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Abstract
Basic helix-loop-helix (bHLH) transcription factors (TFs) are crucial for inner ear neurosensory
development. The proneural TF Atoh1 regulates the differentiation of hair cells (HCs) whereas
Neurog1 and Neurod1 regulate specification and differentiation of neurons, respectively, but also
affect HC development. Expression of Delta and Jagged ligands in nascent HCs and Notch
receptors in supporting cells induce supporting cell differentiation through the regulation of
neurogenic bHLH TFs (such as Hes1, Hes5) and suppression of limited Atoh1 expression. In
sensorineural hearing loss, HCs are lost followed by supporting cells and progressive degeneration
of neurons, at least in rodents. Regaining complete hearing may require reconstituting the organ of
Corti (OC) from scratch, including the two types of HCs, inner (IHC) and outer (OHC) hair cells
with the precise sorting of two types of afferent (type I and II) and efferent (lateral, LOC and
medial, MOC olivo-cochlear) innervation. We review effects of bHLH TF dosage and their cross-
regulation to differentiate HC types in the OC. We categorize findings of specific gene
expressions in HCs: 1. as markers without meaning for the regeneration task, 2. as stabilizers who
are needed to maintain or complete differentiation, and 3. as decision making genes, expressed and
acting early enough to be useful in this process. Only one TF has been characterized that fits the
last aspect: Atoh1. We propose that temporal and intensity variations of Atoh1 are naturally
modulated to differentiate specific types of HCs. Importantly, the molecular means to modify the
Atoh1 expression are at least partially understood and can be readily implemented in the attempts
to regenerate specific types of HCs.
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1. Introduction
The mammalian auditory epithelium, the organ of Corti (OC) of the cochlear duct, is
arguably the most precise cellular mosaic of the human body. The integrity and topology of
each of the different cell types is relevant for the function to convert sound over a wide
intensity and frequency range into electric signals. The OC is vulnerable leading to loss of
hair cells (HCs) with time, causing deafness. The challenge of regenerative medicine is to
functionally restore this cellular mosaic. Guiding regeneration requires understanding the
cell fate decision making processes in this (or any) developing system. These processes
involve: 1) establish the position of specific cell types through gradients of diffusible
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signals, 2) cross-regulation of transcription factors (TFs) for cell type specific differentiation
and 3) cell-cell interactions to consolidate cell fate and to ensure a coordinated assembly of
multiple cell types (Lander, 2011; Nahmad et al., 2011; Peter et al., 2011).

This general developmental principle, consolidated through studies in iPS cells (Buganim et
al., 2012), also applies to the OC. The ancestral basilar papilla of tetrapods, similar to the
vestibular epithelia out of which it evolved (Fritzsch et al., 2012), likely had only graded
variations of one type of HC surrounded by one type of supporting cell (Manley et al.,
1998). In contrast, mammals evolved two distinct types of HCs that are differentially
distributed around the mammalian specific Pillar cells to ensure proper stiffness for sound
processing. Developing these unique features is mediated by local interactions (Delta-Notch)
and diffusible factors (Wnt’s, Fgf’s, Shh and Bmp’s) that form gradients which co-operate
with regionally expressed TFs [Eya1, Six1, Gata3, Pax2, Sox2 (Ahmed et al., 2012;
Bouchard et al., 2010; Duncan et al., 2010; Kiernan et al., 2005)] into novel patterns to
define cell fate (Fritzsch et al., 2011; Groves et al., 2012). Cellular expression of proneural
basic helix-loop-helix (bHLH) TFs (Atoh1, Neurog1, Neurod1) transforms the initial pre-
patterning, likely generated by random expression of TF’s in a prosensory domain,
comparable to fate determination in iPS cells (Buganim et al., 2012), into distinct HC types.
This process ultimately involves restricting bHLH gene expression to HC precursors (Matei
et al., 2005) and initiate supporting cell differentiation via the Delta/Notch system (Basch et
al., 2011; Doetzlhofer et al., 2009; Fritzsch et al., 2011) and short range diffusible factors
(Huh et al., 2012; Puligilla et al., 2007). While it is clear that in the ear the most crucial
factor to differentiate HCs is Atoh1 (Bermingham et al., 1999; Pan et al., 2012b) it is unclear
how topologically distinct HC types form [inner (IHCs) and outer (OHCs) HCs] through
these patterning events and what unique mixture of TFs drives their specific differentiation.
This lack of mechanistic understanding of decision making processes for HC subtype
specification is in part due to the inability to segregate topologically restricted signals from
the equally topologically restricted HC differentiation. In other words, positional signals
cannot easily be segregated from cell type specific signals as they normally coincide.

In most cases of sensorineural hearing loss, neuronal loss follows HC degeneration (Alam et
al., 2007) but humans may differ in that respect (Linthicum et al., 2009). Given this apparent
correlation, at least in rodents, it is important to understand how the two types of HCs
become innervated during development by two distinct types of afferent (type I and II spiral
ganglion neuron) and efferent fibers (lateral, LOC and medial, MOC olivo-cochlear
efferents) to guide this process upon re-innervation (Chen et al., 2012). In essence, complete
functional regeneration of the OC will require not only resolving the correct topological
development of a given HC (IHCs modiolar to Pillar cells, OHCs lateral to Pillar cells) but
also finding the molecular means to differentially affect the ingrowing afferents and
efferents to re-establish the HC type specific distribution (Nayagam et al., 2011). Obviously,
proper fiber sorting requires the IHC and OHC distribution to be established first (Fig. 1)
thus putting the main emphasis on regenerating IHCs and OHCs precisely where they
belong.

These considerations make it obvious that molecular cues to differentiate distinct HC types
in specific locations are crucial for the complete functional restoration of the OC. No matter
the entry point toward regeneration, be it gene therapy (Izumikawa et al., 2008) or stem cell
therapy (Chen et al., 2012; Huisman et al., 2012; Kopecky et al., 2011; Oshima et al., 2010),
even partial topologically correct HC type regeneration may ensure some functionality of
whatever level of restoration of an OC can be achieved. To help focus on this general
problem, this review will provide an overview of molecular understanding of HC
development for reconstructing a functional OC, ‘the best hearing aid of the world’
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(Puligilla et al., 2009), followed by insights gained thus far in afferent and efferent fiber
sorting.

2. Structural and functional differences between IHC and OHC
Anatomical studies have long established morphological distinctions between IHCs and
OHCs and their innervation and functional properties (Lim, 1980). In therian mammals, HCs
in the OC are arranged in four rows, with one row of IHCs and three rows of OHCs, except
for variations in the extreme apex and base. In human, there are approximately 3,500 IHCs
and 12,000 OHCs (Lim, 1980). Although IHCs are the main sensory cells for converting
sound into auditory information for the brain, OHCs play an important role to dynamically
adjust the OC response to the sound level (Liberman et al., 2002). These two types of HCs
are not only differentially distributed with respect to the Pillar cells but are also structurally
very distinct and play vastly different functional roles in hearing.

IHCs are flask-shaped with thick shallow ‘C’ shaped stereociliary bundle protruding from its
apical surface. In contrast, the OHCs are long, cylindrical with ‘W’ shaped hair bundles that
consist of many more but much thinner stereocilia (0.2–0.3 μm compared to 0.6–0.8 μm)
(Lim, 1986; Sziklai et al., 1996). In either HC type, the stereociliary bundles are orderly
organized with distinct asymmetry: within each stereociliary bundle, the cilia are positioned
according to height; the tallest row is in the periphery and the shortest row near the center of
each cell. All bundles are pointed toward the lateral wall facing away from the modiolus.
There is also a gradation of ciliary height along the length of OC, with the shortest found in
the base and the longest in the apex (Lim, 1986; Sziklai et al., 1996). In addition to the
differences in cell body shape, diameter and organization of stereocilia, there are consistent
variations in OHC type along the OC. For example, the longest OHCs are in the apex
whereas the basal OHCs are much shorter. OHCs length also varies radially. The outermost
row of OHCs is the tallest whereas the innermost row of OHCs is the shortest. This is most
pronounced in the apex, indicative of a longitudinal and radial positional cue of OHCs in the
cochlea imposing a great physiological significance to low and high frequency hearing (Lim,
1986).

Another distinction between the IHCs and OHCs is that the top rows of stereocilia of OHCs
are touching the tectorial membrane where they leave a permanent impression. In contrast,
IHCs stereocilia are loosely coupled to the tectorial membrane (Lim, 1986; Sziklai et al.,
1996). In addition, IHC are completely surrounded by the inner phalangeal cells, inner Pillar
cells and outer Pillar cells whereas only the base of the OHCs are surrounded by Deiters’
cells, providing large ‘spaces of Nuel’ filled with perilymph.

IHCs and OHCs are also very distinct in their innervation. 92–95% of the afferent fibers are
large, myelinated type I fibers that end on IHCs whereas only 5–8% are un-myelinated type
II afferent fibers that reach OHCs (Bulankina et al., 2012; Romand et al., 1990; Yang et al.,
2011). In contrast to the afferent innervation, the majority of the efferent fibers from the
contra-lateral medial olivocochlear nucleus (MOC) terminate on the OHCs. Some ipsilateral
MOCs but in particular the more numerous and smaller efferent fibers from the ipsilateral
lateral olivocochlear nucleus (LOC) terminate on afferents innervating the IHCs (Brown et
al., 1998) (Fig. 1). While IHC afferents and OHC efferents are well studied, very little is
known about the function of efferents ending on IHC innervating afferents, or the type II
fibers ending on OHCs. Likewise, how during development the OHCs are receiving only
minor afferent and dominant efferent innervation while the inverse is true for IHC is still
uncertain (Bulankina et al., 2012; Rontal et al., 2003).

Finally, only IHCs are responsible for transducing sound to the neural signal with high
spatial and temporal resolution. In contrast, OHCs control the biomechanics of the OC by
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enhancing the sensitivity, tuning and the dynamic range without providing any auditory
information to the brain. It is the active process of OHCs where apparently MOC efferent
innervation plays a role for protecting the ear from overstimulation by hyperpolarization of
the OHCs (Katz et al., 2011).

Therefore, all these striking distinctive features of the IHCs and OHCs make them unique
with respect to their morphological and functional significance. As is obvious with the
significant loss of sensitivity in mice without OHCs, without Pillar cell formation or without
a tectorial membrane (Legan et al., 2000), the complexity of the OC is meaningful for the
frequency sensitivity across a wide dynamic range of hearing. Fully functional regeneration
would consequently need to re-establish essential components of this organ and proper
connection to the tectorial membrane in order to have a complete hearing restoration. The
task of hearing restoration thus should be to restore as much of these features as possible to
achieve function closely comparable to the normal OC.

3. Molecular characterization of IHC and OHC
In addition to the long known morphological and functional differences, recent years have
seen a growing set of molecular identifiers for IHC and OHC. Some of these proteins are
now widely used as the molecular markers for the localization of specific cell types of the
OC. For example, a large number of Ca2+ binding proteins (CaBPs) are differentially
expressed in the different types of cells in the OC which vary in different developmental
stage (Simmons et al., 2010). Such variability in the expression of these proteins indicates
the onset of maturation of specific types of HC. For example, Oncomodulin is initially
expressed in both IHCs and OHCs in early neonates but before the onset of hearing it is
localized mostly in the OHCs (Sakaguchi et al., 1998; Simmons et al., 2010). Among other
CaBPs, Calmodulin, Calbindin, Calretinin and α-Parvalbumin also show initial differential
distribution followed by localization in distinct type of HC in the OC as demonstrated by
immunofluorescence staining (Simmons et al., 2010) (Table. 1).

In addition to these CaBPs, there are several other proteins identified as being specifically
localized either in IHCs or in OHCs (Table. 1). A membrane specific protein, Prestin which
is characterized to be the cochlear amplifier (Zheng et al., 2010), has also differential
distribution in OHCs in different stages of development. Prestin is localized in the
cytoplasm in pre-hearing OHCs whereas restricted to the baso-lateral membrane in the post-
hearing OHCs (Zheng et al., 2010). Nesprin-4, a member of Nesprin protein family found to
interact with Kinesin-1, has recently been reported in the ear to be essential for the OHC
maintenance; Nesprin-4 null mice have progressive high tone hearing impairment with loss
of OHCs by P30 (Lenz et al., 2012). Few other genes that are expressed ubiquitously in
developing HCs may eventually be expressed by only one cell type. Best known among
those is the nicotinic acetylcholine receptors (nAchR) alpha 10, which is expressed
progressively in all HCs, becomes later restricted to OHCs (Vetter et al., 2007). For many of
these proteins it remains unclear when they are first upregulated in IHCs or OHCs, showing
with quantitative polymerase chain reaction (qPCR) or other advanced techniques for the
first appearance of mRNA consistent with onset of expression, and whether or not they play
roles in the development and maintenance of these HCs or are simply convenient markers.
Despite some of these open issues, these proteins are useful tools to identify type-specific
HC loss in different genetic mutants.
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4. Developmental expression of IHC/OHC specific molecules: molecular
causes or consequences of cell type specific differentiation?

Obviously, when the OC starts to differentiate, HC precursors express molecules equally
associated with vestibular HCs as well as some supporting cells. Such as Atoh1 is expressed
not only in all HCs but also in Pillar cells (Matei et al., 2005; Yang et al., 2010) which is
later suppressed functionally by neurogenic TFs (Doetzlhofer et al., 2009). The early
expression recapitulates the clonal relationship of HCs and supporting cells (Groves et al.,
2012). However, as development progresses, the OC HCs become more different from
vestibular HCs and differentiate into the distinct IHC and OHC types of the OC.

What needs to be understood in order to guide specific and topological IHC and OHC
regeneration (but not vestibular HCs) is the causality of molecular expressions with these
cell decision events: We need to know whether genes expressed will initiate this
differentiation or are expressed only after the fact, indicating that a critical decision step has
been taken. Simply speaking, finding a marker that highlights that the decision is made
without contributing to the decisions will be of no use for the attempt to drive OHC
differentiation compared to IHC differentiation. One such early marker is Myo6 (Cotanche
et al., 2010). This unusual myosin protein can first be detected in late embryos to be
specifically associated with IHCs first before it also appears at lower levels in OHCs.
Likewise, the neurotrophin factor Ntf3 (previously NT3) is first expressed in IHCs in late
embryos (Pirvola et al., 1992) and upregulation of either alpha9 or alpha10 nAChR starts in
IHCs followed by OHCs (Simmons et al., 2011; Vetter et al., 2007; Zuo et al., 1999).
However, none of these proteins is a TF that can regulate gene expression changes through
binding to promoter regions of genes. The expression of these genes and the distribution of
the proteins in the cytoplasm or in the plasma membrane (but not in the nucleus) must
therefore be regarded as a consequence, not a cause for the HC type specific differentiation.
Consistent with this suggestion is that null mutants of these genes have either no effect on
HC type specific differentiation (Vetter et al., 2007) or cause only morphologic alterations in
HC stereocilia followed by the eventual loss of all HCs (Friedman et al., 1999).

More interesting are expressions of TFs, or diffusible substances such as Fgf8, selectively in
one specific HC type. However, while Fgf8 is clearly one of the most clear-cut markers of
IHCs starting in late development (Pirvola et al., 2000), deleting Fgf8 has no effect on IHC
differentiation consistent with the fact that the preferred receptor of Fgf8, Fgfr3, is expressed
in supporting cells but not in HCs (Jacques et al., 2007; Puligilla et al., 2007).

Thus, unique expressions of a gene, such as Fgf8, even though it may start early and is
needed for overall development of the OC, may not regulate how IHCs (or OHCs) become
molecularly specified and when that happens during development. Obviously, in null
mutants for Myo6 or Fgf8, there is no specific loss of a given type of HCs, thus indicating
without doubt that they are not playing a role in the cell fate decision process. In contrast to
this lack of effect on cell type specific differentiation, one would expect that loss of a
molecule involved in decision making would have effects on HC type development. In other
words, it is essential to know the molecular cues needed that can be used to manipulate the
cell fate decision process to form a OC specific HC, either a IHC or a OHC. Molecules that
provide a convenient indicator of such commitment are useful post-hoc tools, but not in
generating this distinction, and are thus not useful for regeneration attempts to make specific
hair cell types. We will provide below some insights into such a potentially useful molecule
that, as it turns out, is a modifier of the general HC differentiation program through
differential expression levels, an emerging issue in cell fate decision making (Purvis et al.,
2012).
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5. Insights from loss and gain of function studies in mouse mutants
The two types of HCs of the OC are molecularly distinct in addition to their structural,
distribution and functional differences as described above. This is particularly obvious in
mutants that lose either IHCs or OHCs (Ahmed et al., 2012; Brooker et al., 2006; Deol,
1981; Holley et al., 2010; Huh et al., 2012; Kiernan et al., 2006; Pan et al., 2012b). In
addition to these differential loss, there can be an expansion of rows of remaining HC types
(Brooker et al., 2006; Doetzlhofer et al., 2009; Holley et al., 2010; Kiernan et al., 2006) or
specific loss of OHCs (Huh et al., 2012; Pirvola et al., 2002; Pirvola et al., 2000) or partial
loss of one HC type (Deol, 1981; Nakano et al., 2012; Pan et al., 2012b). We will discuss
some of these mutant lines and propose possible underlying causes.

Null mutants of the homeobox gene Emx2, develop only two rows of IHCs in the OC, but
also have alterations in vestibular HC types (Holley et al., 2010). There is no formation of
OHCs, as demonstrated with Fgf8 positive IHCs only and reduction of Fgfr1 expression
(Holley et al., 2010). This finding is consistent with the data that show particular sensitivity
of OHC formation on low levels of Fgfr1 (Pirvola et al., 2002) and dependence on Fgf20,
which signals through the Fgfr1 (Huh et al., 2012). Although Emx2, Fgfr1 or Fgf20 seem
not to regulate Notch signaling, Jag1 null mutant mice show phenotypic similarity with the
Emx2 or Fgfr1 null mice (Brooker et al., 2006; Kiernan et al., 2006). Jag1 null mice also
show multiple rows of patchy IHCs with loss of OHCs in the cochlea (Brooker et al., 2006;
Kiernan et al., 2006). It would be important to understand the apparent similarities in the
phenotypes at the molecular level by establishing causality.

In contrast to the above mutants, other mutant mice illustrate specific loss of IHCs such as
the spontaneous mutant, Bronx-Waltzer (bv) mice (Deol, 1981; Nakano et al., 2012) or a
‘self-terminating’ Atoh1 conditional null mice using Atoh1-cre (Pan et al., 2012b). While
the latter retains only two rows of patchy OHCs with almost complete loss of IHCs (Pan et
al., 2012b), the former loses large patches of IHCs but retains all rows of OHCs. Recent
work indicates how the selective loss of bv mutants might work. The mutation alters a serine
arginine repetitive matrix (Srrm4), a protein that regulates differential splicing in many cells.
How Srrm4 causes near complete and selective IHC death is not yet clear. However, Srrm4
is identified as a downstream target of Atoh1 in the cerebellum (Klisch et al., 2011) which
also critically depends on Atoh1 for development (Klisch et al., 2011; Pan et al., 2009). This
raises the possibility that Srrm4 might be a part of a feedback loop that maintains high level
of Atoh1 expression which is particularly important for IHCs development (Pan et al.,
2012b). It is essential to investigate this possible cross-regulation of Atoh1 and Srrm4. If
true, the reduction of Atoh1 and/or negative effect of Srrm4 on Atoh1 signaling could be
directly compared with the transient expression of Atoh1 in the ‘self-terminating’ Atoh1
mice (Pan et al., 2012b). Combined, these data suggest that IHC require a more profound
signaling of Atoh1 to maintain the differentiation of IHCs compared to OHCs. We therefore
will explore this preposition in more detail below.

5.1. Atoh1 levels correlate with and regulate HC types
Atoh1 is necessary for any hair cell differentiation. Regeneration of the chick cochlea
demonstrates that after HC loss, Atoh1 can directly transdifferentiate some supporting cells
into HCs up to a definite threshold of Atoh1 for committing this transdifferentiation before
the supporting cells re-enter the mitotic proliferation (Cotanche et al., 2010). This indicates
that, at least in chicken, the supporting cells can function as bi-potential state where a
defined dose of Atoh1 can convert them into HCs. Systemic loss of Atoh1 in mice results in
lack of any HCs differentiation, but non-specialized ‘epithelial cells’, or even supporting
cells or neurosensory precursor cells (Bermingham et al., 1999; Fritzsch et al., 2005) remain,
indicating that at least some unspecified precursor cells form in the absence of Atoh1
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protein, but are unable to differentiate. It also indicates that Atoh1 is not selecting HC
precursors but is expressed as a consequence of this selection process. Indeed, in the absence
of Atoh1 protein formation, Atoh1 mediated expression of the reporter LacZ is enhanced in
the undifferentiated apical epithelium (Fritzsch et al., 2005). This may indicate that Atoh1
protein is not only activating a positive feedback loop by binding to its enhancers (Kim et
al., 1997). Atoh1 may also activate a negative feed-back loop inside precursor cells, possible
mediated by Neurod1 that requires Atoh1 protein for its expression (Pan et al., 2012b) and
clearly suppresses Atoh1 (Jahan et al., 2010a). In addition, formation of few Myo7a and
Fgf8 positive cells in Atoh1 conditional null suggests that expression of these ‘HC markers’
can be regulated in some extent by unknown factors (Jahan et al., 2012; Pan et al., 2011).
The existence of these Myo7a positive cells may indicate the ability of partial differentiation
of HC-like cells without Atoh1 or, alternatively, upregulation of Myo7a and Fgf8 is possible
in partial or undifferentiated HCs (Cotanche et al., 2010; Self et al., 1998) as much as some
cerebellar granule neurons can express specific genes even in Atoh1 null mice (Klisch et al.,
2011). It has been also shown that few other genes like Prox1, Gata3, Sox2 are variably
regulated in the absence of Atoh1 (Pan et al., 2011) and play a role in hair cell development
(Duncan et al., 2010; Fritzsch et al., 2010b; Kiernan et al., 2005). In absence of Atoh1
protein, the OC ultimately transforms into a ‘flat epithelium’ in neonates (Pan et al., 2011)
once the undifferentiated precursors degenerate.

More revealing for the problem of HC type specification are emerging concepts in
developmental cell fate decision making (Purvis et al., 2012) that imply random stochastic
expression as a first step followed by deterministic expression to consolidate the fate. Recent
data generated in a delayed deletion of Atoh1, a novel ‘self-terminating’ conditional null
mouse model with temporal and intensity alteration of Atoh1, are relevant here. These mice
show a differential survival of HCs in an Atoh1 dose dependent manner where IHCs are the
most susceptible (Pan et al., 2012b). This mutant has initially a normal expression of Atoh1
followed by a rapid variable deletion of Atoh1, progressing from base to apex of the cochlea
with limited expression of Atoh1 in the apex remaining at postnatal day 4 (Pan et al.,
2012b). This ‘self-terminating’ Atoh1 mutant mice have preferential base to apex
susceptibility of HCs, where the outermost row of OHC never form and the IHC degenerate
first followed by the other two rows of OHCs in 3 weeks followed by an eventual
transformation into a near ‘flat epithelium’. This mutant demonstrates that a stable and
precise Atoh1 level is needed for the development and maintenance of different HC types
(Pan et al., 2012b) possibly through regulation of many downstream genes that are essential
for HC differentiation (Klisch et al., 2011) and are conserved across phyla (Senthilan et al.,
2012).

In many developing systems other than the ear, targeted misexpression of genes or
replacement of genes by a closely related genes has helped to test the functional redundancy
as well as to provide information of the normal function of a gene beyond the scope of
simple knockout studies (Conway et al., 2010; Gehring, 2011). In mice, the replacement of
mammalian Atoh1 by the fly ortholog, atonal, shows that a fly gene can replace a
mammalian gene (Wang et al., 2002). However, it could be that the rescue is not a specific
function of atonal but rather a general function of any bHLH gene. To test this possibility,
we recently generated a novel mutant mice where we replace Atoh1 with Neurog1
(Atoh1KINeurog1/KINeurog1) to determine if a closely related bHLH gene can substitute the
function of Atoh1 and differentiate HCs (Jahan et al., 2012). Surprisingly, Neurog1
misexpression can rescue only some partially differentiated patches of cells with formation
of cells carrying some rudimentary microvilli on their apical surface in the OC (Jahan et al.,
2012). However, this misexpression of a closely related bHLH TF does not result in
complete differentiated HCs or fate change of HCs to neuron as Atoh1 misexpression can do
in inner ear ganglia (Jahan et al., 2010b). This verifies that fly atonal does have signaling
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capacity in the mammalian HC that is not shared by even a closely related bHLH family
member, possibly because of unique binding properties to E-boxes (Fritzsch et al., 2010a).
However, Neurog1 knockin heterozygous mice (Atoh1+/KINeurog1) show subtle but
progressive morphological aberration in both HCs and supporting cells (Jahan et al., 2012).
In contrast to the Atoh1 haploinsufficient mice which do not have any defect on HCs, co-
expression of Neurog1 and Atoh1 shows reduction of Fgf8 expression in some IHCs and
forms atypical patches of stereocilia in IHCs (Fig. 2) (Jahan et al., 2012). More recent work
showed that forced expression of Atoh1 in older OCs can regenerate stereocilia in a noise-
deafened cochlea (Yang et al., 2012). Likewise, specific microRNA (miR)-96 is essential for
stereocilia bundle maturity (Kuhn et al., 2011; Soukup et al., 2009). We recently showed
that miR-96 expression is regulated by Atoh1 in HCs (Jahan et al., 2012). Therefore, this
sophisticated alteration in Atoh1 dosage by co-expression of Atoh1 and Neurog1 in a given
HC affects both intra- and inter-cellular signaling and modulates genes like Fgf8 or miR-96
and thereby alters specific types of HC (IHC) morphology (Jahan et al., 2012).

In contrast to the preferred loss or defect of IHCs in reduced or altered Atoh1 signal,
Neurod1 loss results in a premature overexpression of Atoh1 (Fig. 3) resulting in ectopic
IHCs formation by partial transformation of OHCs (Jahan et al., 2010a). In the absence of
Neurod1, Atoh1 is not only prematurely upregulated but progresses from apex to base
instead of the normal base to apex progression of control littermates (Fig. 3; Table 2).
Neurod1 suppresses Atoh1 (Jahan et al., 2010a) whereas Atoh1 protein is needed for
Neurod1 expression in HCs (Pan et al., 2012b). In contrast to the Neurog1 null where
Neurog1 loss results in altered Atoh1 and Neurod1 upregulation as well as premature cell
cycle exit (Matei et al., 2005), absence of Neurod1 does not affect the proliferation of the
OC cells (Fig. 3a, b). Generally the post-mitotic OC cells in the apex require at least 6–7
days before they fully differentiate and upregulate Atoh1 [Tables 2, 3; (Lanford et al., 2000;
Matei et al., 2005)]. Our data on Neurod1 mutants (Jahan et al., 2010a) suggest that this
delay in Atoh1 upregulation in the apex somehow provides enough time for proper
specification of HC types in the apex. Neurod1 loss disrupts this waiting period where
abrupt Atoh1 upregulation immediately after cell cycle exit accelerate the HC differentiation
resulting in altered HC fate specification in the apex of the cochlea. Atoh1 expression is in
Neurod1 null mice not only changed in a longitudinal gradient but also radially: it is
upregulated first in the OHCs and later in IHCs in comparison to IHCs to OHCs progression
in control cochlea (Fig. 3). In summary, Neurod1 loss results in premature overexpression of
Atoh1 in the apex which alters the specification of some OHCs into IHCs-like cell fate (Fig.
4, 5).

This negative regulation of Atoh1 by Neurod1 is also known for the cerebellum, where
Neurod1 deletion mediated aberrant expression of Atoh1 can cause premature migration and
death of cerebellar granule neuron in certain lobules (Pan et al., 2009). Neurod1 loss de-
represses Atoh1 in inner ear neurons and convert some of these cells into HCs (Jahan et al.,
2010a). However, it is not clear if this bi-potent cells derive from common hair cell/neuron
precursors which give rise to both neurons and HCs (Fritzsch et al., 2006; Sapede et al.,
2012). Nevertheless, removal of Neurod1 suppression of Atoh1 switches these bi-potent
cells to adopt an alternate hair cell fate defined by Atoh1 expression. This suggest a
minimal, stochastic expression of Atoh1 in these precursors cells which can be de-repressed
by the alteration of yet to be fully defined feedback loops (Fritzsch et al., 2010a; Matei et al.,
2005; Pan et al., 2012a). In support to that, Sox2 was recently identified as a potent regulator
of Atoh1 which also activates negative regulators of Atoh1 like Neurod1, Neurog1 and
thereby suppress premature HC differentiation (Neves et al., 2012). Indeed, cellular
reprogramming studies indicate that stochastic gene expression may be common in early
stage prior to definitive cellular determination and deregulation of gene during this
stochastic phase may allow alternate cell fates (Buganim et al., 2012).
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Elimination of Neurod1 also affects upregulation of Myo7a showing higher intensity in the
ectopic IHCs in Neurod1 null cochlea (Fig. 4) compared to the lower expression in the
surrounding typical OHCs. These ectopic IHC develop the thick stereocilia of typical IHCs
(Fig. 4). In addition Fgf8 is prematurely upregulated in the apex of the cochlea and
ectopically expanded to the OHCs rows in both embryos and newborn Neurod1 null (Fig. 3,
4). Neurod1 loss thus alters the pattern of Atoh1 expression in the HCs and the expression of
Fgf8 or Myo7a and few other downstream target genes and thereby alter the HC types
(Jahan et al., 2010a). Moreover, absence of Neurod1 converts some Deiters’ cells into Pillar
cells around these ectopic IHCs. This may happen because of the ectopic expression of Fgf8
in the ectopic IHCs that can signal through Fgfr3 and modify Deiters’ cell differentiation
into Pillar cell-like differentiation (Jahan et al., 2010a; Puligilla et al., 2007). Thus, Neurod1
plays a major role in differentiation of OHCs as well as Pillar cells in topologically correct
position in correct numbers by regulating level of Atoh1 and Fgf8 expression.

This loss-of-function combined with gain-of-function (Neurod1 loss mediated Atoh1
overexpression) effects of Neurod1 mutant mice allow to critically assess the role of various
intra- and intercellular signals related to the stereotyped patterning of the OC. Such analyses
are until now hampered by the inability to discriminate between correlation and causality of
HC type and topology, which is usually closely interwoven. These mutants (delayed Atoh1
knockout or Neurod1 null) show that either too little or too much Atoh1 can alter the
stereotypic organization of the OC, most likely by disrupting the Atoh1 mediated Delta-
Notch and diffusible factor signaling.

This information could be valuable for future attempts to induce specific HC differentiation
using established protocols for adenoviral transfection (Izumikawa et al., 2008; Izumikawa
et al., 2005) or enhance hair cell differentiation out of bi-potent progenitors (Chen et al.,
2012; Oshima et al., 2010). Knocking down Neurod1 while expressing simultaneously
Atoh1 should preferentially induce formation of IHCs in the cochlea, the cells that are the
mechano-electric transducers of the OC.

5.2. Regulation of diffusible factors in HCs type differentiation
Fgfs are essential for development of the inner ear (Groves et al., 2012; Huh et al., 2012;
Pauley et al., 2003; Pirvola et al., 2002). Recently it was shown that absence of Fgf20 results
in loss of the OHCs in addition to the loss of lateral supporting cells (Huh et al., 2012). In
contrast, Fgf8 expressed only in the IHCs regulates the development of Pillar cells, signaling
through Fgfr3 (Jacques et al., 2007; Puligilla et al., 2007). Variation of dosage of TFs also
modulates Fgf signaling and alters the differentiation of HCs and supporting cells (Jahan et
al., 2012; Pan et al., 2012b). How the interaction of diffusible factors (Huh et al., 2012) and
TFs (Doetzlhofer et al., 2009; Jahan et al., 2012; Pan et al., 2012b) secure specific
topologically correct cellular differentiation requires further investigation. Most important
are the apparent similarities of Fgf20 null and ‘self-terminating’ Atoh1 mice with respect to
outer row of OHC loss and formation of patches separated by gaps as in Fgfr1 null mice
(Pirvola et al., 2002). A possible interaction could relate to the antagonistic role of Fgf’s and
Bmp’s in general neuronal development (Fritzsch et al., 2006).

It is well known that Fgf signaling interact with the Bmps to form the non-sensory
compartment to flank the OC (Ohyama et al., 2010; Pan et al., 2011). Specifically, Fgf10
and Bmp4 flank the neural side (GER, greater epithelial ridge) and abneural side of the OC,
respectively (Pan et al., 2011). Atoh1 mutants with the differential defect of OC demonstrate
that Fgf10 and Bmp4 expression domains are expanded to the abneural and neural side,
respectively (Jahan et al., 2012; Pan et al., 2012b). The expression changes of bHLH TFs
signaling from the OC modulate the morphogen gradient from the surrounding non-sensory
regions and modify ultimately the patterning of the OC, possibly by setting the stage for
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more epithelial or more neurosensory development through intracellular interactions
(Fritzsch et al., 2006). Further molecular analysis of the developmental expression of
downstream genes of this signaling cascade is needed to reveal how this cellular patterning
develops over time to drive specific HC type development.

5.3. How can the generalized Delta-Notch signal influence the highly patterned HC type
specification

It has been reported that the generation of IHCs and OHCs is differentially dependent on
different Notch ligands. For example, deletion of Jagged1 results in loss of almost all OHCs
whereas the IHCs remain intact or are even formed in excess (Brooker et al., 2006; Kiernan
et al., 2006). The expression of Atoh1 in designated HCs drives the coordinated
development of HCs and of supporting cells via the lateral inhibition of the Delta-Notch
system (Daudet et al., 2005). Whereas the role of Notch in pro-sensory induction is
controversial (Basch et al., 2011; Daudet et al., 2007), there is no differentiation of OC
without that signal, despite the fact that a transient upregulation of Atoh1 expression is
possible in the absence of Notch signaling. In addition, the upregulation of Atoh1 is aberrant
in this RBPjk conditional null mutant mouse, showing premature radial expansion along the
cochlea (Basch et al., 2011). The wider Atoh1 expression is consistent with previous data in
various Notch inactivation mutants, which results in premature and overproduction of HCs
that ultimately fail to survive (Doetzlhofer et al., 2009; Haddon et al., 1998) and the
transient expression of Atoh1 in some supporting cells (Matei et al., 2005; Yang et al.,
2010). Therefore, the role of Notch stabilizes sensory cell selection but does not initiate their
differentiation.

The deletion of Atoh1 or misexpression of Neurog1 in Atoh1 locus massively reduces the
expression of Notch ligands (such as Jag1) or the effector target genes, like Hes5 (Jahan et
al., 2012). Replacing Atoh1 by Neurog1 disrupts the activation of the Delta-Notch system in
the adjacent cells, which are consequently unable to mediate cell-cell interaction for proper
supporting cell differentiation. In contrast, overexpression of Notch signaling or gain of
function of Jag1 shows ectopic HC and supporting cell generation in the non-sensory region
of the cochlea (Pan et al., 2010), indicating that misexpression of this ligand could recruit all
relevant expression for sensory epithelia differentiation. However, the exact mechanism for
this transformation is not yet clear, in particular how this relates to other essential TFs
apparently needed for OC development such as Eya1, Pax2, Sox2 and Gata3 (Ahmed et al.,
2012; Bouchard et al., 2010; Duncan et al., 2010; Kiernan et al., 2005), which may be
regulated by LIM homeodomain genes (Deng et al.; Koo et al., 2009; Nichols et al., 2008).
Ectopic HC formation in the non-sensory region has also been reported in the Neurog1 null
mice (Fritzsch et al., 2011; Ma et al., 2000), a TF that appears to initiate activation of Notch
signaling (Ma et al., 1998). This transformation of non-sensory cells into HCs seems to be
regulated by the cross-regulation of Atoh1 and Neurog1 and by the fate switch of some
common progenitors of sensory/non-sensory lineage (Fritzsch et al., 2006; Raft et al., 2007).
This ability to induce sensory epithelia formation is consistent with the widespread
expression of multiple factors throughout the otic placode or other placodes (O’Neill et al.,
2012; Schlosser, 2010) that are later on restricted to sensory epithelia such as Eya1, Pax2
and Gata3. Overall, while a number of factors have been identified to play more or less
crucial roles in OC formation and cell type specification, the hierarchy of their interactions
is not well understood, in large measure due to the fairly crude approach of knocking genes
out or over-expressing them. Consistent with more subtle effects on cell fate decision
achieved with level and temporal expression changes in specific genes (Purvis et al., 2012),
more recent data indicate that level and temporal patterns of Atoh1 expression play
important roles, possible with more subtle variations in level of expression of other already
well known factors to ultimately drive expression of Atoh1 in the right cells at the right time
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for the right amount (Ahmed et al., 2012). Translating these insights would be possible with
a simultaneous knockdown of Neurod1 while overexpressing Atoh1 to drive primarily IHC
development in the OC.

6. Molecular cues for sorting type specific innervation to two types of HCs
We have outlined above how HC type development in the OC depends on Atoh1 and its
modification by other factors such as Neurod1. Likewise, inner ear neuronal development
primarily depends on Neurog1 and Neurod1 for neuronal specification and differentiation,
respectively (Kim et al., 2001; Ma et al., 1998). OC is an excellent model for studying the
neuronal connection formation where only two types of HCs are innervated by just two
different types of afferents (type I and II) and efferent fibers (MOCs and LOCs). Particularly
the timing of spiral ganglion neuron survival is variable in relation to the degree and types of
HC or supporting cell defects in different mouse models (Alam et al., 2007) and efferents
have been related to OHC differentiation and viability (Walsh et al., 1998). In this section,
we will review how different types of afferent and efferent innervation can be modified by
the variety of defects of OC in different genetic mouse mutants.

It has been suggested that HCs in the OC are the main attractors for growth of the afferent
innervation by releasing the neurotrophins such as Bdnf. However, in the absence of
differentiated HCs, Atoh1 null mice can release Bdnf from the HC precursors and can
initially attract afferent and efferent fibers to the OC (Fritzsch et al., 2005; Pan et al., 2011).
Nevertheless, the density of radial fibers is severely reduced and most of the fibers form
loops instead of extending into the OC. Only some fibers reach the Sox2 positive OC
precursors cells [Fig. 6; (Pan et al., 2011)]. In contrast to this loop-like innervation, Neurog1
misexpression in Atoh1 locus, dramatically enhance the spiral ganglia survival and overall
radial fiber density in contrast to Atoh1 null {Fig. 6; (Jahan et al., 2012)}. Interestingly, the
Neurog1 knockin mice maintain a widespread Ntf3 expression from the patchy
undifferentiated OC cells. In contrast, Bdnf seems not to be influenced by Neurog1
misexpression and rather shows the expression only in the apex of the cochlea comparable
to Atoh1 null (Fritzsch et al., 2005; Jahan et al., 2012). Apparently, the Neurog1
misexpression influences some degree of differentiation of supporting cells which express
more profoundly Sox2 and Ntf3, markers for embryonic supporting cells, sufficient to
rescue more neurons and induce the fiber projections into the undifferentiated OC. Even
after complete and very delayed loss of HCs, residual differentiation of supporting cells with
minimum Ntf3 expression can preserve some spiral ganglion neurons in Brn3c null (Xiang
et al., 2003).

However, in contrast to the apparent dense innervation in the undifferentiated HCs in mutant
models described above, the detailed pattern of innervation with respect to the two types of
afferent and efferent segregation demonstrate different events. For example, in delayed
Atoh1 conditional null mice, where only the inner two rows of OHCs form with
predominant IHCs loss, moderately dense innervation forms to the remaining HCs.
However, both afferent and efferent fiber outgrowth to OHCs fail to organize properly with
no indication of type I or type II afferents, also some short spiraling of some fibers develops
(Pan et al., 2012b). Closer examination elucidates the unusual branching of what appear to
be type I fibers, which cross the tunnel of Corti and project to the remaining OHCs [Fig. 6;
(Pan et al., 2012b)]. Similarly, Bronx Waltzer mutant mice reveal a comparable expansion
of what appear to be type I fibers, which project to the OHCs where there are no IHCs
(Whitlon et al., 1991). Complete absence or patchy loss of IHCs seems not to eliminate
completely the type I fibers but rather to modify their final destination and redirect them to
the remaining HCs. This data suggest that fibers will innervate the ‘wrong’ HC if forced to
do so by the loss of the ‘right’ HC. A more detailed study of the developmental progression
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of this sorting process is needed as well as a more detailed analysis of the long term effect of
the apparent type I fibers redirected to OHCs in the absence of IHCs.

Interestingly, formation of ectopic IHCs in the region of OHCs in the Neuord1 null mutant
can attract what appear to be type I fibers, which overshoot to innervate selectively these
ectopic IHCs. We interpret these fibers to be type I as they end selectively on ectopic IHCs
without contributing to the inner spiral bundles under the OHCs {Fig. 6; (Jahan et al.,
2010b)}. In addition, these fibers are thicker and more like type I fibers (Pan et al., 2012a).
We suggest that in the presence of ectopic IHCs in the region of OHCs, type I fibers can
cross the tunnel of Corti and project to the ectopic IHCs where they branch to end at
multiple ectopic IHCs in Neurod1 null apex (Jahan et al., 2010b). The source of the
attraction of these fibers might be the expression of Ntf3 from these ectopic IHCs in the
region of OHCs as IHCs, not OHCs, express Ntf3 (Farinas et al., 2001).

Consistent with our data is that HC are not required for the long-term survival of spiral
ganglion neurons, which will be supported by the supporting cell expressed Ntf3 in both
adult (Zilberstein et al., 2012) and embryonic (Farinas et al., 2001) OC. Another factor that
is relevant for supporting cell differentiation, Prox1, deletion of which, results in aberrant
projections of type II fiber to OHCs despite apparently normal differentiation of the OC
(Fritzsch et al., 2010b). In fact, conditional deletion of Prox1 in neurons results in a nearly
identical phenotype despite a completely normal OC development. Moreover, this
phenotype is more profound than in Fgfr3 null mice, in which the phenotype directly
correlates to the degree of disorientation of the OC (Puligilla et al., 2007), suggesting that
Prox1 may regulate the molecular means of type II fibers to interact with supporting cells.

In summary, initial neuron formation and afferent fiber projection may initiate independent
of HC formation but cannot maintain a type-specific arrangement to the specific types of
HCs with distinct organization of afferents if those HC types do not develop normally or
show altered distribution. Further evaluation is necessary to distinguish type I and type II
fibers using specific labeling such as Peripherin in these mutants as well as to identify the
differential dependency of efferents on afferents. Interactions between afferents and
efferents have been proposed during normal development (Rontal et al., 2003). Our
innervation defective mutants, briefly outlined above, should provide an excellent model to
test these suggestions currently hinging on descriptive studies.

7. Conclusion
Studies on fruit fly ‘bristle’ and ‘hair’ development in the specific configuration on the
thorax suggests that the developing sensory organs can be viewed as a landscape of TFs
acting in a combinatorial manner to confer molecular identity to each region (Garcia-Bellido
et al., 2009; Powell et al., 2008a; Powell et al., 2008b). In other words, within a complex
genetic regulatory process, a precisely regulated level of expression of a gene ultimately will
specify an individual cell in a specific position and number in a context dependent manor.

Atoh1 is crucial for formation of all inner ear HCs (Bermingham et al., 1999; Fritzsch et al.,
2005) but its role in defining vestibular HCs as compared to OC HCs as well as in
generating subtypes of OC HCs is not yet fully explored. For example, it is not yet
established how much or how long Atoh1 is needed for efficient specification of each type
of HCs and their long term maintenance. Comparable to other developing systems in which
the role of intensity and duration of gene expression for cell specification and differentiation
is well known (Conway et al., 2010; Menshykau et al., 2012; Purvis et al., 2012), we
propose that specific dosages of Atoh1 may define HC types. Clearly, the critical
concentrations of Atoh1 dosage and dynamics in combination with interacting partner TFs
needs to be established for translation into attempts to regenerate an OC.
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Currently the best available treatment for the severe-to-profound deaf patients is the
cochlear implant. However, a fully functional OC would be a better solution. Novel
approaches may soon allow regenerating HCs via stem cells and/or gene therapy (Chen et
al., 2012). However, transformation of various multipotent stem cells in vitro into HC-like
cells (Oshima et al., 2010), or conversion of supporting cells into HCs in vivo by
transfection of genes with viral vector (Batts et al., 2009), does not yet amount to the proper
reconstitution of a functional OC. This would require precise restoration of all different cell
types in precise positions on the basilar membrane to convert sound induced vibration to
near normal hearing, including normal pattern of afferent and efferent innervation.
Regulating time and intensity of Atoh1 including crucial co-factors such as Neurod1 or
neurogenic genes may be one way to improve the outcome of these approaches. Given the
current limited insights into afferent and efferent fiber sorting mechanisms during
development (Bulankina et al., 2012; Echteler, 1992; Fritzsch et al., 2004; Rontal et al.,
2003), it is possible that generating the right type of OC HC in the right position will suffice
for a crude afferent and efferent fiber sorting in such a regenerated OC.

Since Atoh1 was discovered as a main player to differentiate HCs in conjunction with
multiple other, partially known TFs, using the approach of misexpressing or overexpressing
Atoh1 to replace HCs has run its course: What was already known since 1997 (Kim et al.,
1997), namely that Atoh1 alone cannot convert ectoderm into HCs, has become clear for the
attempts to make new adult HCs using Atoh1 expression in the ear (Kelly et al., 2012; Liu et
al., 2012). Indeed, we need to embrace the complexity of the emerging molecular
interactome that guides HC development outlined here and move forward by defining the
minimal size of partition of this interactome (Koch, 2012) needed to guide not only
regeneration of short lived formation of partially functioning HCs but long lived specific
types of HCs in the correct position. This review might help focusing the attention on this
basic problem, fostering the relevant understanding to mediate ultimately the successful
regeneration of an OC, possibly through re-initiating the ‘stemness’ of the OC with
appropriate molecular therapy (Waldhaus et al., 2012).
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Highlights

• Atoh1 is essential for hair cells differentiation but can by itself not specify them.

• Precise dose and duration of Atoh1 generates distinct hair cell types.

• Neurod1 limits Atoh1 expression to permit outer hair cells differentiation.

• Proper sorting of afferents and efferents follows topology of hair cell types.
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Figure 1. Scheme of two different types of afferent and efferent innervating the two types of HCs
in the OC
The OC of the inner ear consists of one row of IHCs and three rows of OHCs, except for the
most apical and basal region. The overwhelming majority of the spiral ganglion neurons
project as type I afferents to IHCs and only fewer than 10% of afferents end as type II fibers
on OHCs. Among efferent fibers, the contralateral medial olivocochlear fibers (MOC)
terminate on OHCs whereas the ipsilateral lateral olivocochlear efferents (LOC) terminate
on the type I afferents at IHCs. During development these two afferent and efferent fiber
types are sorted to the two different HC types and the accuracy of this sorting mechanism is
crucial for the normal function of hearing. Drawing modified after (Bulankina et al., 2012;
Rubel et al., 2002).
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Figure 2. Co-expression of Atoh1 and Neurog1 in HCs modifies HC specification
Scanning electron microscopy shows that heterozygous knockin mice (Atoh1KINeurog1/+)
with one allele of Atoh1 replaced by Neurog1 reveal HC stereocilia defects (a–c). IHCs
show partial duplication of stereocilia bundles (arrow in a), paired IHCs without any
supporting cells separating them (arrow in b) or patchy distribution of stereocilia (arrow in
c) This indicates that even slight aberration of Atoh1 signaling through heterozygosity of
Atoh1 combined with Neurog1 expression can modify the normal HC differentiation, in
particular of IHCs. Modified after (Jahan et al., 2012). Bar indicates 2 μm.
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Figure 3. Deletion of Neurod1 results in alteration of Atoh1 and Fgf8 expression without altering
the proliferation
E14.5 control and Neurod1 conditional null (CKO) mice demonstrate a similar pattern of
cell cycle exit only near the apex, three days after BrdU injection at E11.5 (a,b). In situ
hybridization of Atoh1 (c-d″) and Fgf8 (e-f′) is shown in the E14.5 Neurod1 conditional
null and control littermate mice. Atoh1 is prematurely expressed in the apex of the Neurod1
mutant cochlea and is expressed strongly in all the HCs with higher expression in the OHCs
than IHCs (d–d″, insert in d″). In control mice, Atoh1 is barely expressed in the apex and
restricted mainly in the IHCs (c–c″). Fgf8 is restricted in the IHCs of the base of the E14.5
control cochlea (e, e′), whereas it is ectopically expressed in the apex and expanded radially
to OHCs in the Neurod1 CKO littermate (f, f′, insert in f′). Note the overall similar
expression of Fgf8 in the vestibular organs (S, saccule; U, utricle) indicating that these HCs
are less affected by the loss of Neurod1. Modified after (Jahan et al., 2010a). Bar indicates
100 μm.
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Figure 4. Absence of Neurod1 leads to ectopic IHCs formation in the OHC region
Myo7a immunocytochemistry reveals one row of IHCs and 3 rows of OHCs in the postnatal
day (P) 7 control mice (a). Neurod1 conditional null (CKO) mice show 2 rows of IHCs with
multiple rows of OHCs as well as some extensively stained Myo7a positive ectopic IHCs in
the position of OHCs (b, arrows in b). Fgf8 is expressed only in the IHCs in control mice (c)
but is expressed in some OHCs (arrows in d) in Neurod1 CKO mice. Scanning electron
microscopy confirms that ectopic IHCs have the thick stereocilia typical of IHCs but in the
configuration of OHC stereocilia (e–g, arrow in g). I, IHCs; O1-O3, OHC row 1–3.
Modified after (Jahan et al., 2010a). Bar indicates 100 μm except e–g, where it indicates 1
μm.
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Figure 5. Hypothetical correlation of time and magnitude of Atoh1 expression on HC type
specification
In control animals, Atoh1 is progressing from IHCs to OHCs, starting around E13.5 near the
base (continuous thick lines). Neurod1 loss mediates premature and elevated expression of
Atoh1 and converts some OHCs into IHCs fate in Neurod1 conditional null (CKO) mouse
(thick dotted lines). Thus, alteration of radial Atoh1 expression timing and level can disrupt
the HC type specification, whereas reduction of Atoh1 affects HC survival. Thus, in ‘self-
terminating’ Atoh1 CKO mouse, Atoh1 is lost longitudinally (from base to apex) and
radially (from IHCs to OHCs) that results in differential loss of IHCs (thin dotted lines).
This ‘self-terminating’ Atoh1 CKO mouse never forms the outermost row of OHCs,
possibly due to insufficient levels of Atoh1. Furthermore, IHCs die first due to earlier
downregulation of Atoh1 with patchy survival of inner two rows of OHCs for 2–3 weeks.
Combined these data suggest that the precise Atoh1 level and length of expression is crucial
for each type of HCs development and viability. Combined after (Jahan et al., 2010a; Pan et
al., 2012b).
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Figure 6. HC defects affect differentially the innervation pattern
Tubulin and Sox2 immunochemistry at E18.5 control mice show the projection of type I
fibers to IHCs and the type II to OHCs (a, a′). Conditional deletion of Atoh1 with Pax2-cre
results in the absence of HCs differentiation with atypical looping fibers modiolar to the OC,
except for some fibers reaching to the Sox2 positive patches of undifferentiated OC cells (b).
Homozygotic Neurog1 misexpression in Atoh1 knockin mice (Atoh1KINeurog1/KINeurog1)
results in increased density of innervation as well as projection of radial fibers to Sox2
positive OC cells (c) indicating that Neurog1 can partially compensate for the lack of Atoh1.
Neurofilament and Myo7a co-labeling displays type I and type II fiber projection to the
IHCs and OHCs, respectively in the P3 control mice (d, d′). Delayed deletion of Atoh1
using Atoh1-cre reveals formation of only two rows of OHCs, resulting in aberration of
innervation (e): all fibers, possibly including type I fibers, project to the remaining OHCs in
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the absence of their target cell, the IHCs, in this mutant (e). Neurod1 loss results in ectopic
formation of IHCs in the region of OHCs, in addition to the formation of multiple rows of
IHCs and OHCs (f). Tubulin co-labeling with Myo7a demonstrates the atypical
overshooting of the type I fibers to the ectopic IHCs in the region of OHCs as well as
disorganization of overall fiber projection (f). These mutants indicate that the variable
alterations in the OC HCs can differentially modify the type-specific innervation pattern.
Modified after (Jahan et al., 2010b; Jahan et al., 2012; Pan et al., 2012b). Bar indicates 100
μm in a–c and 10 μm in d–f.
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Table 1

Protein markers of IHCs and OHCs.

Marker protein HC types Properties [references]

Calretinin IHC Calcium binding proteins (Simmons et al., 2010)

Parvalbumin α IHC Calcium binding proteins (Sakaguchi et al., 1998)

Oncomodulin (Parvalbumin β) OHC Calcium binding protein (Simmons et al., 2010)

Prestin OHC Motor protein (Zheng et al., 2010)

Nesprin4 OHC Important for OHC maintenance (Lenz et al., 2012).

Alpha 9 and 10 nAChR OHC Nicotinic acetylcholine receptor subunit alpha 9 and10 (Katz et al., 2011; Simmons et al.,
2011; Zuo et al., 1999)
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Table 2

Atoh1 expression window in mouse cochlea in comparison to cell cycle exit (CCE). Data are from (Jahan et
al., 2010b; Lanford et al., 2000; Matei et al., 2005).

CCE Atoh1 ↑ in control Atoh1 ↑ in Neurod1 CKO

Apex E11.5 P0 E13.5

Middle E13.5 E14.5 E14

Base E14.5 E15 E14.5
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Table 3

Atoh1 expression in mouse cochlea relative to cell cycle exit (CCE). Data are from (Jahan et al.,
2010b; Lanford et al., 2000; Matei et al., 2005).

Time delay in CCE vs Atoh1 ↑ in control. Time delay in CCE vs Atoh1 ↑ in Neurod1 CKO

Apex ~ 7 days ~ 1 days

Middle ~ 1days ~ 0.5 days

Base ~ 0.5 days ~ 0 days
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