) express Six3, Pax6 and Otx2 and emerge in the late
gastrula (Ahrens and Schlosser, 2005; Sjödal et al., 2007), posterior
placodal cells (e.g. otic and epibranchial) express Irx3, Pax2 and
Gbx2, and emerge later at the neurula stage in the lateral posterior
neural border (reviewed in Schlosser (2006)). Thus, induction of
olfactory and otic placodes occurs at different time points and

locations in the early embryo. After induction, both olfactory and
otic placodes invaginate (or cavitate in zebrafish), transforming
from a thickened sheet of ectoderm into a pit and then an
epithelial vesicle that is initially a single cell layer thick. Subse-
quently, the olfactory and otic epithelia transform into multi-
layered structures and undergo neurogenesis. The otic placode
must undergo further extensive morphogenesis to give rise to the
semicircular canal ducts and sensory chambers of the inner ear.

Early establishment of neural competence and a neurogenic
domain

During placodal development, a critical first step is the delinea-
tion of neurogenic versus non-neurogenic domains in the emerging
placode. Several models for placode induction and acquisition of
neurogenic competence have been discussed in the literature. One
possibility is that induced placodes are inherently neurogenic.
Alternatively, there may be a more general neurogenic inductive
event, followed by restriction or independent specification of
neurogenic and non-neurogenic fates. Interestingly, regardless of
the sequence of events, similar underlying molecular programs are
involved in both the otic and olfactory placodes (Fig. 1C).

Fig. 1. (A) Schematic drawing of an adult zebrafish and mouse inner ear, their sensory patches and approximate position of the VIIIth ganglion (SAG). (B) Schematic drawing
of the olfactory system in an adult zebrafish (dorsal view) and mouse (lateral view; sagittal section). (C) Signals and genetic networks involved in the establishment of the
neurogenic region in the otic (left) and olfactory (right) placode during development. Abbreviations: a: anterior, AOB: accessory olfactory bulb, asc: anterior semicircular
canal, l: lagena, lsc: lateral semicircular canal, MOE: main olfactory epithelium, MOB: main olfactory bulb, NC: nasal cavity, OB: olfactory bulb, OC: organ of Corti in the
cochlea, OE: olfactory epithelium, p: posterior, psc: posterior semicircular canal, SAG: statoacoustic ganglion (VIIIth ganglion), SVG: spiral and vestibular ganglia (VIIIth
ganglion), and VNO: vomeronasal organ.

E.C. Maier et al. / Developmental Biology 389 (2014) 50–67 51



Olfactory

Olfactory placodal cells are specified at the gastrula stage
(Hamburger and Hamilton stage 4 (HH4)). Explants isolated from
the anterior border region give rise to cells of either lens or
olfactory identity in distinct regions, while slightly later, at the
neural fold stage (HH8), olfactory and lens placodal cells become
spatially separated (Sjödal et al., 2007). Explants of presumptive
olfactory tissue isolated from both gastrula and neurula stage
embryos cultured in vitro give rise to neuronal cells of olfactory
placodal identity which express markers for olfactory post-mitotic
neurons (Sjödal et al., 2007; Maier and Gunhaga, 2009). This
suggests that, once specified, presumptive olfactory placodal cells
have neurogenic potential.

As development proceeds, presumptive olfactory placodal cells
mature, and change in their responsiveness to BMP signaling.
Whereas at early stages BMP induces prospective lens placodal
character in olfactory placodal explants, at later stages, BMP
signaling promotes respiratory epithelial non-neurogenic olfactory
fates in chick and mouse (Sjödal et al., 2007; Maier et al., 2010).
Fgf8 is expressed anteriorly, and is required for the emergence of
sensory olfactory epithelial cells. FGF signals also act to restrict the
range of BMP activity in the nasal epithelium, limiting the extent
of the respiratory epithelium (Maier et al., 2010). Thus, BMP
signaling at later stages is required for the emergence of the
non-neurogenic olfactory domain, while FGF signaling is required
to maintain the neurogenic region. Raldh3 expression overlaps
with the Fgf8 expression domain, whereas Bmp4 is expressed
posteriorly. This raises the interesting possibility that RA, FGF and
BMP signaling act to subdivide the olfactory placode and regulate
the coordinated emergence of neurons (Fig. 1C).

Hes1 homologs are expressed in the future olfactory domain,
where they act as prepatterning genes that define the neurogenic
region. In addition, they play a later role in neurogenesis in mouse,
chick and zebrafish (Cau et al., 2000; Thisse and Thisse, 2005; Maier
and Gunhaga, 2009). These data suggest conserved functions of
Hes-like genes during olfactory development throughout verte-
brates. In addition to Hes genes, mutation of Sox2 and its cofactor
Oct1 affects nasal development upstream of Pax6 (Donner et al.,
2007), suggesting a role for these factors in olfactory development.

Otic

The otic placode becomes subdivided into an anterior neuro-
genic and posterior non-neurogenic domain. The neurogenic
domain gives rise to the neurons of the VIIIth ganglion (statoa-
coustic ganglion, vestibuloacoustic ganglion, or vestibular and
spiral ganglia, depending on species). This domain is likely to
overlap with a broad zone of sensory competence that gives rise to
the sensory hair cells in chick and mouse (Satoh and Fekete, 2005;
Raft et al., 2007), since macular hair cells derive from a common
neurog1-positive precursor that also gives rise to neurons (see
below). In the fish, sensory hair cells arise at both the anterior and
posterior poles of the otic vesicle (Haddon and Lewis, 1996).
Although both sensory hair cell and neuronal lineages share many
common regulatory features, recent data in zebrafish indicate that
competence to form the neuronal lineage precedes that to form
the sensory lineage (Hans et al., 2013). Manipulations in dlx3b/4b
or foxi1 reveal a role for these transcription factor genes in
acquisition of sensory versus neuronal competence, respectively.
This developmental decision occurs early, during induction of the
otic-epibranchial precursor domain. In embryos carrying a homo-
zygous deletion that removes dlx3b, dlx4b and sox9a genes (b380
mutants), almost all otic fates, including the sensory lineage, are
lost. Nevertheless, expression of otic neuroblast markers (neurod,
cdh6) persists. Conversely, mutation of foxi1 compromises otic

neurogenesis, while sensory cells still form. Morpholino-mediated
knockdown of foxi1 in b380 mutants results in the loss of both
sensory and neuroblast fates in the ear (Hans et al., 2013). Thus, in
zebrafish, otic neuronal competence is critically dependent on
foxi1 function, while dlx3b/4b genes promote sensory competence.
It still remains to be elucidated whether a similar mechanism
occurs in other species.

Sox3 and Sox2 have been implicated in acquisition of neural
(both sensory and neuronal) competence downstream of FGF
signaling (Abelló et al., 2010). Disruption of Sox2 in mouse impairs
formation of the sensory domain (Kiernan et al., 2005). Sox2
directly binds to the Atoh1 promoter and activates its expression
(Kiernan et al., 2005; Neves et al., 2012), acting in a feed-forward
loop with other bHLH factors, and in co-operation with Six1,
upstream of Atoh1 (Ahmed et al., 2012; Neves et al., 2012).
In addition, Sox2, possibly together with Sox3, drives neuronal
differentiation in the chick ear (Neves et al., 2012) and may play a
role in acquisition of otic sensory competence in the zebrafish
(Sweet et al., 2011).

Tbx1, a T box transcription factor, acts to restrict the extent of
the neurogenic domain in the otic vesicle: it is expressed in the
non-neurogenic domain of the otic epithelium in mouse and
zebrafish, and the neurogenic domain is expanded in Tbx1mutants
in both species (Raft et al., 2004; Radosevic et al., 2011). In
zebrafish, Tbx1 acts through the Hairy/Enhancer of Split (Hes)
gene her9, which is co-expressed with tbx1. Morpholino-mediated
knockdown of her9 results in a similar expansion of the neuro-
genic domain (Radosevic et al., 2011). At least four additional Hes-
like genes are expressed in the otic placode and vesicle in
zebrafish (Thisse and Thisse, 2005; Gajewski et al., 2006), raising
the possibility that Hes-like genes also might be involved in
neurogenic patterning.

Expression of Tbx1 in the ear is regulated by extrinsic signaling
factors. The retinoic acid (RA) synthesizing enzyme gene Raldh2 is
expressed in the mesoderm surrounding the otic placode and is
required to specify Tbx1-positive cells in zebrafish, chick and
mouse (Bok et al., 2011; Radosevic et al., 2011). It is likely that
RA regulates Tbx1 expression directly during a narrow temporal
window (Bok et al., 2011). By contrast, otic tbx1 expression is
repressed in zebrafish embryos with over-active Hedgehog (Hh)
signaling (Hammond et al., 2010), and is induced by Hh inhibition
(Radosevic et al., 2011). Thus, RA and Hh signaling appear to play a
role in positioning the boundary between neurogenic and non-
neurogenic domains in the ear.

BMP signaling also affects gene expression (Lmx1b) in the non-
neurogenic domain of the otic placode/vesicle/cup, but has no
effect on Sox3 expression and neurogenic fate (Abelló et al., 2010).
In chick, members of the Delta/Notch pathway are differentially
expressed in the otic placode/cup: Delta1, Hes5 and Lunatic fringe
are restricted to the neurogenic domain, while Serrate1 and Hairy1
are expressed in the non-neurogenic domain (Abelló et al., 2007).
Notch inhibition in neurula stage chick embryos causes expansion
of the non-neurogenic domain and overproduction of neural
precursors in the remaining neurogenic region (Abelló et al.,
2007). Thus, Notch signaling is required to restrict the non-
neurogenic domain. In zebrafish mindbomb mutants, in which
Notch signaling is disrupted, increased numbers of neuroblasts
and sensory hair cells develop in the ear (Haddon et al., 1998;
Haddon et al., 1999).

FGF genes are also expressed around the otic placode/vesicle and
later in the otic vesicle itself. Like BMPs, FGFs play important roles
at multiple steps of otic development. In both chick and zebrafish,
otic Sox3 expression is dependent on FGF signaling (Nikaido et al.,
2007; Sun et al., 2007; Abelló et al., 2010). In zebrafish embryos
treated with the FGF inhibitor SU5402 after formation of the otic
placode, expression of neurod in the developing otic ganglion is
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reduced, whereas ubiquitous over-expression of fgf3 at the 10
somite (early placode) stage results in the duplication of a neurod-
expressing domain at the posterior of the ear (Hammond and
Whitfield, 2011). Taken together, these results demonstrate both the
requirement and sufficiency of FGF for early otic neurogenic
development, in addition to its roles in the neuronal (Alsina et al.,
2004; Vemaraju et al., 2012) and sensory lineages (Millimaki et al.,
2007; Sweet et al., 2011) at later stages.

In conclusion, the same signaling pathways regulate the early
patterning events that lead to the generation of neurogenic and
non-neurogenic territories, with some similarities and some
differences between the olfactory and otic placodes (Fig. 1C). In
both systems, FGF signaling promotes neurogenic character,
whereas BMP promotes non-neurogenic character. RA, on the
other hand, acts as a positive regulator of neurogenic fate in the
olfactory placode, but acts as a negative regulator of neurogenic
fate in the otic placode.

Dual placode and neural crest contributions to otic and
olfactory derivatives

The notion that placodes contribute exclusively to all cell types
in mature sensory organs—with the known exceptions of periph-
eral glia of all sensory ganglia, and intermediate cells of the
mammalian cochlea, which originate in the neural crest—has been
challenged over the last few years. Recently, a neural crest
contribution has been reported for both neuronal and non-
neuronal components of the otic and olfactory systems (Dutton
et al., 2009; Barraud et al., 2010; Forni et al., 2011; Freyer et al.,
2011; Katoh et al., 2011; Saxena et al., 2013).

Occasional contribution of neural crest cells to the ear has been
demonstrated in zebrafish embryos. Single-cell labeling of neural
crest cells located at the level of rhombomere 4 revealed a small
proportion of clones that contributed to the early otic vesicle,
though most of these cells were lost by the third day of develop-
ment (Dutton et al., 2009). Transgenic labeling studies in mouse,
using driver lines expressing GFP in neuroepithelial cells, claim a
more substantial neuroepithelial (and possibly neural crest) con-
tribution to the inner ear and VIIIth ganglion (Freyer et al., 2011).
However, these results remain controversial, given the recently
raised problems with some of the Cre driver lines used for these
studies (Lewis et al., 2013).

In zebrafish, a recent study provides support for the neural
crest origin of microvillous sensory neurons within the olfactory
epithelium using lineage analysis of early migrating neural crest
cells via photoconversion (Saxena et al., 2013). Neural crest cells
surround the olfactory capsule and a subpopulation intercalates
into the olfactory epithelium, differentiating into microvillous
neurons. Moreover, ablation of the neural crest caused a depletion
of microvillous neurons in the nose but had only a minimal effect
on the ciliated neurons, suggesting that placodal cells cannot
compensate for the loss of neural crest-derived sensory neurons.
Taken together, these studies indicate that neural crest cells may
contribute to various lineages in the nose and inner ear of
zebrafish. It is not clear whether this finding can be generalized
to mammals; more detailed lineage studies are necessary to
resolve this important question.

One additional cell type that is now considered to be a neural
crest derivative in several species is the olfactory ensheathing cell.
Olfactory ensheathing cells myelinate the olfactory nerve and are
of great interest due to their clinical potential to promote axon
regeneration in the CNS (Kawaja et al., 2009). Although it had been
assumed that olfactory ensheathing cells derive from the olfactory
placode (Couly and Le Douarin, 1985), fate mapping studies in
chick and mouse recently have suggested that olfactory ensheathing

cells are in fact neural crest-derived (Barraud et al., 2010; Forni
et al., 2011; Katoh et al., 2011). In addition, cells of neural crest
origin have been detected in the embryonic and postnatal olfactory
epithelium, where they may contribute to horizontal basal cells,
globose basal cells, sustentacular cells and Bowman glands/ducts
(Katoh et al., 2011). Forni and colleagues (Forni et al., 2011) detected
a similar range of neural crest-derived cell types as well as olfactory
marker protein (OMP)-positive olfactory sensory neurons and a
neural crest contribution to the vomeronasal organ. As mentioned
above, the issues with many of the Cre lines used in the experi-
ments mean that further confirmation will be required for these
results.

In the chick ear, cochleo-vestibular glia derive from neural crest
cells (D’Amico-Martel and Noden, 1983; Hemond and Morest,
1991) and develop in tandem with the otic sensory neurons to
guide their projection to the CNS (Sandell et al., 2014).

Neurogenesis in the olfactory and otic placodes

In the olfactory system, neurogenesis occurs throughout life
such that there is a steady-state production of OSNs to replace
damaged neurons. Two phases of olfactory neurogenesis have
been described (Fig. 2G–M and O). First, primary neurogenesis
occurs in the invaginating placode, establishing the basic struc-
tures of the olfactory epithelium and giving rise to a number of
migratory neuronal cell populations that move to the olfactory
bulb (Valverde et al., 1993; Drapkin and Silverman, 1999; Fornaro
et al., 2003; Kawauchi et al., 2004; Maier and Gunhaga, 2009;
Miller et al., 2010). Primary neurogenesis starts at approximately
E10 in mouse and HH14 in chick (Kawauchi et al., 2005; Maier and
Gunhaga, 2009) (Fig. 2G). A second wave of neurogenesis, termed
established neurogenesis, occurs in the maturing pseudo-stratified
epithelium (Fig. 2H). Here, stem cells give rise to transit amplifying
neuronal progenitors, which in turn form immature neuronal
precursors and finally give rise to OSNs (Calof et al., 2002).

Otic neurogenesis begins at the otic placode stage and proceeds
until late stages of otic development (Fig. 2A–F and N). The
duration of otic neurogenesis has not fully been determined, but
in chick, neurogenesis proceeds at least until E6 (Bell et al., 2008).
From E9 in mouse and 17 hours post fertilization (hpf) in zebrafish,
neuroblasts begin to delaminate from the otic vesicle, migrate
away and coalesce anteriorly to the otic vesicle to form the VIIIth
ganglion (Carney and Silver, 1983; Haddon and Lewis, 1996;
Vemaraju et al., 2012). In zebrafish, otic neuroblast specification
and delamination peaks at around 24 hpf but continues until
42 hpf (Haddon and Lewis, 1996; Vemaraju et al., 2012). Prolifera-
tion continues in neuroblasts from the statoacoustic ganglia in a
series of transit-amplifying divisions that expand the pool of
neuronal progenitors (Alsina et al., 2003). In contrast to olfactory
neurogenesis, no otic neurogenesis during adulthood has been
reported in mammals to date.

Intrinsic factors regulating neurogenesis

As cells progress from neural progenitor to mature neuron,
distinct sets of transcription factors are expressed at different
developmental times. Members of the Sox-B1-type SRY transcrip-
tion factor family (Sox2) and of the bHLH transcription factor
family (Neurog1) are expressed in most neurogenic tissues,
including the otic and olfactory placodes (Fig. 2N and O).

Intrinsic factors regulating olfactory neurogenesis
During murine olfactory development, Sox2 is expressed

throughout the prospective neuroepithelium of the invaginating
placode from E10.5 onwards, in a pattern similar to Hes1/Hes5
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Fig. 2. (A) Schematic drawing comparing the prospective neurogenic region in the otic placode from a 14 somite stage (ss) zebrafish embryo and a 14ss chick embryo. In the
zebrafish, the sensory marker atoh1b is already expressed at 14ss (Millimaki et al., 2007), slightly ahead of the neurogenic marker neurog1 at 16ss (Radosevic et al., 2011). By
contrast, in the chick, expression of ngn1 appears before the expression of sensory markers. (B) Schematic drawing depicting the delaminating neuroblasts and the
developing sensory patches in the otic vesicle at comparable developmental stages in zebrafish and chick. (C) In situ hybridization showing neuroblasts (neuroD, blue) and
sensory patches (red; unpublished sensory marker) in a 26 hours post fertilization (hpf) zebrafish otic vesicle. Lateral view; anterior to left. (D) Confocal z-stack projection of
a Tg(pou4f3:GFP) zebrafish otic vesicle marking hair cells in the developing sensory patches at 56 hpf. Lateral view; anterior to top left, dorsal to top right. (E) In situ
hybridization showing neuroblasts (neuroD, blue) in an E3 chick otic vesicle. Coronal section; anterior to the left, dorsal up. (F) In situ hybridization (Sox2, blue, marking
sensory epithelia) and immunohistochemistry (β-Tubulin, brown, marking neuronal structures) in an E6 chick otic vesicle. Transverse section; medial to the left, dorsal up.
(G) Schematic drawing depicting stages of olfactory placode development and primary neurogenesis in the mouse (coronal section). (H) Schematic drawing depicting the
developmental stage that marks the transition from primary to established neurogenesis in mouse. (I) Example of primary neurogenesis in the zebrafish olfactory system.
Confocal z-stack of antibody staining at 53 hpf: Tg(–4.9sox10:eGFP) (Wada et al., 2005; Carney et al., 2006) labels neural crest-derived microvillous neurons (Saxena et al.,
2013), green; HuC/D labels post-mitotic neurons, red; nuclear stain, blue. Orientation arrows: D: dorsal; V: ventral; and L: lateral. Scale bar: 30 μm. (J–L) Examples of primary
neurogenesis in the chick olfactory system. HuC/D labels post-mitotic neurons, red; Lhx2 labels progenitor cells and differentiated OSNs, green. (M) Schematic drawing
depicting the layered morphology of the olfactory epithelium during established neurogenesis stages. (N) Scheme depicting the genetic network controlling neurogenesis in
the inner ear. (O) Scheme depicting neurogenesis in the olfactory epithelium. Abbreviations: aGN: auditory ganglion neuron, bp: basilar papilla, c: crista, d: dorsal, dpf: days
post fertilization, FB: forebrain, gBC: globose basal cell, HC: hair cell, hBC: horizontal basal cell, hpf: hours post fertilization, iOSN: immature olfactory sensory neuron,
l: lateral, MM: migratory mass, mOSN: mature olfactory sensory neuron, OB: olfactory bulb, OE: olfactory epithelium, OP: olfactory placode, OPit: olfactory pit, RE:
respiratory epithelium, sm: saccular macula, ss: somite stage; SUS: sustentacular cells, um: utricular macula, v: ventral, and vGN: vestibular ganglion neuron.
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(Cau et al., 2000; Kawauchi et al., 2005). Sox2 is co-expressed with
Fgf8 at the rim of the invaginating placode. In Fgf8 null mutant
mice, these Sox2-expressing cells undergo apoptosis, and neuro-
genesis fails to occur (Kawauchi et al., 2005). Later (from E11.5
onwards), Sox2 expression in the olfactory epithelium appears
graded (high medial, low lateral). Some Sox2-positive cells co-
express Ascl1 and mainly reside in the medial olfactory epithe-
lium, where they divide rapidly (Tucker et al., 2010). Elevation of
Sox2 expression in lateral olfactory epithelium, where it is nor-
mally low, enhances neurogenesis. Thus, Sox2 functions as a dose-
dependent regulator of precursor state in the olfactory epithelium.
In the adult olfactory epithelium, Pax6 and Sox2 are expressed in
basal cells and are upregulated before Ascl1 expression after
damage (Shetty et al., 2005; Guo et al., 2010) (Fig. 2O).

During olfactory epithelial development, Hes genes have been
implicated as pre-patterning genes that define the neurogenic
domain within the olfactory placode at early stages (Cau et al.,
2000; Maier and Gunhaga, 2009). Later, they control the number
of neural progenitors by negatively regulating neurogenesis (Cau
et al., 2000). Ascl1 is expressed in both the developing and
established olfactory epithelium and is a marker for transient
amplifying neuronal progenitors (DeHamer et al., 1994; Gordon
et al., 1995; Cau et al., 2000; Calof et al., 2002; Beites et al., 2005).
Loss of Ascl1 function leads to a severe reduction of OSNs in the
olfactory epithelium (Guillemot et al., 1993). Ascl1 acts upstream
of Neurogenin1 (Neurog1) and NeuroD in the OSN lineage and is
required to initiate OSN differentiation (Cau et al., 1997). In the
absence of Ascl1 function, progenitor cells fail to differentiate and
levels of both proliferation and apoptosis in the olfactory epithe-
lium increase, with surplus proliferating cells expressing markers
of both neuronal progenitors (Ascl1 30UTR) and supporting cells
(Steel) (Murray et al., 2003). Ascl1-positive cells mature into
Neurog1-expressing neurons. Accordingly, olfactory neuron differ-
entiation is blocked in Neurog1 null mutant mice (Cau et al., 2002).
The Forkhead family member Foxg1 is expressed in the developing
mouse olfactory placode in a pattern similar to Sox2 (Duggan et al.,
2008). Foxg1-positive cells are located basally in the olfactory
epithelium, and both mice and zebrafish lacking Foxg1 have
impaired differentiation of OSNs (Duggan et al., 2008; Kawauchi
et al., 2009).

NeuroD is expressed late in Neurog1-positive progenitors when
they start differentiating (Cau et al., 1997). After birth, NeuroD-
positive cells in mice co-express Runx1 (Theriault et al., 2005),
which may act at the transition between immature neuronal
precursor and OSN. Runx1 is sufficient to expand the mitotic
population in vitro (Theriault et al., 2005), making it a possible
co-ordinator of proliferation and differentiation during olfactory
neuron development. The LIM-homeobox gene Lhx2 is expressed in
both progenitor cells and olfactory neurons (Hirota and Mombaerts,
2004; Kolterud et al., 2004). In Lhx2 null mutant mice, both Ascl1-
positive and Neurog1-positive neuronal progenitors are normally
distributed, but the expression of Neurod1 and apoptosis markers is
increased and expression of late differentiation markers is reduced
(Hirota and Mombaerts, 2004; Kolterud et al., 2004).

Intrinsic factors regulating otic neurogenesis
The inner ear expresses members of the atonal family. Neurog1

is the earliest determination factor for the domain of neuronal
precursors (Adam et al., 1998; Ma et al., 1998; Andermann et al.,
2002). From this region, neuronal precursors are singled out by
Notch-mediated lateral inhibition (Adam et al., 1998; Haddon
et al., 1998). Cells expressing high levels of Neurog1/Delta1
become neuronal precursors, retaining expression of Sox2/3 and
activating Hes5 expression in their neighbors. High levels of
Neurog1 or Delta1 activate other bHLH genes such as NeuroD4/

NeuroM followed by NeuroD1 (Adam et al., 1998; Kim et al., 2001;
Bell et al., 2008). NeuroD1 has been shown to be essential for
neuroblast delamination and survival (Kim et al., 2001) (Fig. 2N).

In the mouse, neuroblasts emigrate from a small domain of the
otic vesicle that includes precursors of the utricular and saccular
macula (Raft et al., 2007). Interestingly, neuroblasts exiting the
epibranchial placodal epithelium in chick do not express charac-
teristic epithelial-to-mesenchymal transition (EMT) markers such
as Snail2, nor do they adopt a mesenchymal phenotype (Graham
et al., 2007). It remains to be seen if this is a general feature of all
placodal neurogenesis; however, the snail2 gene is expressed in
the neurogenic region of the zebrafish otic vesicle (Whitfield et al.,
2002). Once they have migrated to the site of the VIIIth ganglion,
otic neuroblasts express transcription factors such as Islet1 or
POU4f1 (Huang et al., 2001; Radde-Gallwitz et al., 2004), together
with the survival factor IGF1 (Camarero et al., 2001). In mouse,
neuronal subtype identity (cochlear versus vestibular) correlates
with the expression of the zinc finger transcription factor Gata3,
which is initially expressed throughout the otic epithelium but
becomes largely restricted to auditory neurons (Karis et al., 2001;
Lawoko-Kerali et al., 2004; Jones and Warchol, 2009; Lu et al.,
2011). Neurons are still generated in Gata3 mutant mice, but a
severe reduction in sensory cochlear neurons has been reported
(Karis et al., 2001; Duncan and Fritzsch, 2013). The transcription
factors Lmx1a and Tlx3 have been implicated in the regulation of
vestibular neuron development. Lmx1a is co-expressed with Gata3
in neurogenic regions of the otic vesicle. Mice with disrupted
Lmx1a (dreher mutants) have increased numbers of vestibular
neurons; Tlx3 is upregulated, but Gata3 is not affected (Koo
et al., 2009). Tlx3 is only expressed in vestibular neurons (Koo
et al., 2009; Lu et al., 2011), but its precise function is currently
unknown. Other factors, such as birth date, position and further
signaling may determine whether the neurons innervate auditory
or vestibular cells (Bell et al., 2008; Sapède and Pujades, 2010).

Intrinsic factors regulating otic sensorigenesis
Sensory hair cells are produced from sensory stem cells that

express Sox2. The shared expression of Sox2 in the neurogenic and
sensory stem cells may indicate a putative common progenitor for
both hair cells and neurons. However, in chick, data indicate that
otic neurons share common progenitors only with hair cells of the
utricular macula (Satoh and Fekete, 2005). In mice, cell lineage
tracing experiments using the Neurog1 reporter transgenic mouse
further support the interpretation that not all hair cells derive
from a common progenitor with the neurons. Only hair cells of the
utricular and saccular maculae derive from a progenitor expres-
sing Neurog1 at early time points (Raft et al., 2007). Similarly, in
zebrafish, a common progenitor giving rise to both sensory
neurons and hair cells of the posterior macula has only been
described in the posterior domain of the placode (Sapède et al.,
2012). Choice of neuronal or sensory fate by the daughter cells of
such a common progenitor might depend on the balance between
the proneural factors Neurog1 and Atoh1, which cross-regulate
each other (Raft et al., 2007). Although the signals that promote
the extinction of Neurog1 expression together with an increase of
Atoh1 are still not well defined, Notch and BMP4 signaling path-
ways are likely to be key mediators of this process (Cole et al.,
2000; Daudet and Lewis, 2005; Pujades et al., 2006; Kamaid et al.,
2010; Jeon et al., 2011) (Fig. 2N).

Activation of the proneural gene Atoh1 is indicative of sensory
hair cell differentiation. Loss of Atoh1 in mice or zebrafish results in
loss of hair cells; conversely, its over-expression results in ectopic
hair cell formation (Bermingham et al., 1999; Zheng and Gao,
2000; Chen et al., 2002; Woods et al., 2004; Millimaki et al., 2007;
Liu et al., 2012; Xu et al., 2012; Yang et al., 2012). In chick,
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sensorigenesis (marked by the expression of Atoh1) lags behind
neurogenesis (marked by the expression of Neurog1) by several
days (Adam et al., 1998; Pujades et al., 2006). However, in zebrafish,
atoh1 expression precedes neurog1 expression (Millimaki et al.,
2007; Radosevic et al., 2011). Conditional deletion of Atoh1 function
at later stages of cochlear development revealed additional roles in
hair cell survival and stereocilia bundle formation (Cai et al., 2013;
Chonko et al., 2013). Interestingly, loss of Atoh1 leads not only to a
loss of hair cells but also supporting cells (Bermingham et al., 1999;
Chen et al., 2002; Driver et al., 2013).

In contrast to its role during neurogenesis, Notch signaling has
a dual function in sensorigenesis; it initially promotes a broad
sensory fate by a lateral induction mechanism mediated by
Jagged1 (Kiernan et al., 2001; Kiernan et al., 2006) and secondly
selects hair cells from support cells in a classical lateral inhibition
mechanism mediated by Delta1 (Haddon et al., 1998; Lanford
et al., 1999; Daudet and Lewis, 2005; Daudet et al., 2007);
reviewed in Neves et al. (2013).

Extrinsic factors regulating neurogenesis

Extrinsic signaling molecules control the transition between the
stem cell precursor and differentiated fate choice outlined above,
together with the acquisition of new expression domains of intrinsic
transcriptional regulators. In addition, extrinsic signaling events
impact on proliferation, cell survival, cell death and—at later stages
of olfactory neurogenesis—cell position in the epithelium.

Extrinsic factors regulating olfactory neurogenesis
During early olfactory development, FGF, BMP, RA and Notch

signaling have all been implicated in the regulation of neurogen-
esis in the invaginating olfactory pit in mouse and chick (Kawauchi
et al., 2005; Maier et al., 2010, 2011; Paschaki et al., 2013). These
pathways are also implicated in the regulation of olfactory
neurogenesis at later stages, both during the embryonic phase of
established neurogenesis and postnatally.

At early stages, Fgf8 is expressed in the rim of the invaginating
olfactory placode, where it defines a morphogenetic center that is
crucial for neurogenesis, cell proliferation and morphogenesis
(Kawauchi et al., 2005; Maier, 2009; Maier et al., 2010). In the
absence of FGF signaling, the olfactory pit fails to invaginate in
both mouse and chick (Kawauchi et al., 2005; Maier et al., 2010),
and the remaining cells are of respiratory olfactory character
(Maier et al., 2010). In part, FGF acts to counteract posteriorly
emanating BMP signaling, as pSmad1/5/8 levels are raised in the
absence of FGF signaling both in vitro and in vivo (Maier et al.,
2010). In mouse, Fgf18 starts to be expressed in the olfactory
epithelium from around E12.5 (Kawauchi et al., 2005) while Fgf2 is
expressed in the olfactory epithelium after birth (Hsu et al., 2001;
Kawauchi et al., 2004). Addition of FGF2 to sensory epithelial cell
cultures derived from late embryonic or mature olfactory epithe-
lium stimulates transient amplifying cell division and the main-
tenance of stem cells (DeHamer et al., 1994).

In chick, Bmp4 expression starts approximately in the middle of
the olfactory pit and reaches all the way posteriorly (Maier, 2009).
At these early stages, BMP signaling is critical for the development
of the respiratory epithelium, but cells in the sensory part of the
olfactory pit express scattered pSmad1/5/8, indicating that BMP
signaling is active in prospective sensory cells (Maier, 2009). Loss
of BMP signaling in vitro in a chick explant assay blocks primary
neurogenesis and cells are Hes5-positive (Maier et al., 2010);
Notch signaling, in turn, is required to maintain Hes5-positive
progenitor cells in the olfactory epithelium (Maier et al., 2011).
The BMP inhibitor Noggin strongly inhibits the formation of
neuronal colonies in sensory epithelium dissected from E14.5 to

E16.5 (Shou et al., 2000), while BMP ligands show both inhibitory
and stimulatory effects on later neurogenesis (Shou et al., 1999,
2000). Another TGFβ family member expressed in the olfactory
epithelium is GDF11 (Nakashima et al., 1999), which plays a role in
the established phase of olfactory neurogenesis. Exogenous GDF11,
as well as lack of the GDF11 inhibitor Follistatin, decrease pro-
liferation of progenitor cells, thus negatively impacting on neuro-
genesis (Wu et al., 2003). Conversely, GDF11 null mutant mice
have increased numbers of proliferating Neurog1-positive precur-
sors, which ultimately give rise to OSNs. Nevertheless, loss of
GDF11 is not sufficient to rescue the phenotype in Follistatin null
mutant mice fully, suggesting that additional mechanisms are in
place to account for the decrease in neuron numbers (Gokoffski
et al., 2011). Both Sox2-positive and Ascl1-positive cells are
increased in the olfactory epithelium of ActivinβB null mice (Wu
et al., 2003; Gokoffski et al., 2011), affecting the cell fate decision
between glial and neuronal lineages (Gokoffski et al., 2011). Taken
together, these results suggest that TGFβ signaling is crucial for
feedback regulation of progenitor cell populations and fate choices
in the olfactory epithelium.

RA emanating from the Raldh3-expressing anterolateral rim of
the olfactory pit has been implicated in olfactory epithelium
patterning and/or differentiation (LaMantia et al., 2000; Bhasin
et al., 2003; Paschaki et al., 2013). In the absence of RA signaling,
Pax6-positive cells are reduced in the olfactory epithelium while
elevated levels of RA suppress neurite outgrowth in vitro (Paschaki
et al., 2013). RA production in the olfactory epithelium persists
during late embryonic development into adulthood. In adult mice,
all three retinoic acid-producing enzymes (Raldh1, 2 and 3) are
expressed in the olfactory epithelium (Niederreither et al., 2002;
Peluso et al., 2012). Raldh3 expression is detected in a small
population of basal cells in the ventral and lateral epithelium;
gain- and loss-of-function data support the idea that RA signaling
is involved in maintenance of the epithelium and OSN regenera-
tion after injury (Peluso et al., 2012).

Extrinsic factors regulating otic neurogenesis
Several studies suggest a role for FGF signaling in otic neuro-

genesis in different species (Mansour et al., 1993; Hossain et al.,
1996; Adamska et al., 2000; Pirvola et al., 2000; Adamska et al.,
2001; Léger and Brand, 2002; Alsina et al., 2004; Millimaki et al.,
2007) but analysis has been complicated due to overall defects in
inner ear development. In zebrafish, fgf3 and fgf8 are expressed in
and around the anterior otic vesicle and moderate levels of FGF
signaling are required for neuroblast specification (Vemaraju et al.,
2012). Mature neurons in the VIIIth ganglion start to express fgf5,
with ongoing FGF signaling in the VIIIth ganglion serving two
functions: firstly to delay differentiation of precursor cells, thus
controlling precursor cell maintenance and the production of
mature neurons, and secondly to terminate neuroblast specifica-
tion when a sufficient number of fgf5-positive cells has accumu-
lated (Vemaraju et al., 2012). In mammals, ongoing expression of
Fgf10 (Pirvola et al., 2000) might have similar functions in
regulating the balance between transit amplifying neuroblasts
and differentiating neurons. Thus differential FGF signaling reg-
ulates distinct phases of otic neurogenesis.

Mutations in the insulin-like growth factor (Igf) gene lead to
hearing loss in both mice and humans (Camarero et al., 2001;
Cediel et al., 2006; Walenkamp and Wit, 2007; Riquelme et al.,
2010). Both Igf and its receptor are expressed in the VIIIth ganglion
in chick and in vitro analysis revealed its role in VIIIth ganglion
neuron survival, proliferation and differentiation (Camarero et al.,
2003). Activation of the PI3–AKT pathway by IGF1 in proliferative
neuroblasts is essential for neuroblast survival (Aburto et al., 2012).
Other growth factors with a role in otic ganglion neuron
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proliferation, survival and innervation include BMP7, BMP4 and Shh
(Fantetti and Fekete, 2012). The data for BMP signaling are sparse,
but BMPs can promote neurite outgrowth and neuron survival in a
chick in vitro system (Fantetti and Fekete, 2012).

Sensory cells secrete nerve chemoattractant molecules that
influence axon routing. Some of the candidates for exerting a
chemoattractant function in the inner ear are the neurotrophins,
BDNF and NT3. Both are expressed in sensory patches, while VIIIth
ganglion neurons express TrkB and TrkC receptors for BDNF and
NT3, respectively (Fariñas et al., 2001). Ectopic expression of BDNF
causes rerouting of axons (Tessarollo et al., 2004). In addition,
VIIIth ganglion neurons express neuropilin/plexin receptor com-
plexes while the otocyst expresses the repellent semaphorin3A.
This prevents the sensory afferent axons from innervating inap-
propriate locations (Gu et al., 2003; Katayama et al., 2013).
Recently, the EphB2 and EphA4 receptors have been shown to
regulate the segregation of axonal entries at the brainstem in a
cell-autonomous manner (Allen-Sharpley et al., 2013).

Extrinsic factors regulating otic sensorigenesis
Several signaling pathways have been implicated in hair cell

formation in the inner ear. Shh is expressed in the developing
spiral ganglion and has been shown to inhibit hair cell formation
in cochlear explants (Driver et al., 2008; Liu et al., 2010). Shh
signaling from the spiral ganglion regulates the time point at
which hair cell precursors exit the cell cycle and differentiate (Bok
et al., 2013; Tateya et al., 2013). In zebrafish, Shh signaling is
required for the formation of hair cells from the saccular macula
(Sapède and Pujades, 2010). Together with studies that show a
requirement for Shh signaling in the development of auditory
structures from the ventral otocyst, this has led to the speculation
that Shh signaling was recruited during inner ear evolution to
direct the formation of a second sensory patch with distinct
auditory function (Riccomagno et al., 2002; Bok et al., 2005;
Sapède and Pujades, 2010).

Wnt signaling is implicated at many stages of otic develop-
ment. The Wnt pathway components are expressed in the chick
basilar papilla (Sienknecht and Fekete, 2008) and ectopic activa-
tion of the canonical Wnt pathway leads to the formation of
ectopic hair cells in chick non-sensory regions (Stevens et al.,
2003). Using in vitro and in vivo approaches, a role for Wnt
signaling in regulating sensory precursor cell proliferation and hair
cell differentiation in the basilar papilla has been suggested
(Jacques et al., in press). A similar role has been observed for hair
cells in the zebrafish lateral line (Jacques et al., in press).

Both Notch and BMP4 signaling pathways have been implicated
in sensory hair cell development (Cole et al., 2000; Daudet and
Lewis, 2005; Pujades et al., 2006; Kamaid et al., 2010; Jeon et al.,
2011). Expression of Bmp4 marks all the emerging pro-sensory
regions in mouse and most in zebrafish (Wu and Oh, 1996; Morsli
et al., 1998; Cole et al., 2000; Mowbray et al., 2001). In vitro
treatment of the chick otocyst with BMP4 leads to a decrease in
the number of Atoh1-positive cells, while treatment with the BMP
antagonist Noggin leads to an increase (Pujades et al., 2006).
Increased BMP activity upregulates the expression of Id1-3, and
the forced expression of Id1-3 is sufficient to reduce Atoh1 expres-
sion and to prevent hair cell differentiation (Kamaid et al., 2010).

Neuronal cell types and differentiation in the olfactory and otic
systems

The final outcome of neurogenesis in the ear and the nose is a
wide variety of neurons and mechanosensory cells, exquisitely
tailored for the detection of different sensory inputs. These differ

significantly between the olfactory and otic placodes and are
described below, and summarized in Fig. 3.

Olfactory sensory neurons

The olfactory epithelium acquires a layered morphology and is
populated by three broad classes of OSNs: ciliated, microvillous,
and crypt neurons, with the first two being the dominant subtypes
and the third present only in some species, including teleosts
(Fig. 3D–H). OSNs can differ within subtypes, and, to a significant
extent, across species. In general, the basally located ciliated
sensory neurons, the most well-characterized of the OSNs, are
responsible for volatile odorant detection, whereas the more
apically located (and/or separately located in the vomeronasal
organ) microvillous sensory neurons detect pheromones, nucleo-
tides, amino acids and other molecules, depending on the species
(Buck, 2000; Sato and Suzuki, 2001; Hansen and Zielinski, 2005).
The crypt cells are located at the apical surface and have both
microvilli and cilia (Hansen and Zeiske, 1998). Recent work in
zebrafish has described the unusual relative homogeneity of these
cells, wherein they all express an identical olfactory receptor and
target a single glomerulus (Gayoso et al., 2012; Oka et al., 2012;
Ahuja et al., 2013).

In addition to OSNs, populations of migratory neuronal cells
leave the olfactory placode/pit and move towards the forebrain.
Collectively, the heterogeneous populations of migratory cells and
the extending OSN axons are termed the “migratory mass”. A first
wave of migratory neuronal cells (GnRH-negative) is seen directly
after onset of neuronal differentiation in the olfactory placode,
before OSN axons have emerged from the olfactory placode: these
early migratory cells are thought to play a role in establishing a
scaffold for the extension of OSN axons slightly later (Croucher and
Tickle, 1989; De Carlos et al., 1995; Maier and Gunhaga, 2009)
(Fig. 2J). Later migratory cell populations along the forming
olfactory nerve include the GnRH-positive neuronal cells that
migrate along the olfactory nerve to the hypothalamus and the
nervus terminalis (Schwanzel-Fukuda and Pfaff, 1989; Wray et al.,
1989a, 1989b); (reviewed in Cariboni et al. (2007)), the olfactory
ensheathing glia, OMP-positive cells and acetylcholine esterase-
positive cells (De Carlos et al., 1995; Miller et al., 2010). Neuroac-
tivity in the olfactory system is modulated both in the olfactory
bulb and the olfactory epithelium. The best-described modulatory
pathway is via the terminal nerve and GnRH, but other neuropep-
tides are also present (reviewed in Whitlock (2004), Kawai et al.
(2009)).

In mice, the picture is further complicated by the presence of a
variety of different microvillous cells in the main olfactory epithe-
lium that may or may not be neuronal in nature. It has been
suggested that secondary sensory and/or non-neuronal microvil-
lous cells, possibly in co-operation with ciliated neurons, are
involved in chemosensation. Various subtypes and possible roles
have been identified to date in multiple publications, often with
conflicting conclusions (Rowley et al., 1989; Asan and Drenckhahn,
2005; Elsaesser et al., 2005; Elsaesser and Paysan, 2007; Hansen
and Finger, 2008; Lin et al., 2008; Hegg et al., 2010; Ogura et al.,
2011). As such, more work is required to determine comprehen-
sively how many subtypes of microvillous cells exist in the
mammalian olfactory epithelium, whether any of these have direct
neuronal sensory roles, and what proportion have secondary
sensory properties as opposed to solely supporting roles. These
microvillous cells are reminiscent of the integrated ciliated/micro-
villous architecture seen in teleosts, and add further to the debate
regarding the presence and mechanisms of pheromone-sensing/
vomeronasal OSNs in humans.

In addition to cell type, the OSNs vary with regard to odorant
receptor expression. Odorant receptors are the largest family of
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mammalian genes, with �380 genes in humans and �1280 genes
in rodents (Buck and Axel, 1991; Zhang and Firestein, 2009), and
odor discrimination requires the differential expression of these
genes. The OSNs are almost always uniquely specified to express
only one odorant receptor (Chess et al., 1994; Malnic et al., 1999).
The expression of a single odorant receptor per OSN is achieved by
both random and non-random processes: mono-allelic expression
(random) (Chess et al., 1994), zonality (four zones, non-random)
(Ressler et al., 1993; Vassar et al., 1993; Sullivan et al., 1995; Qasba
and Reed, 1998; Norlin et al., 2001; Zhang et al., 2004), initial
odorant receptor selection, switching (random) (Shykind et al.,
2004) and feedback by the expressed odorant receptors (non-
random) (Serizawa et al., 2003). Msx1, Alk6, Raldh2 and Neuropilin
are expressed in the adult mouse olfactory epithelium in patterns
correlating with the zonal distribution of odorant receptors (Norlin
et al., 2001), but no functional role for zonal specification has been
described so far. In addition, homeodomain binding sites are found
in odorant receptor promoter regions and several homeodomain
proteins have been shown to bind an odorant receptor promoter
in vitro (Hoppe et al., 2003; Hirota and Mombaerts, 2004). Both
Emx2 and Lhx2 are implicated in odorant receptor choice (Hoppe
et al., 2003; Hirota and Mombaerts, 2004; Kolterud et al., 2004;
Hirota et al., 2007), and odorant receptor expression frequency is
altered in Emx2 null mice (McIntyre et al., 2008). Additional

enhancer elements (H and P elements) also influence odorant
receptor frequency (Serizawa et al., 2003; Bozza et al., 2009; Khan
et al., 2011).

Otic sensory hair cells

Hair cells are the sensory unit of the inner ear. The hair cell
bundle is composed of actin-rich stereocilia (a type of microvilli)
that are linked to each other by a series of connecting links (tip
links, top connectors and ankle links). Protein constituents of the
tip link include Protocadherin15, Cadherin23 and Harmonin,
which together act to transduce the mechanical force to the anion
mechanotransducer channel (reviewed in Schwander et al. (2010),
Richardson et al. (2011), Kazmierczak and Müller (2012)). The hair
bundle is polarized in the plane of the epithelium, with the
kinocilium positioned on one side of the hair bundle, nearest the
tallest stereocilia, and connected to it by kinociliary links. This
arrangement gives the hair cell its directional sensitivity, with
maximum stimulation occurring when the stereociliary bundle is
deflected in the direction of the kinocilium. Examples of polarity
patterns in the zebrafish ear are shown in Fig. 3A.

Vestibular epithelia in the amniote ear contain both Type I and II
vestibular hair cells (Fig. 3B), which differ in their electrophysiolo-
gical properties and synaptic contacts with afferent endings of the

Fig. 3. (A) Phalloidin stain and hair cell polarity patterns in zebrafish otic sensory patches at 3–4 days post fertilization: (a) utricular and saccular maculae, (b) cristae,
(c) polarity pattern of the saccular macula and (d) polarity pattern of the utricular macula. Anterior to the left in all panels. Arrows in (c) and (d) are drawn from the
stereociliary bundle to the kinocilium. Reproduced, with permission, from Hammond and Whitfield (2011). (B) Schematic drawing of the two types of mammalian vestibular
hair cells and their innervation patterns. (C) Cross section through a gerbil organ of Corti. Myo7A labels hair cells, red; βIII Tubulin labels the spiral ganglion and nerve fibers,
green; nuclei are labeled in blue. (D–G) Examples of olfactory cell types in live zebrafish at 29 hpf (D, F) and 60 hpf (E,G). Panels F and G show enlargements of the regions
boxed in D and E, respectively. Confocal z-stacks of live embryos: Tg(TRPC24.5k:gap-Venus)/rw037 (Sato et al., 2005) labels all microvillous neurons, green; Tg(OMP2k:lyn-
mRFP)/rw035 (Sato et al., 2005) labels all ciliated neurons, red; Tg(–4.9sox10:eGFP) (Wada et al., 2005; Carney et al., 2006) labels neural crest-derived microvillous neurons
(Saxena et al., 2013), blue. Scale bar: 40 μm. (H) Scheme depicting sensory cells in the nasal epithelium. Abbreviations: ac: anterior crista, HC: hair cell, iHC: inner hair cell, lc:
lateral crista, oHC: outer hair cell, pc: posterior crista, sm: saccular macula, and um: utricular macula.
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VIIIth nerve (Wersäll, 1956; Correia and Lang, 1990; Lysakowski and
Goldberg, 1997; Eatock et al., 1998; Moravec and Peterson, 2004).
In fish and amphibians, only type II vestibular hair cells occur,
which are contacted by bouton afferent endings (Wersäll, 1956;
Goldberg et al., 1990). Recent work in zebrafish, however, is
beginning to uncover significant variation in both morphology
and electrophysiological properties of hair cells from different
regions of the ear (Haden et al., 2013). While both Wnt and Shh
signaling have been implicated in the ectopic acquisition of vestib-
ular identity (Stevens et al., 2003; Driver et al., 2008), little is known
about the differentiation of the various types of sensory cells in the
vestibular sensory epithelia.

In amniotes, the exquisite spatial organization of hair cells
along the auditory epithelium is critical for the discrimination of
auditory stimuli at different frequencies. This is particularly
advanced in the mammalian cochlea, where orderly rows of hair
cells are organized in a tonotopic array in the organ of Corti. One
row of inner hair cells and three rows of outer hair cells run along
the cochlear duct from the base (high frequency detection) to the
apex (low frequency detection) (reviewed in Raphael and
Altschuler (2003); Fig. 3C). Vibration of the basilar membrane,
amplified by the outer hair cells, determines a specific position
where sound vibration peaks (reviewed in Dallos et al. (2006),
Dallos (2008)). It is the inner hair cells that convert this sound
energy into an electrical signal: mechanical stimulation of the
inner hair cells by their movement relative to the tectorial
membrane results in depolarization and stimulation of afferent
neurons of the spiral ganglion. In general, short stereociliary
bundles are associated with high frequency detection, while long
stereociliary bundles are associated with low frequency detection.

Birds have two types of hair cells in the basilar papilla, tall and
short hair cells (Fischer, 1994). The tall hair cells are the equivalent
of the inner hair cells in mammals, and are innervated by both
afferent and efferent fibers. The short hair cells, by contrast, have
no afferent innervation at all, but receive efferent input. It is
possible that they have a modulatory role, but no evidence exits to
date for this (reviewed in Köppl ( 2011)). A similar pattern is
observed in the basilar papilla of lizards (Chiappe et al., 2007;
Manley, 2011).

Distinct signals mediate differentiation of the lateral outer hair
cell compartment versus the medial inner hair cell compartment
of the developing cochlea, with evidence implicating Emx2, Delta-
Notch and FGF signaling in this process. For example, Emx2 null
mutant mice have about 60% fewer hair cells than their wild-type
littermates; the remaining hair cells label positive for Myo7 and
Fgf8, two inner hair cell markers. Outer hair cells are completely
lost, leading to the idea that Emx2 may regulate the balance
between proliferation and differentiation in hair cell progenitors
(Holley et al., 2010). Conditional loss of Jag1 in the cochlea shifts
the balance between outer and inner hair cells in favor of inner
hair cells, consistent with the interpretation that Jag1 expands the
prosensory state in the sensory epithelium via lateral induction; in
addition, it regulates cell cycle exit via the expression of p27Kip1

(Brooker et al., 2006; Kiernan et al., 2006). FGF signaling is also
important for hair cell development; Fgf20 is required in the
lateral part of the cochlea, and Fgf20 null mice are deaf and lack
outer hair cells (Huh et al., 2012). After conditional loss of Fgfr1,
hair cell precursors are reduced and preferentially differentiate
into inner hair cells and pillar cells (Pirvola et al., 2002).

Mutations in Srrm4 (Deol, 1981; Whitlon et al., 1996; Nakano
et al., 2012) and in a ‘self-terminating’ conditional Atoh1 allele
(Pan et al., 2012) both predominantly lose inner hair cells. It has
been proposed that Srrm4 might act downstream of Atoh1 in a
feedback loop (Nakano et al., 2012). At later developmental stages,
Atoh1 is expressed in inner hair cells earlier and at higher levels
compared to outer hair cells and recent evidence indicates that

prolonged expression is required for the correct hair cell differ-
entiation, and that inner hair cells critically depend on Atoh1 for
maintenance (Pan et al., 2012).

Neurons of the VIIIth ganglion

Different types of afferent ganglion neurons innervate the
sensory hair cells of the vestibular and auditory systems. In the
vestibular system, afferent fibers ending in both bouton- and calyx-
type synapses are found, depending on the species (Wersäll, 1956;
Goldberg et al., 1990) (Fig. 3B). In mammals, most afferents are
dimorphic, terminating in both bouton and calyceal endings, and
contacting both Type I and Type II vestibular hair cells (Fernandez
et al., 1990; Lysakowski et al., 1995). In the auditory system of
mammals, there are two types of spiral ganglion cells, Type 1 and
Type 2, both of which have bouton-type endings. Type 1 spiral
ganglion cells contact inner hair cells and are large, bipolar cells that
make up 90–95% of all the neurons in the spiral ganglion, in line
with inner hair cells being the sensory receptor in the cochlea. Inner
hair cells contact afferent endings from Type 1 ganglion cells at
specialized ribbon synapses. Type 2 spiral ganglion cells contact
outer hair cells and are small, bipolar or pseudomonopolar, and are
less myelinated than Type 1 ganglion cells. Ribbon synapses with
Type 2 cells occur, but only in the apical turn of the cochlea
(reviewed in Raphael and Altschuler (2003), Nayagam et al.
(2011), Bulankina and Moser (2012)).

Neurodegeneration and regeneration

The sensory cells in the inner ear and nose in mammals differ
greatly in their regenerative potential. The OSNs of the nose are
routinely replaced throughout life. The average life span of a
murine OSN is 90 days (Mackay-Sim and Kittel, 1991), but these
cells may survive up to a year (Hinds et al., 1984). By contrast, no
epithelial maintenance has been described for the hair cells of the
cochlea of mammals, though hair cell addition and repair occurs in
lower vertebrates (reviewed in Burns and Corwin (2013), Rubel
et al.(2013)).

Whereas the OSNs are exposed to the outside world and
regularly damaged, the hair cells of the inner ear are in a relatively
protected environment. Nevertheless, sensory hair cells of the ear
are lost through aging, and are also sensitive to damage from both
noise and chemical exposure. Examples of hair cell-damaging
drugs (ototoxins) include the aminoglycoside antibiotics, which
are effective in the treatment of life-threatening infections, but can
leave a patient deaf as a result. In mammals, lost auditory hair cells
are not replaced; the reasons for this lack of regenerative potential
are not fully understood. Often, once hair cells are damaged, the
neurons of the VIIIth ganglion lose afferents and also undergo cell
death with time (Webster and Webster, 1981; Schuknecht and
Gacek, 1993).

Regeneration in the adult olfactory system

The loss of the sense of smell—anosmia—can significantly
impair quality of life and is often associated with trauma or
neurodegenerative disease such as Parkinson’s or Alzheimer’s
disease, in addition to normal aging (Doty et al., 1984; Doty,
2012). This sensory deterioration is all the more striking given
the well-documented self-renewal of the olfactory epithelium
throughout adulthood in healthy individuals. OSNs have the
remarkable ability to regenerate in adult organisms, including in
humans, and the basally located and horizontal basal cells are
thought to be the predominant and likely sole source of all cell
types in the regenerating olfactory epithelium post-injury
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(Graziadei and Graziadei, 1979; Leung et al., 2007; Iwai et al.,
2008; Bermingham-McDonogh and Reh, 2011). Intriguingly, a
recent study in mice using P0-Cre-based fate mapping has sug-
gested that as the olfactory epithelium matures, placode-derived
basal cells are slowly replaced by neural crest-derived basal cells
(Suzuki et al., 2013). As the use of Cre-based fate mapping of
neural crest is often fraught with non-neural crest-specific label-
ing, confirmatory studies will be needed to determine the validity
of this striking finding.

The transcription factor p63 has been implicated in mainte-
nance of the horizontal basal cell population in the adult olfactory
epithelium, and both expression and mutant studies suggest that
its down-regulation may play an important role in the differentia-
tion of these cells in adults (Fletcher et al., 2011; Packard et al.,
2011). In addition, retinoic acid signaling is critical for progenitor
cell maintenance as well as for neurogenesis in the olfactory
epithelium (Peluso et al., 2012; Paschaki et al., 2013). Indicating
possible crosstalk between varied cell types, a report by Jia and
colleagues suggests that inositol triphosphate receptor subtype
3- and neurotrophic factor neuropeptide Y-expressing microvillous
cells play an essential role in olfactory neuron regeneration post-
simulated injury (Jia et al., 2013).

Regeneration of hair cells in the auditory and vestibular epithelia of
the inner ear

Inner ear hair cells are produced throughout life in bony and
cartilaginous fish (Corwin, 1981; Corwin, 1983; Popper and Hoxter,
1984; Lombarte et al., 1993; Bang et al., 2001; Smith et al., 2006;
Schuck and Smith, 2009; Liang et al., 2012), and fish, amphibians
and lizards are all capable of hair cell regeneration (Avallone et al.,
2003; Taylor and Forge, 2005; Liang et al., 2012). In chick, hair cell
number is restored in the basilar papilla exposed to either acoustic
trauma (Cotanche, 1987), ototoxic drug exposure (Cruz et al., 1987;
Kaiser et al., 2009) or basilar papillar lesion (Irvine et al., 2009).
Nevertheless, no new production of hair cells occurs in the
absence of damage, although vestibular epithelia produce new
hair cells throughout life in birds (Cruz et al., 1987; Jørgensen and
Mathiesen, 1988; Girod et al., 1989; Raphael, 1992; Roberson et al.,
1992; Weisleder and Rubel, 1992, 1993; Kaiser et al., 2009).

After damage, supporting cells in the basilar papilla re-enter the
cell cycle and eventually differentiate into supporting cells and hair
cells in both neonatal chicken and adult birds (Corwin and
Cotanche, 1988; Ryals and Rubel, 1988; Hashino et al., 1992;
Raphael, 1992; Stone and Cotanche, 1994; Warchol and Corwin,
1996; Stone et al., 1999). In addition, there is direct transdifferentia-
tion of supporting cells and subsequent compensatory proliferation
in amphibian sacculi and avian basilar papillae in response to
damage (Adler and Raphael, 1996; Baird et al., 1996; Adler et al.,
1997; Steyger et al., 1997; Baird et al., 2000; Roberson et al., 2004).
Accordingly, Atoh1a is expressed in supporting cells shortly after
hair cell damage (Cafaro et al., 2007; Lewis et al., 2012). Whereas
direct transdifferentiation occurs within a matter of hours, it takes
days for hair cells to arise from mitotic division of supporting cells,
which eventually comprise 50–70% of the regenerated hair cells
(Roberson et al., 2004; Cafaro et al., 2007). These data suggest that
direct transdifferentiation is a fast way to replace hair cells, while
cell cycle re-entry is slower, but better suited to replace large
numbers of hair cells (Stone and Cotanche, 2007). Similarly, in the
lateral line of fish and amphibians, supporting cells have been
shown to replace damaged hair cells (Balak et al., 1990; Ma et al.,
2008) and hair cell regeneration by both transdifferentiation and
proliferation has been suggested in the adult zebrafish inner ear
(Schuck and Smith, 2009; Sun et al., 2011; Liang et al., 2012).

In birds, regenerative proliferation is likely to depend on
chromatin modification, as inhibitors of histone deacetylation

have been shown to prevent cell cycle entry and thus diminish
regenerative proliferation (Slattery et al., 2009). In addition,
screens to identify transcription factors expressed differentially
during avian hair cell regeneration have shed light on potential
signaling pathways involved in regeneration (Hawkins et al., 2007)
and their role in regenerative proliferation (Alvarado et al., 2011).

After damage in mammals, by contrast, no new hair cells are
formed in auditory sensory epithelia (organ of Corti) and support-
ing cells remain mitotically quiescent (Roberson and Rubel, 1994;
Sobkowicz et al., 1997; Yamasoba and Kondo, 2006). While
cochlear hair cells can be replaced in embryonic mice after laser
ablation, neonatal mice lose this ability 5 days after birth (Kelley
et al., 1995; Burns et al., 2012). The mammalian vestibular
epithelium is slightly more plastic, with some cells transdiffer-
entiating into immature hair cells (Forge et al., 1993, 1998;
Warchol et al., 1993; Forge et al.), though full regeneration is rare
(Warchol et al., 1993; Rubel et al., 1995; Li and Forge, 1997; Kuntz
and Oesterle, 1998; Ogata et al., 1999; Oesterle et al., 2003).
Nevertheless, hair cell generation has been induced in neonatal/
postnatal mice by either manipulating the Notch or Wnt pathway
(Yamamoto et al., 2006; Shi et al., 2012; Mizutari et al., 2013; Shi
et al., 2013) and advances have been made to stimulate non-otic
stem cells to differentiate into sensory hair cells (Boddy et al.,
2012; Duran Alonso et al., 2012; Hu et al., 2012; Lin et al., 2012;
Ouji et al., 2012).

Two major differences have emerged between supporting cells
in the basilar papilla in birds and their counterparts in the
mammalian cochlea. After damage in birds, but not mammals
(Shailam et al., 1999; Batts et al., 2009), Atoh1 expression is
detectable in actively dividing supporting cells in the basilar
papilla (Cafaro et al., 2007). Misexpression of Atoh1 in the inner
ear of developing or mature mammals induces hair cell character-
istics in these cells (Zheng and Gao, 2000; Kawamoto et al., 2003;
Shou et al., 2003; Izumikawa et al., 2005; Staecker et al., 2007), but
this potential is lost with age (Kelly et al., 2012; Liu et al., 2012).
Thus regulatory events upstream of Atoh1 or modifications on the
level of the Atoh1 promoter/chromatin structure may have altered
mammalian otic sensory epithelia.

Another striking observation is that mammalian supporting
cells have a decreased capacity for shape change (Forge, 1985;
Cotanche, 1987). In the basilar papilla in birds, cell shape changes
occur before cell cycle re-entry and cells adopt mature shapes
once they differentiate into hair cells or support cells (Corwin and
Cotanche, 1988; Marsh et al., 1990). This ability to undergo shape
changes may be a requirement for regeneration. As mammalian
supporting cells age, thick F-actin/E-cadherin belts are established
in the apical junctions between supporting cells (Burns et al.,
2008; Collado et al., 2011). By contrast, the supporting cells in
chick, bony and cartilaginous fish, amphibians and turtles all have
thin actin belts similar to those developing and neonate mice
(Burns et al., 2013). However, it is currently unclear if this is
permissive for regeneration or simply an interesting correlation.
To date, the best approach for hair cell regeneration in zebrafish,
and to a lesser extent in adult mammalian sensory epithelia, relies
on Notch inhibition (Ma et al., 2008; Lin et al., 2011b; Mizutari
et al., 2013).

Regeneration of auditory neurons in the VIIIth ganglion

While auditory neurons strongly depend on neurotrophic input
from their sensory targets and usually die after deafferentiation in
mammals (Shi and Edge, 2013), re-innervation occurs routinely
in species with regenerating hair cells. After hair cell damage,
the dendrites retract and then grow out, make contact with a
regenerated hair cell and form synapses (Ryals et al., 1992; Ryals
and Westbrook, 1994; Ofsie and Cotanche, 1996; Hennig and
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Cotanche, 1998; Zakir and Dickman, 2006). Regeneration after
statoacoustic nerve lesion has been reported in fish and amphi-
bians (Newman et al., 1989; Mensinger and Highstein, 1999; Goto
et al., 2002).

Re-innervation has been reported in several damage models, but
is not necessarily correlated with functional recovery and depends
on the severity of the induced damage (Johnsson and Hawkins,
1972; Terayama et al., 1977; Terayama et al., 1979; Webster and
Webster, 1982; Bohne and Harding, 1992; Strominger et al., 1995;
Lawner et al., 1997). In mouse and guinea pig models of neuronal
hearing loss, no evidence for regenerated fibers and newly formed
synapses was found (Kujawa and Liberman, 2009; Lin et al., 2011a;
Yuan et al., 2014). Re-innervation (Martinez-Monedero et al., 2006)
and synapse regeneration has recently been reported in a rat and
mouse in vitro model (Wang and Green, 2011; Tong et al., 2013) and
addition of Neurotrophin-3, BDNF or block of the repulsive gui-
dance molecule RGMa increased synapse formation (Wang and
Green, 2011; Brugeaud et al., 2013; Tong et al., 2013). Many
advances have been made in trying to replace lost auditory neurons.
Both inner ear cells and cells from other sources have successfully
been stimulated in vitro to differentiate into neuronal cells (Li et al.,
2003; Oshima et al., 2007) and to innervate hair cells in vitro (Kim
et al., 2005; Shi et al., 2007; Martinez-Monedero et al., 2008;
Matsumoto et al., 2008) and in vivo (Hu et al., 2005; Okano et al.,
2005; Corrales et al., 2006; Coleman et al., 2007). Most promisingly,
some functional recovery has been reported in a deafened gerbil
model following transplantation of human embryonic stem cell-
derived auditory neurons (Chen et al., 2012).

Conclusion

Continued assembly of the molecular cascades responsible for
neurogenesis in the olfactory and otic systems has yielded reg-
ulatory networks that are increasingly elaborate in scope and
complexity. Knowledge and understanding of such networks is
already driving forward progress towards the development of cell-
based therapies for sensory disorders such as deafness. The
recapitulation of otic development in three-dimensional culture
from mouse embryonic stem cells, for example, is an exciting step
forward (Koehler et al., 2013). Likewise, in the olfactory system,
recognition of the regenerative potential of the neural crest-
derived olfactory ensheathing glia has implications for the devel-
opment of patient-based cell therapies for sensory and other
disorders (Barraud et al., 2010).

More work remains to understand and reconcile the differences
in otic and olfactory neurogenesis across various model systems.
In addition, there is still much to learn about the timing and
cellular interactions that allow system-wide organ development to
proceed smoothly and precisely. A critical next step is to integrate
our knowledge of signaling cascades with the complex, four-
dimensional physical morphogenesis that occurs in the developing
ear and nose during both development and regeneration. For
example, our knowledge of mRNA expression and secreted protein
gradients has grown rapidly, but these datasets often contain most
of their information in just two dimensions. With the advent of
increasingly powerful imaging technologies, it has become feasible
to visualize protein expression, movement and interactions in vivo
in the context of the cell-cell interactions that underlie organ
morphogenesis and growth. Going forward, it will be exciting to
map well-described molecular information onto this ‘developing’
spatiotemporal map of otic and olfactory morphogenesis more
robustly and thus gain new, powerful insights into development
and regeneration. Such four-dimensional mapping holds the
promise of providing information useful for therapeutic purposes
in the human ear and nose. Importantly, a greater general

knowledge of neurogenesis will aid in promoting neuronal regen-
eration and repair both within and outside the otic and olfactory
systems.
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