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Where hearing starts: the development of the
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Abstract

The mammalian cochlea is a remarkable sensory organ, capable of perceiving sound over a range of 10" in
pressure, and discriminating both infrasonic and ultrasonic frequencies in different species. The sensory hair
cells of the mammalian cochlea are exquisitely sensitive, responding to atomic-level deflections at speeds on
the order of tens of microseconds. The number and placement of hair cells are precisely determined during
inner ear development, and a large number of developmental processes sculpt the shape, size and morphology
of these cells along the length of the cochlear duct to make them optimally responsive to different sound
frequencies. In this review, we briefly discuss the evolutionary origins of the mammalian cochlea, and then
describe the successive developmental processes that lead to its induction, cell cycle exit, cellular patterning

and the establishment of topologically distinct frequency responses along its length.
Key words: Cochlea; Organ of Corti; Hair cells; Sensory; tonotopy; Notch; BMP; FGF; Shh.

The evolutionary origins of the mammalian
cochlea

Although the term ‘cochlea’ derives from the Latin descrip-
tion of the coiled snail-like auditory structure in the mam-
malian inner ear, the term is habitually also applied to the
homologous shorter, uncoiled structures in birds, crocodiles
and alligators (archosaurs), snakes and lizards (lepidosaurs),
and turtles. Regardless of their length and curvature, these
outgrowths from the rest of the inner ear contain a patch
of sensory epithelium — the basilar papilla — that responds
to sound using mechanosensitive hair cells. In mammals,
the basilar papilla is more commonly known as the organ
of Corti.

All major vertebrate groups, even those lacking a cochlea,
show some form of sensitivity to sound (the exception being
lampreys and hagfish where very little information about
auditory responses is currently available). In teleost fish,
sound perception is carried out by an otolithic organ, the
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saccular macula, housed in the saccule, which also plays an
important role in balance (Popper & Fay, 1999). In some spe-
cies of fish, sound detection is also performed by a second
sensory macula housed in an evagination of the saccule wall
termed the lagena. Amphibians also possess saccular and la-
genar maculae, but in addition have two extra outgrowths
of the saccular wall, housing a very short basilar papilla and
another hearing organ, the amphibian papilla, that appears
to be a unique amphibian derivation (Smotherman &
Narins, 2004). The basilar papilla and lagenar macula are
often found in close proximity in amphibians, with the basi-
lar papilla frequently housed in the lagenar recess. Interest-
ingly, such an arrangement of sensory organs is also seen in
the closest living relative of tetrapods, the coelacanth Late-
rimeria (Fritzsch, 1987, 2003), which has led to the idea that
the basilar papilla may have arisen in ancestral lobe-finned
fish (Sarcopterygii) and was retained in their tetrapod rela-
tives (Fritzsch, 1992; Fritzsch et al. 2011). In such a scheme,
summarized in Fig. 1, the basilar papilla of the amniote
cochlea had its origins as a small sensory papilla close to the
lagenar macula in lobe-finned fishes. As the basilar papilla
enlarged in the course of evolution, the lagenar macular
was displaced to the distal portion of the growing lagenar
recess as it transformed into the cochlear duct (Smotherman
& Narins, 2004; Fritzsch et al. 2011, 2013; Fritzsch & Straka,
2014). Such an arrangement is seen in modern birds, croco-
diles and alligators, which have a banana-shaped cochlear
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Fig. 1 Evolutionary divergence of the inner ear showing the emergence of the cochlea. The aquatic ancestor of modern tetrapods likely had an
evagination of the saccule (SA), termed the lagenar recess (LR) that contained the macula lagena (yellow) and a small basilar papilla (purple). This
arrangement is seen today in the coelacanth Latimeria (Fritzsch, 1987, 2003) and persists to varying degrees in modern lizards, snakes and turtles,
and in many modern amphibians that also have a second unique auditory organ, the amphibian papilla (green). In birds, crocodilians and mono-
tremes, the basilar papilla has elongated to different extents, with the lagenar macula being displaced to the distal tip of the cochlear duct (CD).
In therian mammals, the lagena has been lost and the elongated basilar papilla (purple) running the length of the cochlear duct is termed the
organ of Corti. In each case, only the pars inferior of the inner ear (saccule, lagenar recess and cochlea duct) are shown in the diagram. This dia-
gram is intended to show the basic trends occurring during the evolution of the cochlea, although in reality considerable variation occurs in the
shape and size of the sensory organs in each of the main groups shown in the diagram (Gleich et al. 2004; Manley, 2004, 2012; Smotherman &

Narins, 2004; Vater et al. 2004; Fritzsch et al. 2013).

duct with a basilar papilla running the length of the duct
and a small lagenar macula at its apex. Supporting this
model, egg-laying monotreme mammals also have a small
lagena at the apex of their cochlear duct (Ladhams & Pickles,
1996), although the lagena has been lost in therian (marsu-
pial and placental) mammals and independently in other
groups such as lungfish and caecilians (Fritzsch, 1992).
Although modern therian mammals have a characteristically
long, coiled cochlear duct, the cochlea of egg-laying mam-
mals is quite short, and fossil evidence suggests that the
modern therian cochlea arose as recently as 100 million
years ago, with elongation and coiling occurring to some
degree independently of one another. These evolutionary
changes are reviewed in detail by Manley (2012).

Later in the review, we discuss some of the signals
that lead to the differentiation of auditory and vestibu-

lar sensory patches in the mammalian inner ear. We cur-
rently have very little idea of the molecular and genetic
signals that allowed new sensory patches of the ear such
as the basilar papilla to arise during evolution. However,
loss-of-function studies in mice have revealed a number
of genes and signals that regulate the outgrowth of the
cochlear duct (reviewed in Fritzsch et al. 2011), and it is
possible that some of these genes were upregulated or
redeployed as the cochlear duct enlarged in amniotes.
Moreover, the coordinated elongation of the duct and
differentiation of the sensory epithelium into the organ
of Corti are tightly coupled, as mutations that affect the
length of the mouse cochlear duct typically cause abnor-
mal arrangements of the sensory hair cells of the organ
of Corti (Ma et al. 2000; Pauley et al. 2006; Chen et al.
2008).

© 2015 Anatomical Society



The embryonic origins of the mammalian
cochlea: patterning the early inner ear

The inner ear begins its development as a thickening of
ectoderm on either side of the developing hindbrain called
the otic placode (Groves, 2005). The otic placode, along
with all other craniofacial sensory placodes, derives from a
region bordering the anterior neural plate called the pre-
placodal region (Streit, 2007). The preplacodal region is
induced by a combination of signals from both the neural
plate and the cranial mesoderm beneath it, requiring Fibro-
blast Growth Factors (FGFs) FGFs and the suppression of
Wnt and bone morphogenetic protein (BMP) signals (Litsiou
et al. 2005; Streit, 2007; Grocott et al. 2012; Groves & LaBo-
nne, 2014). After formation of the preplacodal region, FGF
signaling at the level of the posterior hindbrain then acts
on preplacodal tissue to induce the otic placode (Ohyama
et al. 2007). The location and specific identity of the FGFs
responsible for otic placode induction vary from species to
species, but it has been established that FGFs are both nec-
essary and sufficient to induce some of the earliest markers
of the otic placode (Ohyama et al. 2007; Groves & Fekete,
2012). Some of these early otic placode markers include
Pax8 (in anamniotes) and Pax2 (in amniotes), which are
known to be responsive to FGFs, as well as Foxi1/3 and Sox9
(Pfeffer et al. 1998; Heller & Brandli, 1999; Groves & Bron-
ner-Fraser, 2000; Nissen et al. 2003; Solomon et al. 2003;
Wright & Mansour, 2003; Khatri & Groves, 2013; Khatri
et al. 2014).

Once the otic placode has been induced, it undergoes a
process not dissimilar to neurulation in which the otic pla-
code begins to close, forming the otic cup. Once this invagi-
nation and closure are completed, the resulting structure is
known as the otocyst. In teleosts like the zebrafish, the oto-
cyst and neural tube are formed in a slightly different man-
ner, as the structures are instead hollowed out in a process
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of cavitation (Haddon & Lewis, 1996; Whitfield et al. 2002).
It is during the process of otocyst formation that much of
the axial patterning of the otocyst occurs, which is vital for
the correct formation of many of the sensory structures of
the inner ear, including the cochlea.

Anterior-posterior (A-P) axis formation in the

mammalian otocyst

The three cardinal axes of the otocyst are established at dif-
ferent times and by different sets of signals (Fig. 2). In chick-
ens, axial patterning occurs after otic placode induction,
with the A-P axis becoming fixed before the dorsal-ventral
(D-V) axis (Wu et al. 1998; Bok et al. 2005). As early as the
otic cup stage, there are already discernable indications of a
clear A-P polarity, revealed by the anterior expression of
genes defining the early neurosensory region of the oto-
cyst, such as Fgf10, Lunatic Fringe (Lfng), Delta-like 1, Neur-
ogeninl (Neurog1) and NeuroD (Morsli et al. 1998, 1999;
Cole et al. 2000; Pauley et al. 2003; Alsina et al. 2004). How-
ever, despite the asymmetrical expression of these early
markers, there is evidence from a series of otic transplanta-
tion studies that the A-P axis is not completely fixed until
around the time of otic cup closure (Wu, 1998).

Efforts to find a source for the establishment of the A-P
axis initially hypothesized that the proximity of the otocyst
to the rhombomeres of the hindbrain, specifically rhombo-
meres 5 (r5) and 6 (r6), exposed it to a source of polarizing
signals, but it was found that when r5 and r6 were surgi-
cally manipulated there was no effect on otocyst A-P pat-
terning in the chick (Bok et al. 2005), although rotation of
these rhombomeres did affect the shape and pattern of
the cochlear duct (Liang et al. 2010). It was proposed that
ectoderm surrounding the otocyst may be playing a role
in A-P patterning when it was found that if ectoderm sur-
rounding the otocyst was included during otocyst trans-
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Fig. 2 Cardinal axis determination of the amniote inner ear. As the otic placode invaginates to form the otic cup and eventually closes to form
the otocyst, the earliest axes established are the M-L axis and the A-P axis, with the D-V axis determined shortly afterwards. A posterior source of
RA provides a gradient that allows for the expression of posterior and anterior otic genes. The neural tube provides a source of Wnt to create a
dorsalizing gradient, and these dorsalizing signals are augmented by a gradient of inhibitory Gli3R, while the notochord sets up a gradient of Shh,
establishing a ventral character. During the otic placode and otic cup stages, Wnt and Fgf3 gradients from the neural tube help establish a medial

and a lateral identity.
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plantations to reverse A-P polarity, there was a greater
incidence of axis reversal than in cases where ectoderm
was absent (Bok et al. 2011). Furthermore, it was shown
that retinoic acid (RA) produced by the embryonic ecto-
derm was a determining factor in establishment of the A-
P axis (Bok et al. 2011). Treatment with RA resulted in an
expansion of posterior character in the chick and mouse,
including an expansion of Thx7 (Bok et al. 2011), while
introducing an anterior source of RA resulted in a mirror-
ing of the posterior otocyst with either the absence of the
cochlea or formation of a rudimentary cochlear duct lack-
ing sensory epithelium (Bok et al. 2011). This work sup-
ported previous evidence that Tbx7 may be a downstream
target of extrinsic A-P patterning signals (Vitelli et al.
2002; Raft et al. 2004). Thx1 is expressed posteriorly in the
mouse otocyst, and the loss of Tbx7 in mice exhibited a
posterior expansion of anteriorly expressed genes like Lfng
and Neurog1, as well as the loss of posteriorly expressed
genes like Otx1, Otx2 and Goosecoid (Vitelli et al. 2002;
Raft et al. 2004). In addition, expression of multiple copies
of the human TBX1 in mice resulted in a reduction of the
anteriorly expressed genes Neurog! and NeuroD1 (Raft
et al. 2004). Together, these data present a model in
which a RA signaling gradient used for general determina-
tion of A-P polarity in embryonic axis development is co-
opted in the A-P axis patterning of the developing mam-
malian otocyst (Fig. 2). In other species, notably zebrafish,
other signaling pathways such as FGF and Shh have been
shown to play a role in A-P patterning of the otocyst in
addition to RA signaling (Hammond et al. 2003, 2010;
Waldman et al. 2007; Hammond & Whitfield, 2011; Rados-
evic et al. 2011; Groves & Fekete, 2012; Maier & Whitfield,
2014), but their role in A-P patterning of the mammalian
otocyst is less clear.

D-V axis formation in the mammalian otocyst

The inner ear is commonly defined as being divided into
two separate functional units: the dorsal pars superior
encompassing the dorsal vestibular system (the semicircular
canals, their associated sensory cristae and the utricular
macula); and the ventral pars inferior, which contains the
cochlear duct and saccular macula. Thus, the establishment
of the D-V axis of the inner ear is one of the most impor-
tant first steps in cochlear development. As early as the otic
cup stage, the dorsal expression of genes like DIx5, DIx6,
Hmx2, Hmx3 and Gbx2 (used as markers of dorsal charac-
ter), and the ventral expression of genes like Lfng, Neurog1,
NeuroD1, Sox2 and Six1 (used as markers of ventral charac-
ter) suggest that D-V differentiation is already apparent in
both the chick and mouse (Morsli et al. 1998; Brigande
et al. 2000b; Cantos et al. 2000; Fekete & Wu, 2002; Groves
& Fekete, 2012; Wu & Kelley, 2012). Despite the fact that
markers identifying D-V and A-P polarity appear at approx-
imately the same time, transplantation experiments in the

chick manipulating otocyst orientation indicate that the
D-V axis is not committed until after the A-P axis (Wu et al.
1998).

The hindbrain and notochord are thought to provide sig-
nals that specify D-V polarity in the otocyst (Giraldez, 1998;
Bok et al. 2005). Rotation of the hindbrain about its D-V
axis resulted in the otocyst expressing ventral genes such as
Lfng, NeuroD1 and Six1 in a more dorsal pattern, while
expression of dorsal genes like Gbx2 was abolished (Bok
et al. 2005). Some of the signals produced by the hindbrain
that are thought to be responsible for setting up the D-V
axis are the Wnt family of signaling molecules and the mor-
phogen Sonic Hedgehog (Shh; Riccomagno et al. 2002,
2005; Bok et al. 2005, 2007a,b; Brown & Epstein, 2011; Wu
& Kelley, 2012). In this regard, the D-V patterning of the
otocyst shares much in common with the patterning of the
neural tube and hindbrain (Fig. 2). In this model, the
expression of Wnts dorsally by the hindbrain promotes a
dorsal character in the otocyst, and the expression of Shh
ventrally by the notochord and floorplate of the hindbrain
promotes a ventral character. This model is supported by
the fact that in the case of Wnt1/Wnt3a double knockout
mice there is an absence of DIx5, DIx6 and Gbx2, as well as
the loss of development of vestibular structures (Riccomag-
no et al. 2005).

Ventral patterning of the otocyst has been shown to
require Shh in both mouse and chick (Riccomagno et al.
2002, 2005; Bok et al. 2005, 2007a,b; Brown & Epstein,
2011; Wu & Kelley, 2012). Shh null mice show a decrease in
the expression of ventral marker genes Otx1, Otx2, Lfng,
Fgf3, Neurog! and NeuroD1, as well as the loss of ventral
structures such as the cochlea and saccule (Riccomagno
et al. 2002; Bok et al. 2005). In addition, when hybridoma
cells expressing antibodies that block SHH activity were
implanted in the ventral midlines of chicks during the otic
cup stage, it resulted in the elimination of ventral structures
(Bok et al. 2005). However, in each of these cases, SHH sig-
naling has been eliminated in a manner that caused effects
on other tissues in the embryo. To address whether Shh sig-
naling acts directly on the otocyst, the Shh receptor smooth-
ened (Smo) was deleted specifically in the inner ear (Brown
& Epstein, 2011). Smo conditional mutant mice show a loss
of ventral structures like the cochlea, but developed normal
dorsal structures (Brown & Epstein, 2011). A simple gradient
model for Shh patterning the ventral otocyst is further
questioned by consideration of Shh-responsive transcription
factors, the Gli proteins. Different combinations of Gli
mutant alleles suggest the presence of the Gli3 repressor
must balance the activity of Gli2/3 activators (Bok et al.
2007a,b). Gli2/Gli3 null mice fail to form the most ventral
structures like the cochlear duct, similar to Shh nulls (Bok
et al. 2007a,b). Structures farther from the most ventral
region of the otocyst are lost in Shh nulls, but restored
when combined with the loss of Gli3 repressor activity (Bok
et al. 2007a,b). Furthermore, the loss of the Gli3 repressor

© 2015 Anatomical Society



results in malformed dorsal structures, reinforcing the case
for a precise balance between Gli activators and repressors
(Bok et al. 2007a,b).

Further evidence arguing against a simple two-gradient
model of Wnt and Shh signaling comes from a comparison
of loss of function of the two pathways in the otocyst. Shh
null mice show a ventral expansion of the dorsal markers
DIx5 and Gbx2, but the loss of Wnt1/3 signaling does not
expand ventral otocyst markers like Gli1, Neurog1, Otx2 or
Pax2 (Riccomagno et al. 2002, 2005). In addition, the loss of
Wnt signaling results in the loss of only some dorsal genes,
while others like Hmx3 and Wnt2b appear unaffected (Ric-
comagno et al. 2005). This suggests that there are likely to
be other pathways or signals participating in D-V pattern-
ing. One candidate pathway is the BMP pathway, as it is
expressed in the right time and place in the dorsal neural
tube (Liem et al. 1995, 2000). A problem in discerning the
role of BMPs on D-V axis formation is the fact that the oto-
cyst itself expresses BMPs at various times and places during
its development (Morsli et al. 1998). Another gene that
seems to play an important role in D-V polarity is the tran-
scription factor Six7. It is expressed ventrally in the otocyst
and its loss seems to result in a phenocopy of the Shh null,
albeit with the additional expansion of dorsal genes Hmx3,
Gata3, Dach1 and Dach2 (Zheng et al. 2003; Ozaki et al.
2004). However, it also appears to be independent of Shh
regulation, as Six7 is itself not altered in Shh null mice
(Ozaki et al. 2004).

Medio-lateral (M-L) axis formation in the

mammalian otocyst

The M-L axis is important for establishing the identity of
several structures in the developing inner ear, particularly
the endolymphatic duct (a dorsal and medial structure),
and the lateral semicircular canal and ampulla. However, lit-
tle is known about which tissues are providing M-L identity
to the developing inner ear. In addition, fate-mapping in
the chick suggests that some structures such as the A-P
semicircular canals and their ampullae, as well as the cochl-
ear duct may form from a combination of M-L domains
(Brigande et al. 2000a; Fekete & Wu, 2002). Some genes
appear to be expressed in a M-L gradient as early as the
otic placode stage, including the expression of Wnt reporter
genes (Ohyama et al. 2006; Jayasena et al. 2008). However,
in surgical manipulations altering the M-L orientation of
the otocyst in chicks, the otocysts underwent malformations
during development without the respecification of medial
or lateral genes (Wu et al. 1998). These experiments also
showed that M-L specification may occur approximately at
the same time as A-P axis formation (Wu et al. 1998).

The hindbrain has been implicated as a source of M-L
patterning signals (Fig. 2). Certain mouse mutants that
cause hindbrain defects like Hoxa1, Fgf3 and Kreisler/MafB
mutants exhibit r5/r6 defects and defects in FGF signaling,

© 2015 Anatomical Society
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and also lack the presence of an endolymphatic duct in
addition to other inner ear defects (Deol, 1964; Mark et al.
1993; McKay et al. 1996; Choo et al. 2006). Together, these
data suggest that hindbrain-derived Fgf3 may play a role in
M-L axis patterning (Lin et al. 2005). Further investigation
of the role of the hindbrain and its signaling centers in Kre-
isler mutants showed they lack the endolymphatic duct, but
still possess the lateral canal and its ampulla (Choo et al.
2006). Genes expressed dorsal-medially, Gbx2 and Wnt2b,
were downregulated in the ears of these mice as well, while
Otx2, a gene expressed in the lateral otocyst, expanded
medially (Choo et al. 2006). Wnt signaling has also been
proposed to play a role in M-L patterning, as fate mapping
of Wnt-responsive cells in the otic cup indicated that these
cells made broad contributions to the inner ear, especially
the entire medial wall (Riccomagno et al. 2005; Brown et al.
2015). Dil fate-mapping of the chick otic cup also revealed
that the bulk of the lateral wall of the otocyst originated
from the ventral-posterior rim of the otic cup (Brigande
et al. 2000a).

In summary, for the inner ear and cochlea to develop
with the correct patterning and structures, the establish-
ment of the cardinal axes is vital. To establish these axes
and subsequently pattern the otocyst, many of the same
developmental paradigms used to pattern the embryo
proper are redeployed: the same signaling process used to
pattern the D-V axis of the neural tube is utilized in the
otocyst, and the process used to confer A-P identity to the
embryo is used for the otocyst A-P axis formation.

Mapping the origins of the cochlea and the organ of
Corti

The signals described in the preceding sections help parti-
tion the otocyst into its three cardinal axes. It is well-estab-
lished that the cochlear duct grows out from the ventral
otocyst (Li et al. 1978), with a portion of cells located pos-
terior-ventrally beginning to form a protrusion around
embryonic day 11 in the mouse that marks the beginning
of the cochlear duct (Riccomagno et al. 2005; Wu & Kelley,
2012; Brown et al. 2015). Over the next 5 days, the cochlear
duct continues to elongate and coil in an anterior-medial
direction until it reaches its full one and three-quarters
turns (Fig. 3). In contrast to the vestibular sensory organs
(Wu & Oh, 1996; Morsli et al. 1998; Wu & Kelley, 2012; Raft
& Groves, 2015), there is currently only a small amount of
fate-mapping or gene expression data that describes the
early location of cochlear progenitors in general and pro-
genitors of the organ of Corti in particular (Wu & Kelley,
2012). Fate-mapping studies using a Neurog1-CreER trans-
genic mouse to track the fate of the Neurog7-expressing
progenitors in the anterior and ventral regions of the oto-
cyst between embryonic days 8 and 13 show few descen-
dants of this region in the cochlear duct and almost no cells
in the organ of Corti itself (Koundakjian et al. 2007; Raft
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Fig. 3 Development and specification of the prosensory domain (PD) and the organ of Corti (OC). (A) Time course of inner ear development,
viewed from the lateral side of the embryo. Between E11.5 and E17.5, the cochlear duct elongates from the ventral wall of the otocyst. Between
E12.5 and E13.5, the plates in the vestibular portion undergo extensive rearrangement to form the semicircular canals with cristae (green circles)
developing at their base. By E15.5, the vestibular labyrinth and its associated sensory organs have developed (cristae and maculae are shown in
green, the approximate position of maculae at E11.5 and E12.5 are shown with red outlines), while the OC continues to differentiate. (B) The bar
represents the orientation of the cochlear sections shown in (C). The PD, which gives rise to the OC, is flanked by non-sensory tissue. On the neu-
ral side the PD is flanked by the greater epithelial ridge (GER; red) and on the abneural side by the cells that will form the outer sulcus (blue).

(C) Schematic diagrams of cochlear sections at the level of the dotted lines shown in (A). Initially the sensory competent region of the cochlea
expresses Sox2 and Jag1. A gradient of BMP4 (visualized by the readout of phosphorylated SMAD1/5/8) from the abneural side of the cochlea
refines the prosensory region as development proceeds. By E13.5, cells in the PD exit the cell cycle and contain all the progenitors for the OC. At
E14.5, at the border between the GER and the PD, inner hair cells (IHCs) in the base of the cochlea begin to differentiate in response to an as-yet
unidentified signal. As IHCs differentiate, they become a source of FGF8, which together with Notch signaling will help establish the patterning of
the OC. By E17.5, the base of the cochlea exhibits its final pattern of one row of IHCs and three rows of outer hair cells (OHCs). Over the next 2
days, this patterning will extend throughout the length of the cochlea. The endolymphatic duct, which grows out from the medial side of the
otocyst, is colored purple to distinguish it from the rest of the inner ear. AC, anterior crista ampullaris; ASC, anterior semicircular canal; IPC, inner
pillar cell; LC, lateral crista ampullaris; LSC, lateral semicircular canal; OPC, outer pillar cell; PC, posterior crista ampullaris; PSC, posterior
semicircular canal; SM, saccular macula; UM, utricular macula.

et al. 2007). Fate-mapping of Wnt-responsive progenitors
using a CreER mouse line driven by Lef/TCF-binding sites
(TOP-CreER) shows that some Wnt-responsive progenitors
in the medial wall of the otocyst between E9.5 and 11.5 will
contribute to sensory epithelium of the cochlear duct (Ric-
comagno et al. 2005). Regardless of the precise origin of
cochlear duct progenitors, by embryonic day 11, the ventral
cochlear outgrowth expresses a broad domain of Sox2 and
Jag1 that will eventually resolve into a central Sox2-express-
ing prosensory domain that will give rise of the organ of
Corti, a stripe of Jag? running along the neural side of the
cochlear duct (closest to the spiral ganglion) and a stripe of
Bmp4 expression running along the abneural side of the
cochlear duct (Ohyama et al. 2010; Wu & Kelley, 2012;

Fig. 3). In the following sections, we describe how the
prosensory domain exits the cell cycle, receives patterning
information and differentiates into the organ of Corti.

Coordination of cell cycle exit and
differentiation in the cochlea

The mammalian organ of Corti is one of the most precisely
patterned structures in vertebrates, showing a level of cellu-
lar organization comparable to the almost crystalline
arrangement of ommatadia in the insect compound eye.
Three rows of outer hair cells and one row of inner hair
cells run along the length of the cochlear duct, with each
cell surrounded by dedicated types of supporting cells:

© 2015 Anatomical Society



inner phalangeal and border cells surround the inner hair
cells; and Deiters’ cells surround the outer hair cells. In addi-
tion, an inner and outer pillar cell separate these two
domains and form the tunnel of Corti (Fig. 4). This precise
arrangement of cells is repeated hundreds of times along
the length of the cochlea in an invariant fashion. To form
such a sophisticated pattern, strict control of proliferation
and differentiation of hair cell and supporting cells progeni-
tors is necessary. As described above, the organ of Corti is
derived from a prosensory domain of Sox2* progenitors
located in the ventral region of the otocyst. After an initial
period of proliferation and extension (between E10 and
E12 in the mouse), the progenitor cells of the prosensory
domain undergo cell cycle exit at E12.5, starting in the apex
(tip) of the cochlear duct (Ruben, 1967; Matei et al. 2005;
Doetzlhofer et al. 2006). A wave of cell cycle exit then pro-
ceeds along the prosensory domain from apex to base over
the next 2-2.5days, with a few cells in the most basal
region completing their final division between E14.5 and
E15.0 (Fig. 3).

A number of cell cycle regulators have been shown to
regulate this process in the cochlea. Prior to cell cycle exit,
Sox2-expressing prosensory progenitors appear to require
canonical Wnt signaling to maintain their proliferation, and
there is some evidence to implicate CyclinD1 in this process
(Jacques et al. 2012). Starting at about embryonic day 12—
13.5 in the mouse, the cyclin-dependent kinase inhibitor
p27""P" (Cdkn1b) is upregulated in the cochlea in an apical-
to-basal gradient that closely follows the gradient of cell
cycle exit (Chen & Segil, 1999; Lee et al. 2006). Although
p274P! is commonly regulated at the post-transcriptional
level, the apical-to-basal upregulation of p27“' in the
cochlea is also regulated transcriptionally (Lee et al. 2006).
This apical-to-basal pattern of cell cycle exit is disrupted in

Afferent and efferent nerve fibres

Tectorial membrane

The development of the mammalian cochlea, M. L. Basch et al. 239

p275PT mutant mice, with both extra hair cells and support-
ing cells being produced (Chen & Segil, 1999; Lowenheim
et al. 1999; Kanzaki et al. 2006). After cell cycle exit, p27"P’
is most strongly expressed in post-mitotic hair cells, while
other cyclin-dependent kinase inhibitors such as p19™<4d
(Cdkn2d) and p219P" (Cdkn1a) are also expressed in hair
cells and supporting cells, and their combined action is nec-
essary to maintain the post-mitotic state and viability of
both cell types (Laine et al. 2007; Schimmang & Pirvola,
2013). In addition, members of the pocket protein family
(Rb1, Rbl1/p107, RbI2/p130) also play a role in maintaining
the post-mitotic state of hair cells and supporting cells. (Ro-
cha-Sanchez & Beisel, 2007). Deletion of Rb1 in hair cells
leads to their inappropriate re-entry into the cell cycle (Sage
et al. 2005), which leads to rapid cell death in the cochlea
but not the vestibular system (Sage et al. 2006; Weber et al.
2008). Deletion of Rb1 in postnatal supporting cells also
permits cell cycle re-entry (Yu et al. 2010), but again the
proliferating supporting cells begin to die after a week. In
contrast, germline deletion of Rb/2/p130 causes the appear-
ance of supernumerary hair cells and supporting cells dur-
ing development (Rocha-Sanchez etal. 2011), and
occasional unscheduled cell cycle re-entry of supporting
cells in the adult. However, in this case, the proliferating
cells appear to survive and Rb/2 null mice do not have sig-
nificantly compromised hearing (Rocha-Sanchez et al.
2011). This suggests that different members of the Rb family
may play different roles during development and mainte-
nance of the post-mitotic state during cochlear develop-
ment.

Cell cycle exit and differentiation are typically tightly cou-
pled during development, with differentiation signals fre-
quently driving cells out of the cell cycle. However, in the
differentiating organ of Corti, cell cycle exit and differentia-

W Hair cells M Boeticher’s cells
Pillar cells Claudius’ cells

W Deiters’ cells  Inner phalangeal cells

W Hensen's M Border cells

cells Inner sulcus cells

Basilar membrane

Fig. 4 The structure of the organ of Corti. The organ of Corti rests on the basilar membrane of the cochlear duct. It consists of epithelial cells that
are varied in both structure and function. Cochlear hair cells (red) can be anatomically and functionally divided into inner and outer hair cells. The
inner hair cells detect sound and transmit the information to the brain via the afferent nerves of the cochleovestibular (VIlith) ganglion, while outer
hair cells are important in amplification of sound and receive efferent innervation from the brainstem. Each hair cell is surrounded by dedicated
kinds of supporting cells: inner phalangeal and border cells (light green and gray, respectively) surround the inner hair cells, and Deiters’ cell
(green) surround the outer hair cells. In addition, an inner and outer pillar cell (yellow) separate these two domains and form the tunnel of Corti
(white area between the pillar cells). Inmediately next to the Deiters’ cell are the Hensen's cells (sky-blue), which have been proposed to modulate
the interaction between outer hair cells and the tectorial membrane. The tectorial membrane is an acellular sheet secreted largely by the inner sul-
cus cells (light purple) in the greater epithelial ridge. Next to the Hensen's cells are the Claudius’ cells (light blue). Cells lying beneath Claudius’ cells
and the basilar membrane are known as Boettcher’s cells (dark blue). These two types of cells have been reported to maintain the microenviron-
ment of the cochlea, such as Na* absorption or nitric oxide secretion.
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tion are uncoupled from one another in a striking way. At
E13.5, cells in the mid-basal part of the cochlea duct start to
differentiate into hair cells and upregulate the bHLH tran-
scription factor Atoh1 (Chen et al. 2002; Cai et al. 2013).
This region of differentiating cells quickly spreads down to
the base of the cochlea and also progresses towards the
apex over the subsequent 3-4 days. In other words, the first
cells to exit the cell cycle at the apex of the cochlea at E12.5
are the last ones to differentiate into hair cells just before
birth. In contrast, some of the last cells to exit the cell cycle
in the mid-basal region of the cochlea are the first progeni-
tors to differentiate into hair cells. At present, nothing is
known about the signals that initiate and propagate the
wave of cell cycle exit in the cochlear duct, or of cellular
processes that occur in the post-mitotic progenitors in the
apex of the cochlear duct during their quiescent 5-6-day
period before differentiating.

In the last few years, some of the signals that regulate
the basal-to-apical gradient of differentiation of the pro-
sensory domain have been characterized. Initially, knockout
mouse experiments suggested a role for the transcription
factors Neurog1 and Neurod1 in these gradients. First, the
cochlear prosensory region of Neurog? mutant mice shows
a precocious exit from the cell cycle about 24-36 h earlier
than normal, and hair cell differentiation starts in the api-
cal, not the basal, region of the Neurog? mutant cochlea
(Matei et al. 2005). This disrupted pattern of hair cell differ-
entiation is also seen in Neurod? mutant mice (Jahan et al.
2010). A clue to the mechanism underlying these defects
came from the observation that Neurod? and Neurog1 are
not expressed in the cochlea at detectable levels during dif-
ferentiation of the prosensory domain. They are, however,
expressed in progenitors of the developing spiral ganglion
that runs along the length of the cochlear duct, and both
Neurod1 and Neurog! mutant mice have spiral ganglia that
are either greatly reduced or completely absent (Ma et al.
1998, 2000; Liu et al. 2000; Kruger et al. 2006). This suggests
that signals from the developing spiral ganglion may regu-
late the timing of differentiation of cochlear hair cells, and
that Neurod? and Neurog1 regulate this process indirectly
by regulating spiral ganglion formation.

Several recent studies have proposed that Shh may be
one of the signals that regulate differentiation of the cochl-
ear prosensory domain. First, Shh is expressed in the devel-
oping spiral ganglion (Liu et al. 2010; Bok et al. 2013) and
is downregulated from basal parts of the spiral ganglion at
a similar time to the appearance of the first Atoh7-express-
ing hair cell progenitors. Second, Shh has been shown to
inhibit hair cell formation in vitro (Driver et al. 2008). Third,
conditional inactivation of Shh in the spiral ganglion or
inactivation of the Shh receptor Smo in the cochlea duct
lead to a shorter cochlea in which prosensory cells exit the
cell cycle and differentiate prematurely, with both Atoht
expression and hair cell differentiation following an apical-
to-basal gradient instead of the normal basal-to-apical gra-

dient (Bok et al. 2013; Tateya et al. 2013). Together, these
observations indicate that Shh may pay a role in promoting
proliferation and preventing premature hair cell differenti-
ation in the cochlear duct, although it is not yet clear
whether Shh signaling is acting directly to suppress Atoh
expression and hair cell differentiation of prosensory pro-
genitors or whether it does so indirectly by regulating an
intermediate signal in the cochlear epithelium.

Signals that pattern the cochlear duct to
form the organ of Corti

As the cochlear duct begins to elongate from the ventral
side of the otocyst, it already contains the molecular signals
that will initiate the patterning of the prosensory domain.
From E12.5 onward, the asymmetrical distribution of pat-
terning signals is translated into three distinct regions in
the cochlear duct (Fig. 3). On the neural side, Jag? expres-
sion becomes restricted to the non-sensory tissue adjacent
to the prosensory domain (Ohyama et al. 2010). In addition
to Jag1 these cells also express Lunatic Fringe (LFng) and a
gradient of Fgf10 that decreases towards the middle of the
cochlea (Cantos et al. 2000; Burton et al. 2004; Ohyama
et al. 2010; Wu & Kelley, 2012). These cells form a non-sen-
sory region adjacent to the organ of Corti, termed Kolliker’s
organ (Kelley, 2007), and these cells eventually form the
inner sulcus of the cochlea. The prosensory cells between
Kolliker's organ and the outer sulcus begin to express the
cell cycle inhibitor p27<®" (Cdkn1b) as they exit the cell cycle
(Chen & Segil, 1999; Lee et al. 2006). They also express the
bHLH transcriptional repressors Hey1 and Hey2, which are
canonical downstream effectors of the Notch pathway
(Hayashi et al. 2008a; Li et al. 2008; Doetzlhofer et al.
2009). Flanking the Sox2/Jagi-positive domain on the ab-
neural side of the cochlea is a narrow strip of non-sensory
cells that express Bmp4. As development progresses, the
Bmp4-positive region expands and these cells will give rise
to the future outer sulcus. By E13.5, Kolliker’s organ, the
prosensory domain and the future outer sulcus are three
discrete territories in the ventral wall of the cochlea, with
sharp boundaries between them defined by their molecular
composition (Ohyama et al. 2010). Sox2 remains strongly
expressed by prosensory cells (Kiernan et al. 2005b) and, to
a lesser extent, by Jag7-positive cells, suggesting that non-
sensory cells in Kolliker's organ might retain some generic
progenitor capacity.

The formation of all prosensory patches of the bird inner
ear is marked by the co-expression of Sox2, Jag1 and Bmp4,
as are the cristae in mammals (Oh et al. 1996; Wu & Oh,
1996; Morsli et al. 1998). In the mammalian maculae, Sox2,
Jag1 and Lfng are expressed together, and Jag? and Sox2
are necessary for the sensory patches to develop properly
(Kiernan et al. 2005b, 2006). However, the mammalian
organ of Corti is unique in that, as described above, Sox2,
Jag1, Bmp4 and Lfng are not co-expressed by the prosenso-
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ry cells themselves at the time of hair cell differentiation,
but are distributed in the adjacent non-sensory tissues and
their integration in the middle of the cochlear duct results
in formation of the prosensory domain. This suggests that
the interactions between Sox2, Jag1, BMP4 and FGFs likely
have a different role in the cochlea vs. the mouse vestibular
organs and all sensory organs of birds. We will next look at
the evidence for the involvement of these signals in the
specification of the prosensory domain in the mammalian
cochlea.

The role of Sox2 in formation of the organ of Corti

Sox2 (SRY-related HMG box) is a high-mobility group-
related transcription factor. It is a marker for many types of
stem cells and is expressed by neural progenitor cells at dif-
ferent stages of development (Liu et al. 2013; Abdelalim
et al. 2014). In the inner ear, Sox2 is one of the earliest
markers for all prosensory patches and is expressed in the
sensory epithelium of all six sensory regions (Kiernan et al.
2005b; Dabdoub et al. 2008; Kelley et al. 2009). Mice carry-
ing hypomorphic mutations of Sox2 do not develop sensory
hair cells or supporting cells, suggesting that Sox2 is neces-
sary for prosensory specification (Kiernan et al. 2005b).
Mutations in the human SOX2 locus are also associated with
a number of developmental defects including sensorineural
hearing loss (Kelberman et al. 2006). Interestingly, forced
overexpression of Sox2 in the cochlea does not result in
ectopic hair cell formation, but rather in the suppression of
hair cell fates and neuronal differentiation (Dabdoub et al.
2008; Puligilla et al. 2010). It has been proposed that this is
due to mutual repression between Sox2 and Atoh1, the
transcription factor that initiates hair cell differentiation
(Dabdoub et al. 2008), and may reflect a role for Sox2 in
establishing neural vs. sensory competence in the ear (Ah-
med et al. 2012a,b; Raft & Groves, 2015). In all sensory
patches, the Notch ligand Jag7 is co-expressed with Sox2,
and it has been suggested that Sox2 expression itself is
dependent on Notch signaling (Dabdoub et al. 2008; Pan
et al. 2010, 2013). Forced expression of the Notch intracellu-
lar domain (NICD) in non-sensory regions of the cochlea
induces ectopic Sox2 expression (Hartman et al. 2010; Pan
et al. 2010). However, Sox2 continues to be expressed in
the absence of canonical Notch signaling in the cochlea,
and some other prosensory markers are present in the
cochlea of Notch pathway mutants (Basch et al. 2011).
Taken together, these data indicate that Sox2 is necessary
for sensory patch induction, and that its expression can be
regulated by components of the Notch signaling pathway.

The role of FGF signaling in formation of the organ
of Corti

Like Sox2 and Jag1, Fgf10 is also expressed in all vestibular
sensory patches and is necessary for their specification (Pir-
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vola et al. 2000; Pauley et al. 2003). Targeted mutations of
Fgfr1 or Fgf10 result in severe dysgenesis of the vestibular
labyrinth and truncation of the semicircular canals (Pirvola
et al. 2000; Pauley et al. 2003). In addition, Fgfr1 mutants
have only a rudimentary cochlea (Pirvola et al. 2000).
Because of its early asymmetrical localization on the abneu-
ral side of the cochlea where it forms a sharp border with
the prosensory domain, and its requirement for vestibular
sensory development, Fgf10 is a potential candidate for
cochlear prosensory specification. However, Fgf10 mutants
do not display obvious defects in cochlear hair cell or sup-
porting cell formation (Pauley et al. 2003), suggesting that
the effect observed in the Fgfr1 mutants is mediated by
other members of the Fgf family. Recent work has shown
that Fgf20 is expressed in the prosensory region of the
cochlea overlapping Sox2 expression (Hayashi et al. 2008b;
Huh et al. 2012). The time and place of Fgf20 expression
are consistent with a role in prosensory specification
(Groves & Fekete, 2012). Using specific function-blocking
antibodies against Fgf20, Hayashi and colleagues observed
a phenotype reminiscent of the Fgfr7 mutants: a disruption
and severe reduction in the formation of hair cells and sup-
porting cells (Hayashi et al. 2008b; Munnamalai et al. 2012).
The fact that hair cells and supporting cells still form after
blocking Fgf20 seems to indicate that either the effect of
the antibody is partial, or that a prosensory domain is speci-
fied but perhaps reduced in size. More recent evidence sug-
gests that the latter may be the case; Fgf20 knockout mice
develop a subset of sensory cells along the cochlea (Huh
et al. 2012). Instead of the normal pattern consisting of one
row of inner hair cells and three rows of outer hair cells,
these mice exhibit a reduction in the number of outer hair
cells and their associated supporting cells, suggesting this
signal is preferentially required for the differentiation of
the outer hair cell compartment (Huh et al. 2012). Inter-
spersed in the patches of missing hair cells are Sox2-positive
cells that the authors suggest to be undifferentiated pro-
sensory progenitors. Interestingly, there is a short window
of time where these mutants can be rescued by the addi-
tion of exogenous Fgfs, and this time window (between
E13.5 and E14.5) is consistent with the onset of hair cell dif-
ferentiation (Huh et al. 2012).

The role of BMP signaling in formation of the organ
of Corti

Bone morphogenetic proteins are a family of secreted mol-
ecules that belong to the TGFp superfamily. BMPs can act as
morphogens generating a graded response over small dis-
tances (Affolter & Basler, 2007; Plouhinec et al. 2011). The
downstream effectors of BMPs are the SMAD proteins, and
one of the readouts of BMP activity is the detection of
phosphorylated SMADs (Fig. 3). Bmp4 is expressed in all
sensory patches in birds (Wu & Oh, 1996), and it is necessary
for the patterning of the sensory and non-sensory portions
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of each crista ampullaris at the base of the mammalian
semicircular canals (Morsli et al. 1998; Chang et al. 2008).
Unfortunately, Bmp4 mutant mice die too early to analyze
the cochlear phenotype, and inner ear-specific conditional
Bmp4 mutants that have been generated thus far fail to
remove the protein from the non-sensory regions of the
cochlea where it is expressed (Chang et al. 2008). Neverthe-
less, Bmp4 expression suggests that it could play a pivotal
role in the specification of the cochlear prosensory domain.
As stated earlier, Bmp4 is one of the early proteins asym-
metrically expressed as the cochlear duct begins to grow
(Ohyama et al. 2010). As Bmp4 expression extends through-
out the future outer sulcus flanking the prosensory domain
on its abneural side, a gradient of phosphorylated SMAD1/
5/8 can be detected extending from the border of the outer
sulcus towards the neural side of the cochlear duct (Ohy-
ama et al. 2010). When the levels of BMP are reduced
throughout the cochlea by conditional deletion of the BMP
type | receptors Alk3 and Alk6, the cells on the abneural
side are now exposed to low levels of BMP and therefore
acquire a fate corresponding to Kolliker’'s organ (Ohyama
et al. 2010). Moreover, culture experiments where cochlear
explants were exposed to varying concentrations of BMP4
suggest that this gradient can specify sensory and non-sen-
sory regions of the cochlea in a dose-dependent manner
(Ohyama et al. 2010). Intermediate levels of BMP signals are
responsible for the specification of prosensory fates,
whereas low doses specify Kolliker's organ and high doses
generate outer sulcus and inhibit Kolliker's organ gene
expression (Ohyama et al. 2010).

The role of Notch-Jagged signaling in formation of
the organ of Corti

The Notch ligand Jagged1 is expressed in all sensory patches
in the inner ear together with Sox2 (Brooker et al. 2006; Ki-
ernan et al. 2006). However, in the mammalian cochlea,
Jag1 protein expression quickly restricts to the non-sensory
domain on the neural side of the cochlea and is not co-
expressed with markers of the prosensory domain (Ohyama
et al. 2010). This expression pattern is consistent with a
Notch-mediated lateral induction signal that could specify
the adjacent prosensory domain. Conditional Jag? mutant
mice have dramatic vestibular phenotypes with varying
degrees of truncation in the semicircular canals, and reduc-
tion or absence of the cristae and maculae (Brooker et al.
2006; Kiernan et al. 2006). The cochlea of Jag7 conditional
mice have reduced numbers of hair cells and supporting
cells, with basal regions of the cochlea lacking both cell
types and apical regions containing a partial row of inner
hair cells (Brooker et al. 2006; Kiernan et al. 2006). Activa-
tion of the canonical Notch signaling pathway by ectopic
expression of the Notch1 intracellular domain (N1ICD) is
able to generate ectopic sensory tissue in both birds and
mammals (Daudet & Lewis, 2005; Daudet et al. 2007; Hart-

man et al. 2010; Pan et al. 2010). Ectopic expression of
JAGT in the chick otocyst is also able to stabilize SOX2
expression, although it appears unable to induce it de novo
(Neves et al. 2011). However, activation of Notch signaling
in the E13.5 mouse cochlea is not sufficient to elicit hair cell
or supporting cell fates in the non-sensory regions of the
mammalian cochlea (Pan et al. 2010, 2013). Although
forced expression of N1ICD does upregulate the expression
of Sox2 (Pan et al. 2010, 2013), this is not enough to induce
the expression of other prosensory markers (Dabdoub et al.
2008; Basch et al. 2011). The strongest argument against
the requirement for Jag7 or Notch signaling in the specifica-
tion of the cochlear prosensory domain derives from the
observation that in RBPJk mutants, where the canonical
downstream effector of the Notch pathway has been condi-
tionally deleted, hair cells and supporting cells continue to
form (Basch et al. 2011; Yamamoto et al. 2011). Further-
more, the patterning of the prosensory region and the non-
sensory regions of the cochlea is not disrupted in these
mutants (Basch et al. 2011). These results again seem to sug-
gest a unigue mode of induction of the organ of Corti dis-
tinct from other mammalian ear sensory organs, with Jag1-
Notch signaling appearing to be necessary for induction of
the vestibular organs in whose prosensory patches Jag1
continues to be expressed, but is not necessary for the
induction of the cochlear prosensory domain, from which
Jag1 is excluded by the time the first specific prosensory
markers are induced.

Regulation of hair cell differentiation in the
organ of Corti

The differentiation of hair cells and supporting cells in the
organ of Corti begins between E13 and E14 starting close to
the base of the cochlea. It quickly extends towards the base
of the cochlea, and over the next 4 days it spread towards
the apex (Li & Ruben, 1979; Lim & Anniko, 1985; Chen et al.
2002; Montcouquiol & Kelley, 2003). The bHLH transcription
factor Atoh1 (Jarman & Groves, 2013) is one of the earliest
markers to be expressed in differentiating hair cells (Woods
et al. 2004; Mulvaney & Dabdoub, 2012; Cai et al. 2013).
AtohT null mice fail to develop hair cells in the inner ear
(Bermingham et al. 1999; Chen et al. 2002; Pan et al. 2011),
whereas overexpression of Atoh? is sufficient to induce
ectopic hair cells in cochlear cultures (Zheng & Gao, 2000).
The initial reports of Atoh1 expression in the cochlea were
somewhat dependent on the methods used to visualize it. A
LacZ reporter that replaced the Atohl coding region indi-
cated a broad expression of Atoh1 throughout the cochlea
at E13, followed by a restriction of expression to the differ-
entiating hair cells (Woods et al. 2004), whereas in situ
hybridization and antibody staining suggested the initial
expression of Atoh1 was in differentiating hair cells at the
mid-base of the cochlea at E14 (Chen et al. 2002). More
recently, the use of EGFP-tagged knock-in mouse lines that
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recapitulate endogenous Atoh1 protein expression have
shown its initial expression precedes the differentiation of
hair cells (Cai et al. 2013; Cai & Groves, 2014). More pre-
cisely, it starts just before differentiation begins and it is
restricted to a subset of progenitors in the prosensory
domain, rather than being expressed generally throughout
the cochlea (Cai et al. 2013). Consistent with the timing of
its initial expression, lineage analysis using an Atoh1<%E line
revealed that progenitor cells expressing AtohT are able to
generate both hair cells and supporting cells (Yang et al.
2010). However, the variable number of supporting cells
labeled in different inner ear sensory patches in these exper-
iments, and the lack of a clear pattern to the labeled sup-
porting cells, suggests that the onset of Atoh! expression
happens shortly before hair cell progenitors commit to a
hair cell fate but that cellcell interactions (likely through
Notch signaling; see below) can re-direct some of these pro-
genitors towards a supporting cell fate (Driver et al. 2013).
Given the precise matching of hair cell and supporting cell
numbers in the cochlea compared with other sensory organs
of the inner ear, it is likely that the conversion of hair cell
progenitors to supporting cells would occur more fre-
quently in the organ of Corti than in other inner ear sensory
organs. Consistent with this idea, the largest number of
Atoh1RE_|abeled supporting cells can be found in the
cochlea (Yang et al. 2010; reviewed in Cai & Groves, 2014).
The signals responsible for the onset of AtohT expression
are an active area of investigation (Mulvaney & Dabdoub,
2012). Wnts and BMPs have been shown to regulate Atoh1
gene or protein expression in a variety of tissues (Ebert
et al. 2003; Tsuchiya et al. 2007; Aragaki et al. 2008; Zhao
et al. 2008; Kamaid et al. 2010; Shi et al. 2010), or to regu-
late hair cell production in the cochlea (Jacques et al. 2012,
2014), and functional Lef/Tcf-binding sites have been found
in the 3’ autoregulatory enhancer of Atoh1 (Shi et al. 2010).
The regulation of AtohT expression by the Notch signaling
pathway in the inner ear is also well documented (Kiernan,
2013). Two canonical Notch effectors, Hey? and Hey2, are
expressed in the prosensory domain of the cochlea, and
their expression becomes restricted to a subset of support-
ing cells as hair cell differentiation proceeds (Hayashi et al.
2008a,b; Li et al. 2008; Doetzlhofer et al. 2009). Hey? and
Hey2 encode bHLH transcriptional factors that belong to
the Hes/Hey family of transcriptional repressors. These
genes are known to repress the hair cell differentiation pro-
gram in progenitor cells (Li et al. 2008; (Tateya et al. 2011).
These observations led to the idea that Notch signaling
could be responsible for the early onset of Atoh1 expression
(Hayashi et al. 2008a,b). However, the timing of Atoht
expression in the cochlea is not affected in mice where
canonical Notch signaling has been conditionally inacti-
vated (Basch et al. 2011). Furthermore, Hey1 and Hey2 con-
tinue to be expressed in the prosensory domain of these
mice, suggesting that Notch signaling is dispensable for the
initiation of Atoh1 expression, and also that other signals
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are contributing to the regulation of Hey7 and Hey2 expres-
sion (Basch et al. 2011).

As described above, recent evidence points to the Hedge-
hog signaling pathway as a potential candidate for regula-
tion Atohl expression and hair cell differentiation.
Components of the Hedgehog pathway are expressed at
the right place and time (Driver et al. 2008), and truncating
mutants of the transcription factor Gli3, a downstream
effector of HH, result in an increase in the size of the sen-
sory epithelium (Driver et al. 2008). Conversely, treatment
of cochlear explants with exogenous SHH inhibits the for-
mation of hair cells (Driver et al. 2008). Conditional inactiva-
tion of Shh using different spiral ganglion-specific Cre
drivers resulted in a reversal of the differentiation gradient
in the cochlea, with premature differentiation of hair cells
starting at the apex (Bok et al. 2013; Tateya et al. 2013).
Interestingly, Hey1/2 double mutants exhibit premature hair
cell differentiation and an increased number of hair cells,
reminiscent of the Shh mutant phenotype (Benito-Gonzalez
& Doetzlhofer, 2014). Moreover, cochlear culture experi-
ments where SHH was added or inhibited revealed that
SHH is required to maintain Heyl and Hey2 expression
(Benito-Gonzalez & Doetzlhofer, 2014). In addition, it was
established that FGF signaling mediates the regulation of
Hey1 and Hey?2 expression by SHH (Benito-Gonzalez & Do-
etzlhofer, 2014). Taken together, these data suggest that
Hedgehog signaling prevents premature upregulation of
Atoh1 in the differentiating organ of Corti by indirectly
maintaining expression of Heyl and Hey2 through regula-
tion of Fgf signaling.

Generating the pattern of hair cells and
supporting cells in the organ of Corti

The cellular mosaic of the avian basilar papilla can be
explained through a relatively simple model of Notch-medi-
ated lateral inhibition (Lewis, 1991, 1998; Adam et al. 1998;
Eddison et al. 2000). As differentiation begins, a progenitor
cell from the prosensory domain begins to express the
Notch ligands Serrate2 and Delta1 in response to an as-yet
unidentified signal. This cell will differentiate into a hair cell
(the primary cell fate) and will signal to its neighboring
cells. As a consequence of Notch activation, the signal-
receiving cell will express Hey and Hes transcriptional
repressors, which block the hair cell differentiation program
and the neighboring cell adopts a secondary cell fate to
become a supporting cell. The repetition of this process
throughout the basilar papilla will result in the generation
of a regular mosaic of hair cells and supporting cells (Eddi-
son et al. 2000; Daudet & Lewis, 2005; Daudet et al. 2009),
although the precise ratio of hair cells and surrounding sup-
porting cells varies in different regions of the basilar papilla
(Goodyear et al. 1995; Goodyear & Richardson, 1997).

Over the past decade, many groups have shown that
Notch signaling also plays a pivotal role in patterning the
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organ of Corti (Lanford et al. 1999, 2000; Kiernan et al.
2005a; Brooker et al. 2006; Doetzlhofer et al. 2009; Kiernan,
2013). However, the asymmetrical cellular complexity in the
mammalian cochlea cannot be explained simply through
lateral inhibition. Instead of a regular mosaic of alternating
hair cells and supporting cells, two pillar cells separate the
inner hair cell region from the outer hair cells, and specific
supporting cell types surround each individual hair cell,
with Deiters’ cells adjacent to outer hair cells, and border
cells and inner phalangeal cells surrounding the inner hair
cells. The different types of supporting cells in the organ of
Corti have morphological distinctions that correspond to
positional and functional characteristics. In addition, each
type of supporting cell can be assigned a molecular identity,
which is defined by a specific combination of Hey and Hes
gene expression. For example, Deiters’ cells express Hes5,
Hey1 and HeyL, while Hensen's cells express Hes1 and Hey1
(Zheng et al. 2000; Zine et al. 2001; Hayashi et al. 2008a; Li
et al. 2008; Doetzlhofer et al. 2009; Hartman et al. 2009;
Murata et al. 2009). The different combinations of Hey and
Hes genes in supporting cells are expressed in response to
Notch signaling, and they repress the expression of AtohT,
preventing the onset of hair cell differentiation (Doetzlho-
fer et al. 2009; Tateya et al. 2011). According to the lateral
inhibition model, one could predict that the absence of
Notch signaling would result in all progenitor cells adopting
a primary fate and becoming hair cells at the expense of
supporting cells. Consistent with this idea, conditional dele-
tion of NotchT in the inner ear or deletion of Deltal and
Jag2, two Notch ligands expressed in hair cells, leads to an
overproduction of hair cells (Kiernan et al. 2005a,b; Brooker
et al. 2006). However, not all supporting cells adopt a hair
cell fate as the model would predict — for example, pillar
cells remain present in the organ of Corti after loss of
Notch-mediated lateral inhibition (Kiernan et al. 2005a; Do-
etzlhofer et al. 2009). The identity of pillar cells is depen-
dent on expression of Hey2: in the absence of Notch
signaling, Hey2 remains present in pillar cells, and only on
deletion of Hey2 do pillar cells convert into hair cells when
Notch signaling is blocked (Doetzlhofer et al. 2009). These
data suggest that other signals are involved in maintaining
Hey2 expression and preventing pillar cells from acquiring a
hair cell fate. Fgf8 is expressed by inner hair cells adjacent
to pillar cells, and loss of Fgfr3 or pharmacological inhibi-
tion of FGF receptors leads to abnormal pillar cell develop-
ment (Hayashi et al. 2007; Jacques et al. 2007; Puligilla
et al. 2007). Fgf signaling therefore seems a good candidate
to maintain pillar cell identity. However, blocking FGF sig-
naling in cochlear explants does not lead to a reduction of
Hey2, or a loss of pillar cell identity. Rather, inhibition of
both FGF and Notch signaling results in loss of Hey2 expres-
sion and pillar cell identity, suggesting that both pathways
act to maintain these supporting cells, perhaps as a way to
protect this evolutionary novel cell type through redundant
mechanisms (Doetzlhofer et al. 2009).

Development of tonotopy in the mammalian
cochlea

As shown in Fig. 1, the hearing organs of many terrestrial
vertebrates have elongated during the course of evolution
to permit hearing over a wide range of sound frequen-
cies. This ability reaches its apogee in mammals, where
different species can hear as low as a few tens of Hz to
ultrasonic ranges of over 100 kHz in some bats. The ability
to sample a wide sound spectrum is reflected in a tono-
topic gradient of sensitivity and response along the length
of the cochlear duct, where hair cells in the base of the
cochlea respond to sounds of high frequency, while hair
cells in the apex respond best to sounds of lower fre-
quency. A number of factors act in concert to tune the
response of hair cells so exquisitely: these include grada-
tions in the mechanical properties of the basilar mem-
brane and the tectorial membrane of the cochlear duct,
gradients of size and shape of hair cells and their stereo-
ciliary bundles, and differences in gene and protein
expression in hair cells at different points along the tono-
topic axis (Mann & Kelley, 2011). When cochlear develop-
ment is complete, these properties of the cochlear duct
and its hair cells vary systematically along its length and
allow discrimination of sounds of different frequencies
(Fig. 5).

The classic experiments of von Bekesy demonstrated that
the cochlear duct vibrates optimally in response to differ-
ent frequencies at different positions along its length (von
Békésy, 1960). This frequency discrimination is due to the
passive properties of the cochlea and can still be observed
in dead specimens. It is refined to a great degree by the
active properties of hair cells (Hudspeth, 2008, 2014),
which in mammals are predominantly exhibited by outer
hair cells that employ motor protein-based amplification
(Dallos, 2008; Dallos et al. 2008). The basilar membrane on
which the organ of Corti sits changes its mechanical prop-
erties along the length of the cochlea, being stiff, thin and
narrow at the base, and thicker, wider and more compli-
ant at the apex (Dallos, 1996). The primary components of
the basilar membrane are type Il and IV collagens, keratin
sulfate proteoglycans and a variety of extracellular matrix
glycoproteins including fibronectin, tenascin and emilin2
(Cosgrove et al. 1996; Tsuprun & Santi, 1999; Dreiling et al.
2002a,b; Amma et al. 2003) . At present, very little is
known about how the distribution and packing of these
proteins is regulated along the tonotopic axis to change
the thickness, width and stiffness of the basilar membrane.
The tectorial membrane that lies above the organ of Corti
and contacts outer hair cell stereocilia has a similar mor-
phological variation along the cochlear duct to the basilar
membrane, being thin and narrow at the base and wide
and thick at the apex. Collagens are again a major compo-
nent of the tectorial membrane, although several ear-spe-
cific glycoproteins such as o- and B-tectorin and otogelin
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Cell cycle/differentiation:

?
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\

Hair cell differentiation; Atoh1
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(NeuroD and Neurog1 mutants)
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High frequency

Narrow and thin basilar membrane
Short OHCs

Short hair bundles

l

Low frequency

Wide and thick basilar membrane
Tall OHCs

Tall hair bundles

Channels and Ca?* buffers:

\

BK Channel (OHCs)
KCNQ4 (OHCs)
Parvalbumin (OHCs)
KCNQ4 (IHCs)
CaV;

Calbindin (OHCs)

Fig. 5 Basal-to-apical differences in patterns of cell cycle exit, differentiation and tonotopic properties of the cochlea. Prosensory progenitors exit
the cell cycle at the base of the cochlea and express p27XP! protein in an apical-to-basal gradient. However, differentiation of hair cell progenitors
begins close to the base of the cochlear duct and spreads down to the apex over the next 4-5 days. This uncoupling of cell cycle exit and differen-
tiation is abolished in a variety of mouse mutants. The physical properties of the cochlear duct and hair cells also vary along the tonotopic axis
(basal: high-frequency; apical: low-frequency), and tonotopic gradients of ion channels and calcium buffers have also been observed, either in all

hair cells or in inner or outer hair cells (IHCs, OHCs).

also contribute to the matrix of glycoproteins (Goodyear &
Richardson, 2002), and mutations in these genes can cause
deafness in humans and mice (Legan et al. 2000; Simmler
et al. 2000; Pfister et al. 2004; Plantinga et al. 2006; Russell
et al. 2007; Xia et al. 2010; Gueta et al. 2011; Schraders
et al. 2012; Yariz et al. 2012). The organization of collagen
fibers varies along the length of the tectorial membrane,
although it is not clear to what extent these contribute to
changes in tectorial membrane stiffness (Gueta et al. 2006,
2007; Richter et al. 2007).

In addition to the properties of the membranes that lie
above and below them, hair cells also show morphologi-
cal variation along the tonotopic axis of the cochlear
duct, for example, in the size of outer hair cells (Engel
et al. 2006). The stereocilia of individual hair cells form a
precise staircase-like pattern in each hair bundle, with
adjacent rows of stereocilia connected to each other by
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tip and ankle links (Nayak et al. 2007). The height of each
stereociliary bundle is precisely regulated along the tono-
topic axis of the cochlea, with hair cells at the base of the
cochlea having short stereocilia and the height of the hair
bundles increasing (sometimes as much as threefold) in a
gradient towards the apex of the cochlea (Wright, 1984;
Lim, 1986; Kaltenbach et al. 1994). This trend is also seen
in other amniotes (Tilney & Saunders, 1983). The length
of hair cell stereocilia is constantly maintained by a
dynamic process of actin filament stabilization and
growth (Belyantseva et al. 2005, Manor & Kachar, 2008;
Peng et al. 2009). This suggests that hair cell bundle
length could be regulated by the fine tuning of actin reg-
ulatory proteins at either end of the actin filament core
in stereocilia (e.g. espin, radixin, Triobp or twinfilin;
Manor & Kachar, 2008) or by members of the group of
myosins that are present in hair bundles (Myosinic, 3a, 6,
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7a and 15a; Manor & Kachar, 2008). For example, mouse
mutants of Myosin15a, which localizes to the tips of ste-
reocilia, have extremely short hair bundles (Anderson
et al. 2000; Belyantseva et al. 2005). However, it is not
clear how the activity of these actin regulatory proteins is
fine-tuned to create such precise variations in stereocilium
length in a given hair bundle and between hair cell bun-
dles at different positions along the basilar membrane. It
is also possible that external influences may help set the
height of hair bundles, for example, the fact that the tec-
torial membrane touches the tips of the highest stereocil-
ia in each outer hair cell (Fettiplace & Hackney, 2006)
suggests that either signaling or direct physical force
could regulate stereocilia height. Alternatively, because
mechanotransduction channels are located close to the
tips of stereocilia (Beurg et al. 2009; Schwander et al.
2010), calcium entry during mechanotransduction could
also interact with and modulate actin regulatory proteins
at stereocilia tips (see Manor & Kachar, 2008 for addi-
tional discussion).

The fine-grained changes in hair cell morphology along
the tonotopic axis are accompanied by changes in the elec-
trophysiological properties of hair cells (Beurg et al. 2006),
and concomitant gradients of protein and mRNA expression
of genes that regulate the electrophysiological or calcium-
buffering properties of hair cells. Calcium buffers such as
calretinin, calbindin and parvalbumin are expressed in a
number of gradients, for example, parvalbumin expression
is highest in basal inner hair cells, but lowest in basal outer
hair cells (Pack & Slepecky, 1995; Hackney et al. 2005). A
number of ion channels are also expressed in gradients in
hair cells along the cochlear duct, such as the BK calcium-
activated potassium channel (Engel et al. 2006), the CaV 3
voltage-gated calcium channel (Engel et al. 2006) and the
KCNQ4 voltage-gated potassium channel (Beisel et al. 2000,
2005).

When considering all these observed tonotopic differ-
ences in hair cells, the outstanding question remains of
how such minute cell-to-cell changes in size, hair bundle
morphology or protein expression could be precisely cali-
brated along the cochlear duct. As discussed above, exter-
nal physical forces may play a role, but it is also possible
that gradients of signaling molecules, receptors or tran-
scription factors or co-factors may determine the tonotop-
ic properties of hair cells. Two recent studies searched for
differentially expressed genes along the proximal-distal
axis of the chicken basilar papilla using RNA-seq and
microarrays (Mann et al. 2014; Thiede et al. 2014). In birds,
the proximal region of the basilar papilla responses to
higher frequencies similar to the basal part of the mam-
malian organ of Corti, while distal regions respond to
lower frequencies, similar to the apical organ of Corti.
These two studies suggested that RA and BMP signaling
may play a role in specifying morphology and gene
expression of hair cells. BMP7 is enriched in the distal end

of the basilar papilla, and addition of BMP7 to proximal
portions of the basilar papilla is sufficient to produce
changes in cell density, calbindin expression and stereocilia
number and length consistent with their adopting a more
proximal hair cell identity (Mann et al. 2014). Conversely,
blocking BMP activity by addition of the BMP7 antagonist
Chordin-like 1 (CHRDL1) to the distal section of the basilar
papilla induced a proximal hair cell phenotype (Mann
et al. 2014). Interestingly, BMP7 and CHRDLT are expressed
in opposing gradients in the basilar papilla, suggesting
that the sharply varying gradients of BMP signaling might
result from the superposition of a BMP signal and its
antagonist. In mammals, Bmp7 has also been shown to be
expressed in the mouse otocyst and later in the cochlea
(Ohyama et al. 2010). However, no inner ear defects were
detected in Bmp7 mutant mice (Dudley et al. 1995; Luo
et al. 1995) although because these mice exhibit early
perinatal death, tonotopic or other ear defects may not
have been apparent. Conditional deletion of Bmp7 in the
cochlea may help to address this question. In further sup-
port of the role of BMP signaling in mammalian tonotopic
axis formation, a recent microarray study in the mouse
cochlea suggested a possible role of Fst (Follistatin), an
antagonist of TGF-B/BMP signaling, in setting up the base
to apex gradient (Son et al. 2012). Unlike in chick, where
the CHRDL1 BMP inhibitor is present in the proximal
(high-frequency) region of the basilar papillae, Fst is
expressed more strongly in the apex (low-frequency)
region of the mouse cochlea.

Retinoic acid signaling was also shown to regulate the
proximal-distal patterning and gene expression in the
chick basilar papilla (Thiede et al. 2014). Like the BMP sig-
naling pathway, a complementary expression pattern of
source and sink genes establishes a gradient of retinoid
signaling along the proximal-distal axis of the basilar
papilla. The RA-synthesizing enzyme RALDH3 is expressed
strongly in the proximal region of the basilar papilla, and
the RA-degrading enzyme CYP26CT is expressed strongly
in the distal region of the papilla, although these gradi-
ents change and ultimately reverse during the course of
embryonic development and after hatching (Thiede et al.
2014). Like BMP7, treatment of distal regions of the basilar
papilla with RA is able to transform the hair cells in these
regions to an identity more reminiscent of proximal parts
of the papilla, while RA receptor antagonists have the
opposite effect. It is of note that RA treatment was also
able to suppress expression of BMP7 in these experiments,
and that BMP7 treatment could downregulate RALDH3
expression (Thiede et al. 2014), suggesting a reciprocal
interaction between these two pathways during the estab-
lishment of tonotopic organization. In mice, the RA signal-
ing pathway has also been shown to be important for the
development of the otocyst and cochlea (Kelley et al.
1993; Raz & Kelley, 1999; Bok et al. 2011), and can regu-
late the expression of certain hair cell proteins such as
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prestin (Gross et al. 2011). However, it is not yet clear
whether it has a role in tonotopic organization of the
mammalian organ of Corti.

Future directions in cochlear development
research

The last 10 years have witnessed a flurry of studies that
have significantly advanced our understanding of how the
cochlea develops. However, each of the topics discussed in
this review make clear that much still needs to be discov-
ered. Below we briefly mention some areas that are ripe for
further exploration.

Cochlear evolution

Understanding the molecular changes that have accom-
panied the individuation and enlargement of the basilar
papilla during amniote evolution is a fascinating prob-
lem. It remains an open question as to whether this
enlargement involved the co-option of existing transcrip-
tion and growth factor expression domains or whether
entirely new patterns of transcription factor expression
arose in the amniote lineage in response to new induc-
ing signals (as seen in the emergence of otx7 expression
in the lateral semicircular canal during its addition in the
transition from lampreys to fish; Hammond & Whitfield,
2006).

Cochlear outgrowth

While the role of the planar cell polarity pathway has been
well established in driving the processes of convergent
extension and radial intercalation in cochlear development
(Kelly & Chen, 2007; Goodrich & Strutt, 2011; Chacon-Hesz-
ele et al. 2012), we know very little of the signals that initi-
ate the outgrowth of the cochlear duct, and almost
nothing about the spatial regulation of proliferation and
cell shape that give the cochlear duct its characteristic coiled
shape. The advent of transgenic mice expressing nuclear-
and membrane-bound forms of fluorescent protein,
together with advances in tissue clearing (Vogt, 2015) and
high-resolution fluorescent imaging (Udan et al. 2014) will
allow a much greater understanding of the cellular pro-
cesses that regulate cochlear shape.

Cell cycle exit and differentiation in the cochlea

As discussed above, the first prosensory cells to exit the cell
cycle at the apex of the cochlear duct are the last ones to
differentiate into hair cells and supporting cells (Lee et al.
2006). At present, we know nothing about the transcrip-
tional or post-transcriptional changes (if any) that occur in
these quiescent cells while they are waiting to be induced
to form hair cells and supporting cells.
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Cochlear patterning

It is now well established that localized sources of FGFs,
BMPs, Wnts and Shh are integrated to set up developmen-
tal gradients across the developing cochlear duct (Groves &
Fekete, 2012). However, it is much less clear how these com-
bined gradients are interpreted, first to give broad develop-
mental domains (e.g. the prosensory domain vs. the non-
sensory epithelium of the roof of the cochlear duct), and
second to set sharp boundaries between these developmen-
tal territories. Moreover, although the signals that specify
the prosensory domain (and subsequently the organ of
Corti) are beginning to be characterized, we know far less
about signals that induce equally important non-sensory
regions of the cochlear duct, such as the lateral wall (includ-
ing the stria vascularis), which is crucial for regulation of
endolymph composition, or Reissner’s membrane, which
separates the scala media of the cochlear duct from the
scala vestibuli that lies above it (Kelly & Chen, 2009). Inter-
estingly, the formation of the scala vestibuli and scala tym-
pani from mesenchyme that surrounds the cochlear duct
follows the same basal-to-apical gradient as the differentia-
tion of the cochlea itself (Sher, 1971), but nothing is known
about how this differentiation is coordinated with cochlear
patterning.

Hair cell and supporting cell identity

As described above, recent evidence has identified some
signaling pathways, such as FGF20, that can specify differ-
ent regions of the organ of Corti (Huh et al. 2012). How-
ever, with the exception of pillar cells (Mueller et al. 2002;
Jacques et al. 2007; Puligilla et al. 2007; Doetzlhofer et al.
2009), the signals that specify the individual types of hair
cells and supporting cell types seen in the organ of Corti
(Fig. 4) are far less clear. It is also clear that some plasticity
between these cell types can persist into the postnatal ani-
mal, for example, the modulation of FGF signaling can
cause a conversion of Deiters’ cells into pillar cells (Shim
et al. 2005; Mansour et al. 2013), but the molecular mecha-
nisms underlying this transformation are unknown. Recent
advances in purification of particular cell populations from
the cochlea, together with the increasing ease of deep
sequencing on very small populations of cells, means that it
will soon become possible to assemble a complete transcrip-
tome of each cell type in the organ of Corti. Such technol-
ogy can also be used to better interrogate the underlying
mechanisms of tonotopic development in the inner ear.
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