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Synopsis The mammalian hearing organ is a stereotyped cellular assembly with orderly innervation: two types of spiral

ganglion neurons (SGNs) innervate two types of differentially distributed hair cells (HCs). HCs and SGNs evolved from

single neurosensory cells through gene multiplication and diversification. Independent regulation of HCs and neuronal

differentiation through expression of basic helix-loop-helix transcription factors (bHLH TFs: Atoh1, Neurog1, Neurod1)

led to the evolution of vestibular HC assembly and their unique type of innervation. In ancestral mammals, a vestibular

organ was transformed into the organ of Corti (OC) containing a single row of inner HC (IHC), three rows of outer HCs

(OHCs), several unique supporting cell types, and a peculiar innervation distribution. Restoring the OC following long-

term hearing loss is complicated by the fact that the entire organ is replaced by a flat epithelium and requires reconstructing

the organ from uniform undifferentiated cell types, recapitulating both evolution and development. Finding the right

sequence of gene activation during development that is useful for regeneration could benefit from an understanding of the

OC evolution. Toward this end, we report on Foxg1 and Lmx1a mutants that radically alter the OC cell assembly and its

innervation when mutated and may have driven the evolutionary reorganization of the basilar papilla into an OC in

ancestral Therapsids. Furthermore, genetically manipulating the level of bHLH TFs changes HC type and distribution and

allows inference how transformation of HCs might have happened evolutionarily. We report on how bHLH TFs regulate

OHC/IHC and how misexpression (Atoh1-Cre; Atoh1f/kiNeurog1) alters HC fate and supporting cell development. Using

mice with altered HC types and distribution, we demonstrate innervation changes driven by HC patterning. Using

these insights, we speculate on necessary steps needed to convert a random mixture of post-mitotic precursors into the

orderly OC through spatially and temporally regulated critical bHLH genes in the context of other TFs to restore normal

innervation patterns.

Introduction

The inner ear of vertebrates consists of mechanosen-

sory hair cells (HCs) arranged in discrete sensory

patches to transduce various mechanical stimuli

(gravity and other linear accelerations, angular accel-

erations, and sound [Lewis et al. 1985; Fritzsch and

Elliott 2017b]). These sensory HCs are innervated by

distinct populations of sensory neurons (three types

of vestibular sensory neurons and two types of spiral

ganglion [auditory] sensory neurons) that conduct

the information to the vestibular and cochlear nuclei

of the brainstem, respectively (Desai et al. 2005;

Fritzsch and Elliott 2017b). In addition, HCs and

sensory neurons are innervated by inner ear efferent

(IEE) fibers that fine-tune the perception of mechan-

ical stimuli (Simmons et al. 2011; Sienknecht et al.

2014; Fritzsch and Elliott 2017a). Among the various

sensory epithelia of the inner ear, the mammalian

auditory organ, or organ of Corti (OC), is unique

in its detailed cellular architecture (Jahan et al.

2015a) and innervation (Dabdoub et al. 2016).

This unique architecture is required for the fine tun-

ing of the sound evoked movements of the basilar

membrane (Shera 2015; Fettiplace 2017; Reichenbach

and Hudspeth 2014) to enable, in various mammals,

a hearing range much wider than that of other spe-

cies (Lewis et al. 1985), ranging from over

200,000 Hz (bats, dolphins) to 16 Hz (elephants),

Advance Access publication May 22, 2018

� The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.

All rights reserved. For permissions please email: journals.permissions@oup.com.

Integrative and Comparative Biology
Integrative and Comparative Biology, volume 58, number 2, pp. 351–365

doi:10.1093/icb/icy019 Society for Integrative and Comparative Biology

Deleted Text: (
Deleted Text: <xref ref-type=
Deleted Text: )). 
Deleted Text: [
Deleted Text: (
Deleted Text: )
Deleted Text: ] 
Deleted Text: <xref ref-type=
Deleted Text: ; <xref ref-type=
Deleted Text:  
https://academic.oup.com/


and project it in a tonotopic way to the cochlear

nuclei (Dabdoub et al. 2016). Importantly, inner

hair cells (IHCs) of the OC function as hydrody-

namic receptors (Richter et al. 2007) driven by the

endolymph mobilized by sound evoked volume

changes of the space between tectorial membrane

and reticular lamina (arrows in Fig. 1A). Also

unique to the OC are the outer hair cells (OHCs)

that function as an amplifier using modified ion

channels for their active length changes (Okoruwa

et al. 2008). These molecular, cellular, and physio-

logical features set the OC apart from other audi-

tory organs found in sauropsids (Manley 2012) or

amphibians (Fritzsch et al. 1988).

The mammalian hearing organ is not only unique

in its cellular composition and distribution details,

such as absence of kinocilia, but is particularly sus-

ceptible to loud sound, ototoxic drugs, and age re-

lated functional decline (Fattal et al. 2018). In fact, a

major problem of aging societies is the increase of

age related hearing loss, predicted to reach nearly

1 billion people worldwide by 2050 (WHO). Most

of this hearing decline is in the range of �25 dB and

can be compensated for by middle ear amplifiers.

Nevertheless, hundreds of millions of people are suf-

fering from neurosensory hearing loss, whereby first

the HCs in auditory periphery die followed by loss of

all cells of the OC over time (Taylor et al. 2012;

Kersigo and Fritzsch 2015) leaving a featureless flat

epithelium (Fig. 1B). Moreover, ototoxic drugs can

unmask differential susceptibility of HCs between

the apex and base, with basal HCs being more vul-

nerable (Sha et al. 2001; Booth et al. 2018). This

variation is also evident after various genetic manip-

ulations (Jahan et al. 2010b, 2015b; Nakano et al.

2012; Pan et al. 2012), indicating that locally vari-

able gene profiles might need to be established to

restore normal tonotopic hearing. Previous work has

demonstrated that HCs in non-mammalian verte-

brates either proliferate continuously or can regen-

erate following any means of destruction, whether it

be mechanical, chemical, or genetic (Zine et al.

2014). In contrast to this ubiquitous ability of the

non-mammalian inner ear HCs, that extends also to

the lateral line HCs, electroreceptor cells (if present)

(Fritzsch et al. 1990), and sensory cells of the taste

buds (Fritzsch et al. 1998), the adult mammalian

OC shows neither proliferation of new HCs nor is

it capable of restoring lost HCs without extra

manipulations. Most recent advances suggest some

ability to restore lost HCs in mammalian vestibular

sensory organs relevant for age related balance loss,

such as the semicircular canal cristae and the gravi-

static sensors (Burns and Stone 2016; Bucks et al.

2017). However, the mammalian OC is apparently

unable to restart proliferation past early juvenile

stages (White et al. 2006; Walters et al. 2017).

Even if extreme measures are used, such as elimi-

nating the proliferation regulation protein retino-

blastoma (Mantela et al. 2005), the mammalian

OC does not increase proliferation. This inability

to jump-start proliferation is consistent with the

fact that there is no inner ear tumor, except for

schwannoma. However, schwannomas are related

to neural crest derived Schwann cells (Cioffi et al.

2010).

Current attempts to restore lost HCs in the OC

revolve around three basic cellular and molecular

strategies:

(1) Induce transdifferentiation of supporting cells:

This can be achieved using either delta/notch

inhibitors or single/multiple transcription factors

(TFs) as initially shown by Weintraub and col-

laboratores (Lassar 2017). It should be pointed

out that 30 years after the seminal finding of

transdifferentiating fibroblasts into muscle fibers

in vitro, this approach is still not able to achieve

reliable transdifferentiation in vivo (Taylor

2017). This indicates that transdifferentiation is

likely even more complicated in the OC with its

intricate cellular mosaic and progressive loss of

supporting cells after HC loss.

(2) Transdifferentiation of postmitotic cells:

Transdifferentiation is more effective in postmi-

totic compared with fully differentiated cells

and would also have an advantage of not de-

pleting supporting cells to reconstruct lost HCs.

This approach is to induce proliferation fol-

lowed by differentiation of the small number

of capable cells in the OC (Bramhall et al.

2014; Shi et al. 2014). Developing this approach

further to restore areas of flat epithelia, where

all cells of the OC have been depleted, will be a

major hurtle (Zine et al. 2014; Warnecke et al.

2017) that will in particular affect seniors with

long term hearing loss that need that therapy

the most.

(3) Induction of stem cells: Following the successful

generation of induced pluripotent stem cells in

tissue culture (Takahashi and Yamanaka 2006),

such culture based approaches have revealed

that formation of ear-like organoids are possible

in the dish and could lead to generation of HCs

that could potentially be inserted to restore

hearing (Liu et al. 2016; Koehler et al. 2017).

However, the potassium rich endolymph of the

scala media is toxic to cell survival and even

352 I. Jahan et al.

Deleted Text: Figure 
Deleted Text: 1 
Deleted Text: <xref ref-type=
Deleted Text: Figure 
Deleted Text: ; Sha and others 2001
Deleted Text: ; <xref ref-type=
Deleted Text: ; White and others 2006
Deleted Text: 30 
Deleted Text: to 
Deleted Text: Warnecke and others 2017; 
Deleted Text: Koehler and others 2017; 


Fig. 1 The illustration represents the normal organization of the OC (A) and residual flat epithelium after HCs and OC have

degenerated (B). Inner hair cells IHCs function as hydrodynamic receptors driven by the endolymph flow between the sub-tectorial

space and the inner spiral sulcus (blue arrow in A). Note that outer sulcus cells may form a sharp boundary near the entry of nerve

fibers out of the bony lip on which the inner pillar cell sits. (C) The evolution of mammalian OC (green highlight) from the ancestral

basilar papilla (BP) inside the lagenar duct (gray highlight) is depicted, possibly starting in sarcopterygians. Note that understanding the

molecular basis of OC evolution out of the ancestral Therapsid BP requires a comparative approach across BP (pink highlight),

developmental analysis (turquois arrow) comparison of developmental processes (red arrows) to deduce original state of the BP in

tetrapods. Modified after Fritzsch et al. (2013) and Jahan et al. (2015b).
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flushing and replacing the endolymph with peri-

lymph leads only to limited survival of inserted

cells (Lee et al. 2017).

Given the current limitations of all these

approaches, alternatives could be increasing the sur-

vival of or increase numbers of sensory neurons to

conduct more information for hearing provided by a

cochlear implant to the brain. Such approaches

could require generation and insertion of sensory

neurons into the ear and connecting them to both

the OC and the central nervous system. Neither the

peripheral guidance cues (Yang et al. 2011; Fritzsch

et al. 2015; Goodrich 2016) nor the central guidance

cues (Elliott et al. 2017; Yang et al. 2017) are cur-

rently understood to the extent that they can be used

to connect reliably nerve fibers of implanted sensory

neurons with cochlear nuclei and cochlear implants

(Dabdoub et al. 2016).

In an attempt to refocus current activity centered

on restoration after short-term loss of HCs, we pre-

sent here some molecular cues that have emerged as

an essential basis for OC development. More specif-

ically, we present molecules that affect, in mutants,

selectively the OC while sparing partially vestibular

organ development and put those molecules into

the background of OC evolution out of the ances-

tral basilar papilla (Fritzsch et al. 2013). Here we

like to advance the idea that an understanding of

the evolutionary and developmentally important

molecular cues for OC development will enable

the design of novel approaches for complete resto-

ration of long lost OC with extensive formation of

flat epithelium (Fig. 1C), as is typically the case in

the increasing numbers of seniors suffering from

hearing loss.

Nothing comes from nothing

As outlined above, the mammalian OC is a trans-

formed vestibular sensory patch that arose in ances-

tral tetrapods, possibly already in sarcopterygians

(Fig. 1C), transforming a stretch of the lagena recess

epithelium into a sensory organ (Fritzsch 1987,

1992). Loss of HCs turns the OC into a flat epithe-

lium, not unlike the epithelium of the lagenar recess

wall (Fig. 1B). Rebuilding an OC requires a detailed

understanding how to transform, during develop-

ment and evolution, a flat non-sensory epithelium

into a BP/OC sensory epithelium (Fig. 1C). Given

the hundreds of genes already known to be involved

in this process (Liu et al. 2014) and their incom-

pletely understood complexity of interactions

(Booth et al. 2018), additional steps need to be taken

to filter out the most important genes needed to

rebuild an OC from such a flat epithelium. One

way is to analyze the progressive changes in gene

expression profiles to identify those genes that cor-

relate the most with specific steps in development.

While such processes can seemingly identify relevant

genes in cell fate determination (Ealy et al. 2016),

they may not provide an easy understanding of

how cell fate decision and organ development inte-

grate (Fritzsch et al. 2006; Groves and Fekete 2012).

Ultimately, such suggestions need to be confirmed in

their significance through mutational analysis, com-

plementing the large body of work that has already

identified crucial transcription factors such as Sox2,

Atoh1, Pou4f3, and others (Groves et al. 2013;

Dvorakova et al. 2016). Comparison of various sen-

sory organ development within a species such as

mouse (Burns et al. 2015) could provide critical de-

velopmental genes but does not allow easy prioriti-

zation. Another approach, comparison of

homologous organs such as the basilar papilla/OC

(Fig. 1C) could allow identifying the most relevant

genes expressed in adult organs, but will not identify

critical developmental genes. However, comparing

developmental gene expression profiles of the various

auditory organs across tetrapods is a likely way to

find all relevant genes (Fig. 1C) and should soon be

possible using modern techniques.

With these considerations in mind, we propose

here a strategy that builds on molecular and mutant

analysis of mouse ear development but puts the

effects of genes identified into the context of the

emerging understanding of the OC evolution, as

well as the unique physiology briefly outlined above.

We argue that solving the problem of identifying the

most relevant genes could benefit from an existing

evolutionary understanding. Recent data identified

critical steps that drive the evolutionary changes of

an amniote basilar papilla in fossil Therapsids (Luo

et al. 2011) toward the cellular mosaic and overall

organization of monotremes (Schultz et al. 2017).

Monotremes show physiological characteristics of

Therian OC (Mills and Shepherd 2001) as well as

cellular distinction of IHC and OHC and their dis-

tribution (Ladhams and Pickles 1996; Vater and

Kössl 2011), but in a differently organized sensory

patch than that of the OC (Fig. 2A). These evolu-

tionary data suggest that patterning and positioning

of the OC, formation of distinct cell types, and their

overall distribution, but not the detailed cellular

alignment, evolved already in Therapsid ancestors

of monotremes and Therians (Figs. 1C and 2A).

We suggest that understanding these evolutionary

changes helps identifying relevant genes out of sev-

eral hundreds of genes involved in OC development
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to pick the most pertinent ones to rebuild an OC

from a flat epithelium. Evolution is mostly achieved

through gene duplication to make ohnologs followed

by mutation of cis and trans elements to diversify the

function into paralogs and orthologs (Peter and

Davidson 2011; Onimaru and Kuraku 2018). We

Fig. 2 The illustration depicts the main differences in overall ear organization of monotreme and eutherian mammals, suggesting a

correlation of the loss of the lagena and the coiled extension of the cochlea as well as the OC in Eutherians. Cellular details indicate a

multiple step evolution with formation of IHCs and OHCs already in monotremes (A). Loss of Foxg1 partially converts the OC into a

shorter and wider epithelium with multiple cellular rows (B, B0). Foxg1 null mice reveals that formation of four rows of HCs depend

on the elongation of the cochlea that may, in turn depend on inner pillar cells that are restricted to the near normal basal part of the

shortened cochlea and the fewer, aggregated spiral ganglion neurons revealed by a p75 in situ hybridization (C, C0). Atoh1 lacZ

expression shows delay in upregulation of Atoh1 in the Lmx1a null basal turn cochlea that results in the transformation of basal HCs

into vestibular-like HCs (D–H). The transformation of the basal turn of the OC (indicated by arrow in E) into a vestibular like

epithelium partially covered by a tectorial membrane (H) seems to be the consequence of the delayed upregulation of Atoh1 in the

base of Lmx1a null mutants (F, yellow arrow in G). AC, anterior crista; C/OC, organ of Corti; Co, cochlea; DR, ductus reuniens; HC,

horizontal crista; IPC, inner pillar cell; L, lagena; PN, papilla neglecta; PC, posterior crista; S, saccule; SG, spiral ganglion; U, utricle. Bar

indicates 10 mm. Modified after Fritzsch et al. (2013); Jahan et al. (2015b); Nichols et al. (2008); and Pan et al. (2012).
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argue that the OC can be best understood as dupli-

cation of a vestibular organ in early tetrapods that

followed diversification through alteration of gene

expressions and their interactions (Fritzsch and

Elliott 2017b). We and others have dealt previously

with the evolution of cell types (Arendt et al. 2016;

Elliott et al. Forthcoming 2018) and have therefore

excluded this aspect here.

Lmx1a is essential for vestibular
transformation and segregation from
the saccule

Cell specification in the OC is in part dependent on

the intracellular interactions of pro-proliferative ver-

sus pro-differentiation factors as revealed in Lmx1a

mutants (Fig. 2). Lmx1a protein regulates numerous

aspects of cell fate determination by promoting pro-

liferation while inhibiting differentiation. This is par-

ticularly obvious in the development of the

brainstem where entire areas may be absent in

mice null for both Lmx1 genes (Glover et al.

2018). In the developing ear, Lmx1a expression is

progressively reduced (Nichols et al. 2008), which

in turn releases the cellular inhibition of e-proteins

(Asbreuk et al. 2002). Availability of e-proteins is

needed to initiate the heterodimerization with pro-

differentiating basic helix-loop-helix (bHLH) pro-

teins, such as Atoh1, that initiate differentiation.

All Lmx1a mutants (Nichols et al. 2008; Koo et al.

2009; Steffes et al. 2012; Mann et al. 2017) show

expansion of some sensory epithelia, loss of other

sensory epithelia, and partial transformation of the

basal turn of the OC into a vestibular type of HC

organization (Fig. 2). In addition, Lmx1a cooperates

with the delta/notch signaling to regulate the segre-

gation of sensory epithelia (Nichols et al. 2008;

Mann et al. 2017), possibly by changing the temporal

progression of proliferation versus differentiation like

in n-Myc mutants (Kopecky et al. 2011; Schimmang

2013). Eliminating expression of proteins that inhibit

Lmx1a, such as LMO proteins, suffices to induce

sensory epithelia formation (Hill et al. 2010; Deng

et al. 2014), mimicking the prosensory induction by

misexpression of delta/notch (Pan et al. 2010).

Consistent with Lmx1a protein function in inter-

fering with proneural bHLH genes, available data

show a profound delay in Atoh1 expression in the

basal turn of the OC in Lmx1a mutants (Fig. 2) and

this delay in expression of Atoh1 seems to relate to

the phenotypic transformation of basal turn HCs

mostly into vestibular HCs (Fig. 2). This transforma-

tion of HCs that topographically belong to the OC

and are next to a tectorial membrane (Fig. 2)

suggests that timing of proliferation versus onset of

differentiation is tied into the cell fate specification

as previously pointed out (Matei et al. 2005; Groves

et al. 2013). Such effects of cell cycle exit versus

differentiation have also been found in other

mutants such as Neurod1 null mice where OHCs

can turn into IHCs due to premature upregulation

of Atoh1 (Jahan et al. 2013; Kopecky et al. 2013).

Such systematic changes between cell cycle exit and

upregulation of Atoh1 seem to be unique to the OC.

Obviously, understanding the progressive downregu-

lation of Lmx1a followed by downregulation of cell

cycle progression factors such as n-Myc and coordi-

nated upregulation of Atoh1 could be a way to drive

both proliferation followed by differentiation of the

flat epithelium. Finding regulators that allow to

mimic the spatio-temporal progression of the vari-

ous factors to ensure both proliferation followed by

differentiation occur in a pattern that re-establishes a

lost OC could provide one major step forward. In

this context, it would be important to understand

Lmx1a function in the formation of non-

mammalian hearing organs of birds (Manley 2017a,

2017b) or amphibians (Fritzsch and Wake 1988) to

reveal how differential regulation of Lmx1a drives

the more vestibular organ-like basilar papilla devel-

opmental program of birds and amphibians into a

mammalian OC program. For example, the molecu-

lar evolution of a temporal delay between cell cycle

exit and onset of differentiation (Matei et al. 2005)

correlates with the differentiation of more robust

HCs in the apex known to be the least vulnerable

HCs of the OC. It is possible that this effect evolved

due to the inclusion of the monotreme lagena (Fig.

1C, 2A) into the growing OC (Fritzsch et al. 2013)

providing apical HCs with nearly vestibular HC like

resistance to ototoxic drugs, genetic manipulation of

actin homeostasis, and denervation (Sha et al. 2001;

Ueyama et al. 2014; Kersigo and Fritzsch 2015).

Altering proliferation progression affects
OC cellular assembly

Loss of Foxg1 results in near complete loss of inner

pillar cells with formation of multiple rows of HCs

that have nearly lost distinctions between IHCs and

OHCs (Fig. 2), while increasing greatly the number

of rows of HCs to 12 or more rows, comparable to

monotremes (Ladhams and Pickles 1996; Pauley

et al. 2006). Labeling for the inner pillar cell marker

p75 shows reduced expression in only some basal

inner pillar cells (Fig. 2), suggesting that inner pillar

cell formation is an essential step in the process that

expands the much shorter and wider assembly of
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HCs in early development into the adult OC through

convergent extension and cell movements (Driver

et al. 2017). The shortening cochlear duct in Foxg1

mutants resembles that of monotremes, as does the

organization of spiral ganglion neurons (SGNs) into

a cluster instead of an elongated cell array (Pauley

et al. 2006). Evolution shows that monotremes have

the ancestral amniotic lagena epithelium at the tip of

the lagenar recess (Figs. 1C, 2A) that was either lost

or incorporated into the growing OC of the coiled

cochlea in therian mammals (Luo et al. 2011;

Fritzsch et al. 2013).

Consistent with the evolutionary incorporation of

the lagena into the apex of the OC (Fig. 2) are the

effects caused by the loss of the proliferation regula-

tion bHLH gene, n-Myc. This mutation results in

fusion of the base of the cochlea to the saccule,

shortening of the cochlea, and gross abnormal devel-

opment of the apex of the cochlea that resembles a

vestibular sensory epithelium (Kopecky et al. 2011;

Fritzsch et al. 2013). Interestingly, reconstruction of

the perilymphatic sound conduction system reveals

that the apical “vestibular-like” epithelium is segre-

gated from the sound conducting system (Kopecky

et al. 2011; Fritzsch et al. 2013), resembling the ab-

sence of sound conduction contacts described for the

lagena of monotremes (Schultz et al. 2017). Thus,

proliferation regulation seems to be not only essen-

tial to generate the many more HCs of the OC of

mammals relative to the basilar papilla of Therapsid

ancestors but also affects the cellular assembly and

cell fate development. It is possible that these effects

relate to the close relationship of pro-proliferative

and pro-differentiation bHLH genes and their regu-

lation by Lmx1a inside the prosensory epithelium

that affects cell fate commitment within and between

cells (Fritzsch et al. 2006; Kopecky and Fritzsch

2011). It would be important to combine n-Myc

and Lmx1a mutations to establish that a combina-

tion of both can convert the entire OC into

a vestibular-like sensory epithelium, establishing

the crucial role of those genes in OC evolution.

Such data could support or refute our notion that

adding the evolutionary insights can help understand

otherwise merely descriptive aspects of OC

development as a transformational compromise

needed to convert an ancestral vestibular organ

into the apex of the OC.

Defining the position of the OC

The function of the OC depends on having all cel-

lular components at the right position and the right

level of differentiation and correct numbers (Jahan

et al. 2015a). In addition, the organ needs to sit with

specific cell types, such as the inner pillar cells, spe-

cifically on the bony lip of Rosenthal’s canal to func-

tion (Fig. 1A, B). Obviously, Lmx1a, Foxg1, and n-

Myc are part of that signaling but it is presently

unknown what regulates the precise position.

Recent evidence provides additional clues not only

about the molecular basis of the positioning but also

about the molecular nature of the cells that replace

the OC after degeneration. Investigations of molec-

ular markers flanking the OC has led to the insight

that Fgf10 is a marker for the future inner spiral

sulcus cells whereas BMP4 is a marker for outer spi-

ral sulcus (aka Claudius) cells (Pan et al. 2011).

Interestingly enough, there is a molecularly unclear

feedback loop between the OC and the Fgf10 positive

future inner spiral sulcus cells (Fig. 3) such that

Fgf10 will be downregulated in the absence of the

OC (Pan et al. 2011). Moreover, comparing Fgf10

and BMP4 expression with vestibular organs or sen-

sory epithelia of the chicken shows that only the OC

has a segregated, non-overlapping expression of

those two crucial transcription factors (Fritzsch

et al. 2006; Groves and Fekete 2012), that combined

with other diffusible factors and lateral inhibition to

define the unique cellular mosaic of the mammalian

OC (Jahan et al. 2015a).

Using a more delayed deletion of the HC differ-

entiation factor Atoh1, it was shown that the Fgf10

signal remained only where some HCs survived in

this OC, whereas in areas with complete loss of the

OC, BMP4 positive cells expand medially toward OC

with a concomitant loss of Fgf10 (Pan et al. 2012).

These data (Fig. 3) suggest that the OC is replaced

by outer spiral sulcus cells and that the approxima-

tion of BMP4 positive cells in the absence of an OC

causes the downregulation of Fgf10. This idea is con-

sistent with data showing that both Fgfs and BMPs

are necessary to generate a sophisticated diffusion

gradient profile that defines the different cell types

of the OC (Fritzsch et al. 2006; Groves and Fekete

2012; Munnamalai and Fekete 2016). In fact, BMP4/

Fgf interactions are among the best understood

interactions in defining a number of cell fate changes

(Neubüser et al. 1997) that are essential for early

steps in neurogenesis (Fritzsch et al. 2006;

Meinhardt 2015; Fritzsch and Elliott 2017b) and

alterations in Fgf or Bmp signaling disrupt OC mi-

crostructure (Ohyama et al. 2010; Jahan et al. 2015a;

Urness et al. 2015). Obviously, Monotremes have

already the segregation of inner and outer HCs

(Figs. 1C and 2A) indicating that the evolution of

the segregated expression of Fgfs, Wnts, BMPs, and

other factors evolved within ancestral Therapsids and
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may be correlated with the unique mammalian post-

natal loss of kinocilia turning the mammalian IHC

into a hydrodynamic sensor (Elliott et al.

Forthcoming 2018).

Going beyond the effect of loss of an OC after its

formation through targeted deletion of Atoh1, and

thus HCs (Fig. 2), one can also eliminate formation

of HCs through manipulation of essential genes that

drive HC precursor development such as Sox2 or

Eya1. Close examination of conditional deletion of

Sox2 shows near complete absence of HCs with ex-

pansion of BMP4 positive cells to fill the position of

the OC (Dvorakova et al. 2016). In combination, all

these data indicate that, upon degeneration of the

OC, a flat epithelium composed of BMP4 positive

outer sulcus cells (Claudius cells) replaces the OC

(Fig. 1), potentially providing a boundary at the lo-

cation of the inner pillar cell (Figs. 1 and 3). It

would be important to demonstrate how long this

boundary of gene expression differences remains.

Knowing the molecular marker of the cells that re-

place the OC can provide the means to target these

cells, reduce their expression of BMP4 (if still pre-

sent), and increase the presence of Foxg1, Lmx1a, n-

Myc, and Fgf10 to initiate proliferation of these cells

followed by coordinated upregulation of Atoh1 to

drive differentiation (Dabdoub et al. 2008;

Nishimura et al. 2017). Using known enhancer ele-

ments for BMP4 could allow driving the coordinated

suppression of BMP4 combined with upregulation of

Gata3, Pax2, Eya1, and Sox2, all needed for OC de-

velopment (Bouchard et al. 2010; Duncan and

Fritzsch 2013; Dvorakova et al. 2016; Zhang et al.

2017), to initiate sensory cell precursor development

out of the distinctly non-sensory outer sulcus cells.

Importantly, understanding the upstream regulators

that drive Fgf10 and BMP4 from an overlapping ves-

tibular epithelial to a segregated OC expression

(Fig. 3) is needed to understand the evolution of

such an arrangement and its use during development

to enhance desired local cell fate decisions during

regeneration.

Regulating the cell type development of
the OC

Obviously, the above outlined approach will not suf-

fice to regenerate an OC in all its complicated and

numerically distinct cell types (Jahan et al. 2015a).

Simply transforming an otic epithelium into a neu-

rosensory patch will most likely result in a vestibular

like sensory epithelium or possibly a basilar papilla

used for hearing in most non-mammalian tetrapods

(Thiede et al. 2014; Manley 2017a, 2017b) that was

only converted into the OC in ancestral mammals

(Luo et al. 2011; Fritzsch et al. 2013). This conver-

sion required a number of changes that are poorly

understood at the molecular level but are obvious at

the cellular level. One crucial step is the evolution of

two distinct types of HCs, the IHCs and OHCs in

ancestral mammals, separated by two distinct sup-

porting cells, the inner and outer pillar cells border-

ing at each other (Figs. 1A, C and 2A). This case of

adjacent supporting cells without any HC inter-

spaced is unique to the OC and is not found in

any other sensory epithelium that all have a regular

mosaic of alternating HCs and supporting cells

(Desai et al. 2005). Notably, such an organization

is present in the outer compartment of the OC con-

sisting of a regular mosaic of OHCs and outer pha-

langeal cells (aka Deiters’ cells; Fig. 1).

A crucial step in OC evolution is the specification

and differentiation of cochlear specific HCs that have

to lose the kinocilium to allow the fluid movement

of the endolymph to drive the IHCs as a hydrody-

namic receptor (Richter et al. 2007). In addition, two

distinct types of HCs with very different physiolog-

ical properties need to be specified and located se-

lectively to the inner and outer compartment on

either side of the inner/outer pillar cells.

Importantly, neither the functional segregation of

IHCs (the nearly exclusive transducer of sound)

nor the functional transformation of OHCs into a

cochlear amplifier with limited sound transmission

(Okoruwa et al. 2008; Tang et al. 2013) is under-

stood in its regulation. What is clear, however, is

that both the viability of HCs, as well as the types

of HCs in the OC, depend on a spatio-temporal ex-

pression profile of the regulator of HC differentia-

tion, Atoh1 (Bermingham et al. 1999; Fritzsch et al.

2005; Kopecky et al. 2013), which in turn depends

on both diffusible factors and lateral inhibition via

the delta/notch system (Groves and Fekete 2012;

Jahan et al. 2015a) and the cross-regulation by

Neurod1 for its spatio-temporal expression profile

(Jahan et al. 2013). Since monotremes have the

same basic HC organization, it appears that these

processes evolved in Therapsids and can thus only

be indirectly studied by comparing extant species or

by comparing vestibular and OC development within

one species, such as mice.

Even more distinct in its development is the inner

pillar cell, a molecularly distinct supporting cell with

essential properties for cochlear elongation (Driver

et al. 2017). This cell is unique to the monotreme

and therian OC (Vater and Kössl 2011; Fritzsch et al.

2013). Inner pillar cells are numerically distinct from

other cells of the OC (Jahan et al. 2015a) and are not
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dependent on Fgf8 signaling derived from IHCs for

their development, like the outer phalangeal

(Deiters) cells (Puligilla et al. 2007; Jacques et al.

2012). The inner pillar cell expresses transiently the

HC differentiation factor Atoh1 (Matei et al. 2005)

and several distinct Hes/Hey factors to inhibit Atoh1

from transforming these cells into HCs (Doetzlhofer

et al. 2009). The neurotrophin receptor p75 is also

expressed in the inner pillar cells (Fig. 2), otherwise

only expressed in sensory neurons (Von Bartheld

et al. 1991). Replacing Atoh1 by Neurog1 (Fig. 3)

or changing the spatio-temporal expression profile

of Atoh1 by deleting Neurod1 leads to differentiation

of inner pillar cells into HCs (Jahan et al. 2015b).

The expression of the neurotrophin receptor p75 is

partially lost after Neurog1 replacement of Atoh1 sug-

gesting that it is tightly regulated by IHCs (Jahan

et al. 2015b). Inner pillar cells that lose p75 are

converted into HC like cells, upregulating the HC

marker Myo7a (Fig. 3). The inner pillar cell is pre-

cisely positioned on the bony lip of Rosenthal’s canal

(Fig. 1A) to allow the movement of the outer com-

partment sitting on the basilar membrane relative to

the tectorial membrane to generate fluid movement

between the tectorial membrane and the reticular

lamina. Understanding the evolutionary origin of in-

ner pillar cells and their expression of p75 as well as

the molecular mechanism by which this cell type is

selected and so precisely positioned is a crucial step

in any attempt to restore hearing after complete loss

of the OC and its transformation into a flat epithe-

lium (Figs. 1A, B, 2A, and 3A). It would thus be

important to establish that molecular markers iden-

tifying the outer sulcus cells that replace the OC by a

flat epithelium are abutting the inner sulcus cells

exactly where the inner pillar cells need to be placed

(Figs. 1B and 3A), i.e., defining exactly the pivoting

point of the OC.

As outlined above, understanding the distinct de-

velopmental programs of the OC can be facilitated

by understanding how a general vestibular epithe-

lium developmental program was changed following

the formation of a novel cell patch that became the

basilar papilla in ancestral tetrapods (Fritzsch et al.

Fig. 3 Double in situ hybridization demonstrates that Bmp4 and

Fgf10 form lateral (OSC) and medial (GER) boundary of the

control OC, respectively (A–B0). After incomplete loss of HCs in

Atoh1-cre; Atoh1f/f mice (B, B0), Bmp4 positive outer spiral sulcus

cells migrate medially between the Myo7a positive remaining HC

patches, replacing the OC in areas devoid of HC with

matching loss of Fgf10 in that area (B–B0 , see arrow in B0).

Misexpression of Neurog1 in Atoh1 locus in Atoh1-cre;

Atoh1f/kiNeurog1 mice rescues HCs formation compared with

Atoh1-cre; Atoh1f/f mice (C–E), without preserving the organi-

zation of OC or gaps in OC (brackets in D and E), shown with

Myo7a, Tubulin immunohistochemistry, and Hoechst nuclear

staining (C–E). Compared with controls, Fgf8 in situ hybridiza-

tion shows patchy expression in the Atoh1-cre; Atoh1f/kiNeurog1

mice (F, I; brackets indicate OC). Myo7a positive HCs

replace in the patchy loss of p75 positive inner pillar cells

(G, G0, arrows in J and J0) that can also form stereocilia

bundles in the inner pillar cells (arrow in K) demonstrated by

the scanning electron microscopy (SEM) in P22 mice (H, K).

Immunohistochemistry of Myo7a and neurofilament (NF)

reveals the defect of innervation pattern in different types of

HC defects (L–P). In loss of IHCs, as in Atoh1-cre; Atoh1f/f or in

Bronx-Waltzer (bv/bv) mice, type I fibers appear to innervate

the remaining OHCs or bifurcate to reach nearby IHCs (L–N).

Fiber distribution pattern is disorganized to reach abnormally

placed OHCs in the position of IHCs or bifurcate in the gaps of

IHCs in Atoh1-cre; Atoh1f/kiNeurog1 mice (arrow in O) or to reach

ectopic IHCs in OHCs position in Neurod1 null mice (arrow in

P). GER, greater epithelial ridge; I, inner hair cell; IP, inner pillar

cell; OBC, outer border cell (of Hensen); O/OHC, outer hair

cell; OSC, outer sulcus cells (of Claudius); SG, spiral ganglion.

Bar indicates 10 mm. Modified after Pan et al. (2012) and Jahan

et al. (2015b).
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2002) and evolved into the OC (Figs. 1 and 2). Using

evolutionary consideration can facilitate extraction of

the most meaningful data in such comparisons.

Irrespective of this forward-looking approach, some

TFs that are uniquely needed for OC development

have already been identified through mouse mutant

analysis. Still, adding the evolutionary dimension

allows to categorize those TFs into some that are

either essential for OC formation by regulating the

segregation of the basilar papilla from the saccule

(Nichols et al. 2008; Kopecky et al. 2011; Mann

et al. 2017), are crucial for overall development

(Bouchard et al. 2010; Kersigo et al. 2011; Duncan

and Fritzsch 2013), or are essential for extension of

the original population of HCs that form multiple

rows (Pauley et al. 2006) through convergent exten-

sion (Dabdoub et al. 2008; Driver et al. 2017). How

these and other factors integrate in normal OC de-

velopment to ensure the differentiation of the right

cell type at the right place, cause elongation of the

initially much shorter OC (Driver et al. 2017), and

cause loss or transformation of the monotreme

lagena (Fritzsch et al. 2013; Schultz et al. 2017) in

ancestral Therians (Fig. 1C) remain to be elucidated.

Order begets order: the effect of altered
HC organization on OC innervation
pattern

The OC is not only a highly ordered cellular assem-

bly (Jahan et al. 2015a), but it also receives an

equally highly regulated sensory afferent (Fritzsch

et al. 2015; Goodrich 2016) and efferent (Simmons

et al. 2011) innervation. The unusual distribution of

�95% of all afferents to IHCs with convergence of

20 or more afferents onto a single IHC does not exist

in any vestibular organ of vertebrates or non-

mammalian hearing organ (Fritzsch et al. 1988;

Manley 2017b) and may relate to the evolutionary

novel expression of a second neurotrophin factor,

Ntf3, in and around IHCs (Fritzsch et al. 2016).

Multiple factors have been shown to affect the nav-

igation of afferents to the distinct cell types of the

OC (Coate and Kelley 2013; Mao et al. 2014) includ-

ing the attraction toward neurotrophin sources

(Yang et al. 2011; Fritzsch et al. 2016). It should

be pointed out that navigation to HCs, while clearly

influenced by neurotrophin expression (Tessarollo

et al. 2004), is possible in the partial (Hellard et al.

2004) or complete absence of neurotrophins (Kersigo

and Fritzsch 2015), indicating that multiple, poten-

tially hierarchically organized molecular and cellular

interactions are responsible for guidance (Fritzsch

et al. 2015). It is noteworthy that factors affecting

OC innervation have little effect on vestibular epi-

thelia innervation (Mao et al. 2014) and rerouted

vestibular fibers seemingly cannot innervate the OC

(Tessarollo et al. 2004) indicating that entering the

OC requires features not shared with vestibular

organs that may relate to the evolution of unique

SGNs in ancestral Therians (Luo et al. 2011). Here

we focus on how the pattern of HC distribution that

is so unique to the OC affects the pattern of inner-

vation (Fig. 3).

Changing OHCs into IHCs through deletion of

Neurod1 affects the pattern of innervation (Jahan

et al. 2010a). More specifically, instead of having

the typical type II fibers projecting along the three

rows of OHCs, selective afferents can be traced to

innervate the highly Myo7a and Fgf8 positive IHC-

like OHCs that receive a direct innervation of fibers

that end on those cells instead of forming spiral

bundles (Fig. 3). This directed growth of fibers to

these cells seems to be in part related to high expres-

sion of the neurotrophin Ntf3 that is more pro-

found in the inner compartment, IHCs, and

surrounding supporting cells (Fari~nas et al. 2001)

and is an evolutionary novel feature of the mamma-

lian OC. Unfortunately, Neurod1 deletion also affects

directly sensory neurons (Jahan et al. 2010a) making

the interpretation of the innervation defects less

straightforward.

To fully reveal the effect of miss-patterning of the

OC on innervation requires analysis of mutations

that primarily affect OC organization without di-

rectly affecting the innervating neurons such as

Atoh1 manipulations. For example, navigation of

fibers in Atoh1-cre; Atoh1f/f mutants that lose nearly

all IHCs and retain mostly a single row of OHCs is

also altered (Pan et al. 2012). The data in these mice

show near complete absence of radial fibers passing

along OHCs as overlapping layers of afferent fibers

(Puligilla et al. 2007). Only in parts of the OC with

two rows of cells and partial retention of IHCs could

we find partial formation of the outer spiral bundles

(Fig. 3). This reduction of outer spiral bundles is

completely reversed in mice with near complete

loss of IHCs such as Bronx-Waltzer mutants

(Fig. 3). In these mutants, a gene that codes for

the Srrm4 protein that mediates differential splicing

is mutated causing the near complete loss of most

IHCs without affecting OHCs (Nakano et al. 2012).

Interestingly, in these mutants the density of outer

spiral bundles is increased and many fibers normally

targeted in their majority to IHCs seemingly expand

to OHCs. Since Srrm4 is also expressed in sensory

neurons it makes the conclusion that this fiber reor-

ganization is exclusively dependent on the loss of
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IHCs somewhat tentative. However, in mice mutants

in which one Atoh1 allele is replaced by Neurog1

(Jahan et al. 2015b) and the other floxed allele re-

moved by Atoh1-cre mediated recombination

(Atoh1-cre; Atoh1f/kiNeurog1) we found similar defects

of innervation in areas without IHC formation

(Fig. 3). In contrast to complete deletion of Atoh1

using the “self-terminating” approach of floxed

Atoh1 alleles (Pan et al. 2012), the substitution of

the Atoh1 allele by Neurog1 rescues not only many

more HCs (Fig. 3) but also rescues functionality of

remaining afferents (Tan et al. 2018). Much like in

Srrm4 mutants, fibers were seen to bypass pillar cells

to innervate in disorganized bundles the two–three

remaining rows of disorganized OHCs (Fig. 3) sug-

gesting that patterning of HCs directly translates into

afferent organization. More work on alterations of

neurotrophins and other factors regulating innerva-

tion is needed in those mutants to fully understand

the mechanisms of this obvious reorganization of

innervation pattern. These data demonstrate that

the pattern of innervation depends on the pattern

of HCs and thus is a consequence of HC patterning

events.

Summary and conclusion

Here we present an overview of major molecular and

cellular steps to transform a vestibular like cellular

organization of ancestral Therapsid pre-mammals

into the unique organization of the mammalian

hearing organ, the OC. We suggest that these

changes come about through altered changes in pro-

liferation versus differentiation regulation by multi-

ple factors. We highlight how mutations of some of

these factors not only affect the cellular patterning of

the OC but mimic the needed evolutionary changes

to transform the cellular mosaic of a basilar papilla

of most tetrapods into the unique OC distribution

exclusive to mammals. We argue that more detailed

comparison of developmental and evolutionary pro-

cesses will allow selecting among the emerging mul-

titude of molecular data those most relevant to

evolve a unique OC developmental module. Such a

restricted set of transcription factors could provide

needed information to guide restoration of this or-

gan from a flat epithelium in millions of seniors that

have lost this sensory epithelium for years, recapitu-

lating the evolution of the OC. Investigating the de-

tailed pattern of innervation suggests that the

distribution of HC types is driving the distinct pat-

tern of innervation of the OC, relegating the inner-

vation organization to a downstream effect that can

only be addressed after managing the reconstitution

of the cellular pattern of the OC.
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