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Abstract
The organ of Corti in the mammalian inner ear is comprised of mechanosensory hair cells (HCs)
and nonsensory supporting cells (SCs), both of which are believed to be terminally postmitotic
beyond late embryonic ages. Consequently, regeneration of HCs and SCs does not occur naturally
in the adult mammalian cochlea, though recent evidence suggests that these cells may not be
completely or irreversibly quiescent in at earlier postnatal ages. Furthermore, regenerative
processes can be induced by genetic and pharmacological manipulations, but, more and more
reports suggest that regenerative potential declines as the organ of Corti continues to age. In
numerous mammalian systems, such effects of aging on regenerative potential are well
established. However, in the cochlea, the problem of regeneration has not been traditionally
viewed as one of aging. This is an important consideration as current models are unable to elicit
widespread regeneration or full recovery of function at adult ages yet regenerative therapies will
need to be developed specifically for adult populations. Still, the advent of gene targeting and
other genetic manipulations has established mice as critically important models for the study of
cochlear development and HC regeneration and suggests that auditory HC regeneration in adult
mammals may indeed be possible. Thus, this review will focus on the pursuit of regeneration in
the postnatal and adult mouse cochlea and highlight processes that occur during postnatal
development, maturation, and aging that could contribute to an age-related decline in regenerative
potential. Second, we will draw upon the wealth of knowledge pertaining to age related
senescence in tissues outside of the ear to synthesize new insights and potentially guide future
research aimed at promoting HC regeneration in the adult cochlea.
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1. Introduction
Hearing in mammals is dependent upon transduction of sound in the organ of Corti, a highly
specialized structure within the cochlea of the inner ear. The organ of Corti is primarily
comprised of two main cell types: sensory hair cells (HCs) and nonsensory supporting cells
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(SCs), both of which are believed to arise from the same pool of precursor cells during
development, and therefore represent potential targets for HC regeneration (Dabdoub et al.,
2008; Fekete et al., 1998). While the vast majority of HCs and SCs are formed during
embryonic development in the mouse cochlea (Lee et al., 2006; Ruben, 1967), the organ of
Corti continues to undergo processes of development, maturation, and aging well after birth.
Although questions of cochlear aging have typically focused on age-related hearing loss
(Bovo et al., 2011; Fetoni et al., 2011) and the declining success of cochlear implants with
recipient age (Lee et al., 2012; McRackan et al., 2012; Nakashima et al., 2012; Noble et al.,
2009), recent advances in our understanding of postnatal cochlear development suggest that
increasing attention should be paid to postnatal aging and its effects on preventing
regeneration. In numerous mammalian systems, such effects of aging to gradually diminish
regenerative potential are well established (Chien et al., 2005; Cnop et al., 2011; Luo et al.,
2006; Timchenko, 2009), though in the auditory epithelium of the cochlea, aging has not
traditionally been considered in this context. This is most likely due to the fact that terminal
mitosis of sensory precursors is believed to be a nearly singular event that takes place during
embryonic development (Lee et al., 2006; Ruben, 1967). However, several recent studies
suggest that HCs and SCs in the postnatal rodent cochlea undergo endogenous and
ectopically induced processes of proliferation and differentiation, though many of these
studies also suggest that the ability of cells within the organ of Corti to re-enter the cell cycle
or to give rise to new HCs declines with postnatal age. This is an important consideration as
the more well known effects of aging and hearing loss suggest that most regenerative
therapies will need to be developed specifically for adult populations, and, even though new
genetic tools and mutant models have led to many advances in HC regeneration, the ectopic
activation of proliferation or differentiation in quiescent cochlear cells has yet to yield
sufficient numbers of new HCs as to constitute functional recovery in an adult cochlea. Still,
the advent of gene targeting has established mice as critically important models for the study
of cochlear development and HC regeneration, and several of these models suggest that HC
regeneration and recovery of hearing function may indeed be possible, but are currently
limited by aging. This review aims to identify factors that could contribute to an age-related
decline in regenerative potential by describing known effects of postnatal aging in the rodent
cochlea, but also by examining tissues outside of the ear to synthesize new insights and
potentially guide future research aimed at promoting HC regeneration in the adult organ of
Corti.

2. Permanent cell cycle exit during the development of inner ear sensory
epithelia: a gradually shifting paradigm

Since 1967, it has become widely accepted that HC and SC precursors in the mouse cochlea
permanently exit the cell cycle just prior to their differentiation during embryonic
development (Ruben, 1967). From this, it has been supposed that such early quiescence
directly translates into an inability of HCs and SCs to regenerate beyond such point in time.
However, studies from non-mammalian models show that SCs in juvenile and adult animals
can proliferate and differentiate to give rise to new HCs suggesting that SC quiescence does
not necessarily preclude HC regeneration (Brignull et al., 2009). Indeed, studies of the
balance organs of mice and other mammals have shifted our understanding of HC
regeneration, demonstrating that, even in mammals, cell proliferation can persist postnatally,
new HCs may continue to be added, and some regenerative ability may be maintained into
adulthood (Burns et al., 2012a; Burns et al., 2012b; Forge et al., 1993; Kawamoto et al.,
2009; Li et al., 1997; Warchol et al., 1993). While mammalian cochlear cells are still largely
thought to be excluded from any such proliferative or regenerative processes, recent
evidence, primarily from mouse models, suggests another paradigm shift, where cochlear
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HCs and SCs exhibit signs of proliferation and differentiation, and yield new HCs at various
postnatal ages.

Some of the first evidence for regenerative potential at late embryonic and neonatal ages
came from explant cultures of rat (Lefebvre et al., 1993) and mouse cochleae (Kelley et al.,
1995) where it was shown that HCs could be regenerated by both mitotic and non-mitotic
processes. However, an inability to recapitulate definitive HC regeneration in vivo (Lenoir
et al., 1997; Parietti et al., 1998) cast doubt on the true regenerative potential of the neonatal
rodent cochlea, and suggested that either culture conditions do not accurately recapitulate
the native cochlear environment or that a method to damage HCs more acutely in vivo was
required. Indeed, recent data from our lab and others suggest that, while constitutive
proliferation of HCs and SCs has eluded detection beyond embryonic day (E)14.5 in the
intact mouse cochlea, the expression of proliferating cell nuclear antigen (PCNA) persists
postnatally (see Figure 1), new HCs continue to be added to the mouse cochlea when
examined at postnatal day (P) 0 and P6 (Jan et al., Unpublished), and rapidly acute HC loss
during the first postnatal week, in vivo, results in proliferation, differentiation, and a robust,
if transient, regeneration of lost HCs (Cox et al., 2012a). Despite such promising findings,
this first postnatal week appears to represent a critical window during which such
endogenous regeneration and proliferation can occur (Cox et al., 2012a). Expression of
PCNA in C57BL/6 mice is no longer detectable in HCs or SCs by P5 (Figure 1),
examination of mouse cochleae after P6 do not show any further addition of HCs (Jan et al.,
Unpublished), and regenerative processes in response to HC-loss appear to cease beyond P6-
P7 (Cox et al., 2012a).

This loss of innate regeneration and HC addition is intriguing as, in many other studies
where SC or HC proliferation and differentiation have been induced using pharmacological
or genetic approaches, the level of proliferation or differentiation achieved also appears to
diminish with postnatal age. More specifically, when inducible Cre lines are used to alter
gene expression and induce proliferation or transdifferentiation within the organ of Corti,
there is a consistent critical window during the first 2-4 postnatal weeks after which the
genetic manipulations have little to no effect (Huang et al., 2011; Kelly et al., 2012; Liu et
al., 2012b; Liu et al., 2012c; Oesterle et al., 2011). Additionally, it has been shown that a
stem cell pool resides within the mouse cochlea (Chai et al., 2012; Savary et al., 2007; Shi et
al., 2012; Sinkkonen et al., 2011; Wang et al., 2006; White et al., 2006; Yerukhimovich et
al., 2007), and that a similar window, i.e. the first 2-3 postnatal weeks, constrains the ability
to isolate and propagate these cells (Martinez-Monedero et al., 2007; Oshima et al., 2007).
These findings suggest that multiple processes, which may be similar to those symptomatic
of more gradual aging in other tissues, are occurring within the murine organ of Corti
between E14 and P30, and are converging to inhibit processes of proliferation,
differentiation, and regeneration. Thus, viewing cochlear development and regeneration in
such a context of aging may generate new insights, new targets, and new intersections for
known factors aimed at the regeneration of mammalian auditory HCs in the adult cochlea.

3. Endogenous regenerative capacity during early postnatal development
As mentioned previously, early lines of evidence pointed to ~E14.5 as the timepoint for
terminal mitosis of mouse cochlear HC and SC progenitors (Ruben, 1967). However, several
recent findings suggest that this initial exit from the cell cycle may only be the beginning of
a more drawn out process of quiescence, where HCs and SCs retain some regenerative
capacity beyond E14.5, potentially into the second postnatal week. For example, HCs and
SCs continue to express the cell cycle protein PCNA well after E14.5, with expression still
detectable in HCs and SCs as late as P2 (Figure 1) while Sox2 positive cells in the greater
epithelial ridge (GER) and lesser epithelial ridge (LER) are readily labeled by the S-phase
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marker bromo-deoxyuridine (BrdU) into the 2nd postnatal week (Kamiya et al., 2001).
While positive PCNA staining at these later ages may be indicative of slow degradation of
the protein rather than active proliferation of the cells, it is interesting to note that PCNA is
also expressed in SCs of the post-hatch chicken basilar papilla (BP) (Bhave et al., 1995) and
in the sensory maculae of posthatch zebrafish (Bang et al., 2001), both of which add new
SCs and in some cases HCs after hatching (Higgs et al., 2002; Oesterle, 1993). Furthermore,
PCNA is a well characterized marker of proliferating cells with a well defined role in cell
cycle progression (Moldovan et al., 2007; Strzalka et al., 2011). Thus, while the persistent
expression of PCNA by itself does not suggest mouse cochlear cells are still actively
proliferating at P2, it does demonstrate that not all of the machinery for cell proliferation has
been completely eliminated by E14.5, let alone by the end of gestation.

In further support of the innate plasticity of neonatal HCs and SCs, Jan et al. (Unpublished)
have recently characterized the addition of new HCs to the mouse cochlea between P0 and
P6, which is similar to previous findings that suggest HCs continue to be added to the rat
cochlea and the hamster cochlea up until P3 and P4, respectively (Kaltenbach et al., 1994;
Mu et al., 1997). Also, several recent reports have demonstrated that stem and progenitor
cells can be isolated from the postnatal mouse cochlea and placed into non-adherent culture
conditions where they proliferate and can ultimately give rise to new HCs and SCs (Chai et
al., 2012; Martinez-Monedero et al., 2007; Oshima et al., 2007; Savary et al., 2007; Shi et
al., 2012; Wang et al., 2006; White et al., 2006; Yerukhimovich et al., 2007). As is typically
seen in other systems (e.g. neurospheres), the ability to obtain spheres and/or new HCs and
SCs declines with the age of the donor mice, exhibiting a dramatic decrease during the first
2-3 weeks postnatally (Martinez-Monedero et al., 2007; Oshima et al., 2007; White et al.,
2006). Since many tissues that are capable of regeneration do so by means of a stem cell
niche or progenitor cell population, this persistence of such a pool of otic precursors, and
then its disappearance, further highlights the importance of postnatal development and
maturation and its potential implications for HC regeneration.

While the expression of PCNA, the constitutive addition of HCs, and the presence of a
potential pool of stem or progenitor cells all indirectly suggest the persistence of
regenerative processes in the postnatal murine cochlea, there has been a dearth of direct
evidence for such innate regeneration in vivo. Indeed, it has been particularly difficult to
obtain any evidence for HC or SC regeneration that passes the litmus test of thymidine
analog incorporation. That is, until very recently, when it was demonstrated that the neonatal
mouse cochlea can and does give rise to new HCs via both proliferation and
transdifferentiation following HC loss using a model of temporally controlled, cell
autonomous expression of diphtheria toxin fragment A (DTA) (Cox et al., 2012a). Upon P0-
P1 induction of DTA expression, cells that are positive for several HC markers (e.g
myosinVIIa, calbindin, parvalbumin, prestin) incorporate ethynyl deoxyuridine (EdU) when
injected between P3 and P5, and can also be co-labeled for PCNA. Furthermore, these cells
express the stereocilia protein espin, take up lipophilic FM dyes, and their generation leads
to near complete restoration of HC numbers in the apical turn of the cochlea between P3 and
P6. Additionally, fate mapping suggests that, at least a portion of newly generated HCs are
derived from SCs (Cox et al., 2012a). These data not only corroborate the in vitro work done
previously (Kelley et al., 1995), but conclusively show that HCs and SCs in the mouse
cochlea are capable of undergoing proliferation and/or differentiation well after E14.5.
However, attempts to replicate such regenerative processes by induction of DTA at P6-P7
have met with failure, suggesting that this native regenerative response persists for most of
the first postnatal week, but surpasses a critical threshold after this point. Still it is intriguing
that such regeneration happens at all, and suggests that quiescence in HCs and SCs is a
lengthy process that is merely initiated at ~E14, and that whatever checks on cell cycle are
established at this point can be overcome for many days to follow. As cells lose their
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regenerative response to HC ablation, it is likely that factors suppressing regeneration are
increasingly expressed and/or that factors that promote regeneration are decreased. Indeed,
the evidence presented so far suggests that the downregulation of PCNA between P2 and P5
may be one such factor that further promotes quiescence.

4. Genetic mouse models of SC proliferation and differentiation and
pharmacological experiments reveal a prohibitive effect of aging

In addition to the persistence of endogenous regenerative potential in postnatal cochlear HCs
and SCs, several recent studies have used genetic manipulations to induce these cells to
proliferate or transdifferentiate at later and later ages. Strikingly, many of these studies
reveal prominent effects of aging that are reflective of phenotypes seen in numerous other
tissues that exhibit declining regenerative ability with age. For example, the cyclin
dependent kinase inhibitor p27Kip1 has been implicated as a critical factor in the quiescence
of HCs and SCs, where germline deletion of p27Kip1 results in the continued proliferation of
both HCs and SCs postnatally (Chen et al., 1999; Lowenheim et al., 1999). However, a
dramatic decrease in the number of proliferative cells was observed when BrdU was
administered to p27Kip1 knockout mice at 4 months of age as compared to P7-P10
(Lowenheim et al., 1999). Using inducible Cre models to ablate p27Kip1 at various ages,
both Oesterle et al (2011) and Liu et al. (2012c) similarly noted that cells within the organ of
Corti exhibit robust proliferation in response to neonatal p27Kip1 ablation, but display a
dramatic decrease in the number of proliferative cells when p27Kip1 is ablated at P30 or P42.
These findings suggest that factors other than p27Kip1 may be upregulated in the organ of
Corti between P10 and P30, and that such factors compensate for p27Kip1 disruption by
further dampening the proliferative ability of these cells. Another example for this can be
found in the conditional ablation of Sox2 from cochlear SCs, which can induce multiple
rounds of proliferation in inner PCs when deleted at P0-P1, but results in a failure of these
cells to complete cycle when induced at P6-P7, and a dramatically reduced level of cell
cycle entry when Sox2 is deleted at P30 (Liu et al., 2012c). In another recent paper, beta
catenin was permanently overexpressed in Lgr5 positive SCs beginning at P0-P1, which
resulted in robust SC proliferation by P8-P15, but a dramatic decline in proliferation, and
increase in cell death, resulted in a complete absence of proliferation or of new cells by P21
(Chai et al., 2012). Additionally, when beta catenin overexpression is induced at adult ages,
in the context of ototoxic HC damage, SC proliferation is not immediately apparent (Kuo,
unpublished data). As another example, the neonatal ablation of the retinoblastoma protein
(pRb) from HCs (Weber et al., 2008) or SCs (Yu et al., 2010) results in the proliferation of
these cells between P3 and P6, yet ablation of pRb at 3 months of age does not appear to
elicit any signs of proliferation (Huang et al., 2011). Similarly, germline deletion of the
related retinoblastoma-like 2 protein (p130) results in supernumerary HCs and SCs that
incorporate EdU when the mice are injected with the thymidine analog at P21 but not when
they are injected at P30 (Rocha-Sanchez et al., 2011). Taken together, these reports strongly
suggest an age-related decline in proliferative potential of cells in the organ of Corti as well
as the combined role of several different factors to promote quiescence in the postnatal
mouse cochlea.

Furthermore, proliferation is not the only regenerative process to be affected by age in the
murine cochlea. As several recent studies suggest, the potential for SCs to differentiate or
transdifferentiate into HCs is also severely hampered during the first few postnatal weeks.
For example, inhibition of Notch signaling via treatment with a gamma secretase inhibitor or
acute ablation of the canonical mediator RBPj results in supernumerary HCs in explants
from neonatal rodent cochleae (Yamamoto et al., 2006; Zhao et al., 2011). However, in vivo
Notch inhibition in an adult rodent cochlea failed to yield a significant increase in the
numbers of cochlear HCs (Hori et al., 2007), suggesting that other factors come on that

Walters and Zuo Page 5

Hear Res. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



either act in conjunction with, or replace Notch signaling to maintain SC fate. This latter
hypothesis, that Notch may no longer be required for SC maintenance with age, is suggested
by the postnatal downregulation of markers of Notch signaling/activity in mouse cochlear
SCs (Hartman et al., 2007; Hartman et al., 2009; Murata et al., 2006). In addition to Notch
signaling, much attention has focused on overexpression of the basic helix loop helix
(bHLH) transcription factor Atoh1 as a means to induce transdifferentiation of SCs to HCs.
However, two recent reports of Atoh1 overexpression in mouse models both noted a
decreased efficiency for SC to HC conversion with age (Kelly et al., 2012; Liu et al.,
2012b). Specifically, Kelly et al. (2012) were able to induce Sox2 positive nonsensory cells
to express HC markers by inducing a Tet-On-Atoh1 construct via doxycycline treatment
between P0-P3. However, when inducing the Atoh1 overexpression at P8 and at P14, the
numbers of supernumerary HCs declined with the age of induction. Similarly, Liu et al.
(2012b), using a Cre-ER mediated method for Atoh1 overexpression, saw SC to HC
conversion when they induced Atoh1 at P0-P1 and at P12-P13, but were unable to detect
any converted cells when inductions were carried out at P30, despite the maintenance of
high levels of Cre activity at later ages.

Together, the studies reviewed here all appear to converge on the fact that postnatal aging
progressively restricts the regenerative potential of the mammalian organ of Corti.
Furthermore, since aging affects both proliferation and differentiation of cells, it suggests
that there is either a large degree of interrelatedness between both processes, or that multiple
senescence-related changes are taking place within cochlear cells as they age. Indeed, some
evidence exists for both of these hypotheses. For example, simultaneous knockdown of two
cyclin dependent kinase inhibitors (CDKNs) (p21Cip1 and p19INK4d) promotes greater
proliferation in the mouse organ of Corti than deletion of either CDKN individually (Laine
et al., 2007). This suggests that multiple factors are acting synergistically to restrict
proliferation. Conversely, within the cochlea, Atoh1 is thought to influence differentiation
only, but ectopic Atoh1 expression in neonatal mice also causes some cochlear cells to re-
enter cycle (Kelly et al., 2012). Similarly, the sphere forming potential of otic cells is related
to Notch signaling, which is also traditionally viewed as a differentiation cue in the inner ear
(Savary et al., 2008). These findings suggest that processes of differentiation and
proliferation are linked by pathways common to both. Therefore, it is likely that both an
interrelatedness of proliferation and differentiation and a culmination of multiple repressive
factors are at work in the aging cochlea, representing as yet unidentified challenges in the
pursuit of auditory HC regeneration and functional recovery in the adult mammalian
cochlea.

5. Postnatal cochlear development, maturation, and aging
5.1 Structural and anatomical changes

In light of the findings presented, it becomes important to appraise many of the changes
known to occur during postnatal maturation and aging in an attempt to identify factors that
could be repressing regenerative processes (Figure 2). One primary set of changes that is
immediately apparent is the structural and anatomical remodeling that takes place during the
postnatal maturation of the cochlea. Perhaps most striking are the opening of the tunnel of
Corti and the formation of the spaces of Nuel between P6 and P10 (Kikuchi et al., 1965)
which require much refinement of SC cytoarchitecture. Around a similar time, the tectorial
membrane detaches from the apical surfaces of SCs and GER cells (Lim, 1987), and the
basilar membrane (BM) develops, adding laminin and other basement membrane
components (Cosgrove et al., 1997; Rodgers et al., 2001). This maturation of the BM may
be particularly important in postnatal senescence as it physically separates the organ of Corti
from a potential pool of stem cells or from mitogenic signals originating in the underlying
mesenchyme. Some evidence for this is provided by the fact that dissections for otosphere
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culture typically do not eliminate the mesenchymal cells that reside beneath the BM,
suggesting their potential contribution to sphere forming cells (Oshima et al., 2009; Parker et
al., 2010). Indeed, when CD146 positive cells that reside below the BM are isolated
specifically, they do generate spheres, though they do not proliferate as well or give rise to
as many HC-like cells as Sox2 positive cells from above the BM (Sinkkonen et al., 2011).
However, as CD146 does not label all of the cell types beneath the BM, the contribution of
CD146 negative cells from beneath the BM to sphere forming cultures is as yet unknown.
Additionally, the BM could also restrict signaling molecules from cells under the organ of
Corti that might promote the proliferation, differentiation, or migration of SCs. Although it
has yet to be demonstrated in the cochlea, such signaling through basement membranes is
critical to regenerative processes in the kidney (Mollura et al., 2003), and the intestine
(Kedinger et al., 1998). Furthermore, processes of proliferation, differentiation, and
migration could be hindered by constraints placed upon SCs via their attachments to the BM
itself. Indeed, in the mouse utricle, it has been shown that interactions of integrins and
laminin at the BM are at least partly responsible for the reduction of proliferative SCs in
explant cultures between E18 and P6 (Davies et al., 2007). Along these lines, another factor
that could similarly act to inhibit regenerative processes during postnatal development is
cadherin expression and cell-cell junctions. While E-cadherin is expressed at SC junctions in
the postnatal and adult mouse organ of Corti (Whitlon, 1993; Whitlon et al., 1999), any
quantitative changes in E-cadherin expression in the cochlea have not yet been well
described. However, the mouse utricle demonstrates increased expression of E-cadherin
with age (Collado et al., 2011) and a thickening of F-actin belts at apical junctions between
SCs (Burns et al., 2008), both of which have been correlated to a decreased regenerative
capacity with age in the mammalian utricle. Notably, several other studies have implicated
cadherins in the prevention of proliferation via their actions upon beta catenin, p27Kip1, and
pRb (Day et al., 1999; Orsulic et al., 1999; St Croix et al., 1998; Stockinger et al., 2001), all
of which affect the quiescence of cells in the organ of Corti (Chai et al., 2012; Chen et al.,
1999; Liu et al., 2012c; Lowenheim et al., 1999; Oesterle et al., 2011; Shi et al., 2012;
Weber et al., 2008; Yu et al., 2010). Another attribute of the postnatal development of cell-
cell junctions that could be important for regeneration is the changing expression of
connexin (Cx) proteins with age and the establishment and maturation of gap junctions
between SCs and among epithelial cells along the cochlear lateral wall. For example, the
expression of Cx26 in the cochlea increases with age (Frenz et al., 2000; Xia et al., 1999;
Xia et al., 2001), and Cx26 has been shown in multiple other tissues to antagonize
proliferation (Braeuning et al., 2010; Momiyama et al., 2003; Muramatsu et al., 2002; Ott et
al., 2006; Torres et al., 2005; Winterhager et al., 2000). Conversely, Cx43 and Cx45 appear
to be downregulated with age in the cochlea (Cohen-Salmon et al., 2004), and Cx43 has
been shown to stimulate proliferation and maintenance of progenitor cells in several tissue
types (Ehmann et al., 2001; Lambe et al., 2006; Oviedo-Orta et al., 2010; Taniguchi
Ishikawa et al., 2012; Zhang et al., 2006b). Another particularly notable change that occurs
in the rodent cochlea during postnatal development (and one that is directly related to the
changes in Cx expression) is the maturation of the endocochlear potential (EP), which takes
place in the mouse up until approximately P14 (Anniko, 1985). The generation of a mature
EP is dependent upon a high K+ concentration and low Na+ and Ca2+ concentrations in the
endolymph, with a high HCO −3 concentration to buffer the pH. These are all important
factors to consider in the pursuit of auditory hair cell regeneration. For example, recent
evidence suggests that calcium signaling is critical for the switch from a highly proliferative
precursor state to differentiated HCs in the zebrafish lateral line (Go et al., 2010). And while
electrophysiological studies suggest that SCs may not respond to Na+ or K+, even when they
are giving rise to new HCs (Masetto et al., 1997), levels of Na+ or K+ critically affect
regenerative processes in some systems (Sundelacruz et al., 2008; Trinh et al., 2008; Tseng
et al., 2010; Zhang et al., 2012a). While some of the hypotheses presented here are more
speculative than others, it seems clear that the increasingly stringent constraints placed upon

Walters and Zuo Page 7

Hear Res. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells by the complex structure and unique extracellular environment of the organ of Corti
that matures during this postnatal period could be critical to the regenerative potential of
HCs and SCs.

5.2 Signaling molecules
In parallel with the maturation of cochlear anatomy and structure and the establishment of a
mature EP, there are many changes in cell signaling that occur within the organ of Corti
during postnatal development. One such change appears to be the rather dramatic decline of
activated Notch signaling, suggested by the loss of activated Notch1 expression by P7
(Murata et al., 2006), and the loss of Hes5 reporter expression along a similar timeframe
(Hartman et al., 2009). Since the presence of Notch signaling is important for the
differentiation of prosensory cells into HCs (Hartman et al., 2010; Kiernan et al., 2005; Liu
et al., 2012a; Pan et al., 2010; Yamamoto et al., 2011), the transdifferentiation of SCs into
HCs (Yamamoto et al., 2006; Zhao et al., 2011), and possibly even the proliferation of otic
stem cells and differentiating HCs (Kelly et al., 2012; Savary et al., 2008), the decline in
Notch signaling is likely to have profound effects on the ability of cochlear cells to be
induced to give rise to new auditory HCs.

Another particularly important signaling pathway that exhibits dynamic changes during late
embryonic and postnatal cochlear development is the fibroblast growth factor (FGF)
signaling pathway. While expression of FGF receptor 3 (FGFR3) appears to persist in pillar
cells (PCs) and Deiters cells (DCs) at least to P30 (Liu et al., 2012b; Liu et al., 2012c),
FGFR1 expression, is present in the sensory epithelium of the cochlea between E13 and
E16, but gone from the organ of Corti by P3 (Hayashi et al., 2010). Similarly, in the
developing rat cochlea, acidic FGF expression in HCs was readily detectable at perinatal
ages, but was undetectable by P6 (Luo et al., 1993). This could be important for HC
regeneration since FGF signaling has been shown to be critical for the establishment of the
prosensory domain and the differentiation of HCs and SCs during development (Hayashi et
al., 2007; Hayashi et al., 2008; Mueller et al., 2002; Puligilla et al., 2007). Additionally,
while not all of the data concerning FGF signaling and regeneration has been positive
(David et al., 2002; Oesterle et al., 2000), expression of genes relating to FGF signaling in
the chick BP after ototoxic damage implicates them in HC regeneration (Pickles et al., 1997;
Umemoto et al., 1995). As does the fact that addition of basic FGF to dissociated cultures
from neonatal mouse cochleae increases sphere forming ability (Wang et al., 2006) and the
addition of FGF2 to mouse utricular explants significantly increases proliferation,
suggesting a role for FGF signaling in stem cell maintenance and/or proliferation ability
(Zheng et al., 1997). Additionally, FGF may also be important for promoting SC to HC
transdifferentiation as studies from the zebrafish inner ear suggest that FGFs can regulate
Atoh1 expression and enhance the responsiveness of nonsensory cells to differentiate into
HCs when Atoh1 is ectopically expressed (Millimaki et al., 2007; Sweet et al., 2011). This
could be particularly important in the context of ectopic Atoh1-induced HC regeneration
where overexpression of FGFR1, and/or additional FGF ligands, could increase the
competency of nonsensory cells to respond to Atoh1 overexpression and turn on HC specific
genes.

Another signaling pathway that may be particularly important for postnatal and adult
cochlear HC regeneration is epidermal growth factor receptor (EGFR) mediated signaling.
First, there is some data to suggest that EGFR is not expressed in the organ of Corti at 3-4
months of age despite its expression in HCs and SCs at earlier postnatal ages (Daudet et al.,
2002; Zine et al., 2000). This pattern of expression suggests the loss of EGFR signaling as
an important factor in the age-related decline in regenerative potential. Indeed, many studies
in neonatal rodent cochleae have demonstrated a pronounced effect of EGF signaling to
promote proliferation and the production of supernumerary HCs (Chardin et al., 1997;
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Doetzlhofer et al., 2004; Lefebvre et al., 2000; Malgrange et al., 2002; White et al., 2012),
and EGF signaling has been shown to promote SC proliferation in the regenerating chick BP
(White et al., 2012). Thus, the data presented suggest a role for EGFR in HC regeneration,
and hint that existing models of induced SC proliferation may be improved at later ages via
the reinstatement or enhancement of EGFR signaling.

Additionally, a case could be made for the importance of Retinoic Acid (RA) signaling, for,
even though RA signaling is upregulated in the auditory sensory epithelium between E14
and P1, both the responsiveness to and the synthesis of RA appear to be largely diminished
at later postnatal and adult ages (Kelley et al., 1993; Raz et al., 1999). Additionally, the RA
binding protein, CRABP1 has been shown to be markedly downregulated between neonatal
and adult cochleae (Kelley et al., 1993; Smeti et al., 2012). Although the picture is not
completely clear, as some RA synthesizing and metabolizing enzymes are still expressed at
P20 (Romand et al., 2006), and some RA responsiveness persists in adult mouse cochleae
since RA is protective against noise exposure (Ahn et al., 2005; Shim et al., 2009).
However, such persistence in the adult cochlea only demonstrates that HCs can respond to
RA, while SCs may be unable to respond due to receptor downregulation. Although more
information is needed to determine whether or not RA signaling is lost in adult SCs, a
decline in RA signaling in the organ of Corti could be a major contributing factor to age-
related senescence in the cochlea. In fact, a role for RA signaling in HC regeneration was
demonstrated in one of the first papers to reveal the persistence of regenerative processes in
the neonatal rodent cochlea, where mitotic addition of new HCs was enhanced by RA after
ototoxic damage (Lefebvre et al., 1993). Furthermore, RA is important in the differentiation
of HCs during embryonic development (Raz et al., 1999), promotes the formation of
supernumerary HCs in neonatal explants (Kelley et al., 1993), and has been shown in other
systems, notably the olfactory epithelium, to promote regenerative processes at adult ages
(Rawson et al., 2007). Also, RA signaling is maintained at posthatch and adult ages in the
chicken BP, where HC regeneration is known to occur (Kelley et al., 1993; Lee et al., 1996),
and though the addition of supraphysiological RA to regenerating chick sensory epithelia
does not appear to have any added beneficial effect (Warchol, 2002), the reinstatement of
RA signaling in a mammalian cochlea otherwise deprived may still be able to promote
proliferation or regeneration, particularly in the context of genetic ablation of cell cycle
inhibitors.

Finally, it is important to keep in mind that many other changes occur in the cochlea during
postnatal development, and these may also promote or inhibit regeneration, though the lack
of direct evidence for such roles in the ear means that much further investigation will be
needed. For example, expression of the nerve growth factor receptor TrkA increases with
postnatal age in HCs and SCs (Dai et al., 2004). Additionally, there is a clear maturation of
synaptic connections occurring in the organ of Corti during postnatal development
(Sobkowicz et al., 1986), with changes occurring in the expression levels of
neurotransmitters and their synthetic or catabolic enzymes, such as gamma-Aminobutyric
acid (GABA) and acetylcholinesterase (AChE) (Emmerling et al., 1988; Emmerling et al.,
1990; Sobkowicz et al., 1989; Whitlon et al., 1989). Though the potential roles of such
neurotransmitters in regenerative processes are not readily apparent, there is a fair amount of
literature demonstrating the effects, both positive and negative, of neurotransmitters on
regeneration in numerous tissues (Cooke et al., 2008; Faroni et al., 2012; Faroni et al., 2011;
Lou et al., 1999; Maouche et al., 2009; Papadimas et al., 2012; Soltani et al., 2011). Thus,
these changes may be important in the consideration of the loss of regenerative potential
with postnatal age in the mouse cochlea.
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5.3 The loss of pluripotent otic stem cells
Until recently, it was unknown whether or not a true stem cell pool existed within the
postnatal mammalian cochlea, however, numerous reports within the past decade have
demonstrated the robust ability of postnatal cochlear epithelia to generate sphere cultures
comprised of pluripotent cells that can give rise to HCs, SCs, and several other cell types
(Chai et al., 2012; Martinez-Monedero et al., 2007; Oshima et al., 2007; Savary et al., 2007;
Shi et al., 2012; Wang et al., 2006; Yerukhimovich et al., 2007). However, similar to what is
seen in many other tissues, the cochlea appears to suffer from a decline in stem cell numbers
with age. Perhaps the most direct evidence of this is the decline in sphere forming ability of
cells isolated from rodent cochleae at 2-3 weeks postnatal age (Martinez-Monedero et al.,
2007; Oshima et al., 2007; Zhong et al., 2010). This decline in sphere forming ability is
correlated with a number of studies that record decreasing numbers of cells positive for
traditional stem cell markers within the cochlear duct, such as Nestin (Lopez et al., 2004;
Smeti et al., 2011; Watanabe et al., 2012), Lgr5 (Chai et al., 2011; Chai et al., 2012; Shi et
al., 2012), GFAP (Rio et al., 2002; Smeti et al., 2011), Sox2 (Smeti et al., 2011; Waldhaus et
al., 2012), and Abcg2 (Smeti et al., 2011). It is encouraging to note, however, that most, if
not all, of these markers are still expressed at adult ages, if only in a restricted population of
cells, suggesting that there may still be viable stem cells in the adult cochlea that can be
purposed toward regeneration. Though not all of these markers have been verified as true
stem cell markers in the inner ear, it would be particularly interesting to see if the SCs that
do respond to p27Kip1 ablation at adult ages could be fate mapped from cells expressing any
or all of these markers. Additionally, while the persistence of a restricted population of cells
expressing stem cell markers is encouraging, it will still be important to expand the
progenitor cell pool to a point where widespread HC regeneration and full recovery of
function can be achieved.

5.4 Changes in gene/protein expression
In addition to structural changes and environmental changes that the HCs and SCs
experience during the postnatal maturation of the organ of Corti, many cells also exhibit
changes in gene and protein expression. In the mouse cochlea, expression of the Prospero
related homeobox 1 (Prox1) protein decreases with age. During late embryonic and postnatal
development, Prox1 exhibits a pattern of expression that becomes progressively restricted to
SCs and then to subsets of SCs before finally becoming undetectable between P14 and P21
(Bermingham-McDonogh et al., 2006). Since Prox1 has been implicated in asymmetric cell
division and differentiation (Elsir et al., 2012), it could play a vital role in HC regeneration,
and may be necessary to promote asymmetric division and thus transdifferentiation of SCs
to HCs. This may be particularly important in models where SCs are induced to proliferate,
however, in one model of induced SC proliferation, where Sox2 was ablated in PCs and
DCs, Prox1 immunoreactivity was detected in proliferating cells, despite no immediate
transdifferentiation being observed (Liu et al., 2012c). While this suggests that Prox1 may
not be sufficient to drive asymmetric division of SCs, it may still be necessary; or, it may be
that a longer timeframe is needed for Prox1 mediated transdifferentiation to occur.
Interestingly, Prox1 is also downregulated with age in the chick BP (Bermingham-
McDonogh et al., 2006), however, it is still detectable in a population of SCs in 1 month old
birds, and is upregulated in proliferating SCs and newly generated HCs after ototoxic
damage (Stone et al., 2004). These findings suggest that Prox1 is indeed involved in HC
regeneration, however whether or not, or to what extent Prox1 expression is necessary for
such regeneration remains to be tested.

The phosphatase and tensin homolog (PTEN) protein is expressed in HCs and SCs and
increases with age in the CBA/J mouse cochlea (Sha et al., 2010). Since PTEN is a tumor
suppressor that acts via PI3K/pAkt signaling to prevent cell proliferation, such increases in
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PTEN expression could contribute to the senescence of cells in the organ of Corti with age.
Indeed, it has been shown that PTEN regulates the proliferation of cells in the auditory
epithelium since PTEN haploinsufficiency results in prosensory cells exiting the cycle later
in development and in the production of supernumerary HCs (Dong et al., 2010b). Though
some studies suggest that PTEN levels may be more variable at earlier postnatal ages (Dong
et al., 2010a; Dong et al., 2010b), its increased expression at later ages and its demonstrated
effects during development suggest that it may be a valuable target for inducing or
enhancing regenerative processes in the cochlea at adult ages.

Finally, it may also be important to consider genes whose expression does not change with
age, but merely persists. After all, if a known tumor suppressor is expressed in the organ of
Corti from late embryonic through adult ages, it may not singlehandedly prevent
proliferation, but may contribute to such effects in the context of increasing levels of
CDKNs or decreasing levels of cyclins or other pro-mitogenic factors. As an example, the
deafness, autosomal dominant 5 gene (DFNA5) is expressed in the murine cochlea from E15
through adulthood (Maeda et al., 2001), whereas epigenetic silencing of DFNA5 in multiple
tissues and cell types leads to cell proliferation and tumor formation (Akino et al., 2007; de
Beeck et al., 2012; Kim et al., 2008). Indeed, DFNA5 null mouse strains have been
developed, and interestingly show no defects in hearing, though, on the C57Bl/6J
background, they demonstrate supernumerary HCs (Van Laer et al., 2005), suggesting that
DFNA5 does play a role in limiting HC morphogenesis, and could be similarly limiting
regenerative potential in the postnatal and adult cochlea.

5.4 MicroRNAs and epigenetics
In recent years, more and more investigators have begun to look at the expression levels of
microRNAs (miRs), which are small non-coding RNA molecules that can each target
multiple messenger RNA molecules for degradation and/or disruption of protein expression
(Heinrich et al., 2012; Ke et al., 2003). In the cochlea it seems that the expression levels for
several miRs vary in a dynamic fashion with age (Friedman et al., 2009; Weston et al.,
2006). Perhaps of particular interest is the pattern of expression of miR-15a, which exhibits
increased expression between P0 and P30, and, based on seed sequence complementarity,
miR15a is predicted to degrade several proliferation promoting transcripts, including several
cyclins, cyclin dependent kinases, and E2F and Ras family members (Friedman et al., 2009).
Indeed this is corroborated by reports in other systems that show an anti-mitotic effect of
miR-15a via its degradation of E2F family members (Ofir et al., 2011), cyclinD1 (Bonci et
al., 2008), Wnt3a (Bonci et al., 2008), and cMyb (Zhao et al., 2009). Moreover, since most
of the models of induced SC proliferation have promoted cell cycle re-entry via ablation of
either cyclin dependent kinase inhibitors (p27Kip1, p21Cip1, p19INK4d, etc.) or pRb (which
acts to inhibit E2F family members in its hypophsophorylated state), the current data
strongly suggest miR-15a, and its increasing expression in the cochlea with age, as a
potential cause for age-related decline of cell cycle re-entry in these models.

Another area of research that is garnering more and more interest in cochlear development
and regeneration is epigenetics, particularly, the methylation of genomic DNA. For example,
the DNA methyltransferases Dnmt3a and Dnmt3b, which repress transcription by catalyzing
the addition of methyl groups to DNA, exhibit increased expression in outer HCs and DCs
between P1 and P14 in the rat cochlea (Mutai et al., 2009). Additionally, there is a strong
correlation between increased methylation of Sox2 enhancer regions and the declining
proliferative and otosphere-forming abilities of cells in the organ of Corti as they age
(Waldhaus et al., 2012). Indeed, the Sox2 enhancer sites NOP1 and NOP2 show increasing
methylation status that inversely correlates with proliferation in vitro and with postnatal age
in vivo (Waldhaus et al., 2012). Furthermore, methylation of the promoter regions of the
stem cell genes Nanog and Oct4 is also increased in the mouse cochlea between E13.5 and
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P21, suggesting further repression of pluripotency promoting factors with age (Waldhaus et
al., 2012). Since epigenetic regulation of gene expression by methylation has been shown to
be important for age-related senescence (Casillas et al., 2003; Li et al., 2012; Lopatina et al.,
2002; So et al., 2011), these findings may be critical to our understanding of declining
regenerative potential within the organ of Corti. However, despite such strong correlations, a
direct causal relationship between gene methylation and the lack of HC regeneration still
needs to be demonstrated.

It is clear from the review of the literature presented so far that there are many important
changes that occur during the postnatal development, maturation, and aging of the cochlea
(Figure 2). As such, it is likely that many of the changes are interrelated and may be acting
synergistically. Such orchestration of factors and developmental events will also be an
important consideration for attempts at regeneration, where manipulations to only one aspect
or one factor may have a pronounced effect during development, or even at neonatal ages,
but such effects may be hidden by compensative action of other factors or changes that
occur simultaneously. Thus, in order to achieve HC regeneration in the adult mammalian
cochlea, it is likely that several processes of aging or maturation that culminate to
synergistically oppose regenerative processes will have to be overcome.

6. The more global aspects of aging suggest other potential targets for HC
regeneration

Numerous mammalian tissues exhibit declining proliferation and/or regeneration with age,
including the brain, the olfactory epithelium, the pancreas, the liver, cardiac muscle, skeletal
muscle, and bone (Chien et al., 2005; Galvan et al., 2007; Porrello et al., 2011; Salpeter et
al., 2010; Suzukawa et al., 2011; Timchenko, 2009). Interestingly, there are many common
and overlapping factors of regeneration in these systems as well as in their age-related
senescence. Here we review some of the more common aspects of regeneration and the
factors that act to hinder it with age.

In mammals, tissue regeneration is almost always accomplished via a population of stem or
progenitor cells that must proliferate and then differentiate into the appropriate cell type. In
the cochlea, a progenitor cell population may indeed exist, though it appears to lay dormant
until the appropriate stimuli activate the cells to proliferate or transdifferentiate (e.g. culture
conditions or manipulation of p27Kip1 or Atoh1 expression). Despite this, one aspect that is
already apparent is that the aging of cochlear SCs is a contributing factor to the lack of
regeneration seen in the late postnatal and adult cochlea. This age-related decline in
regenerative potential is exactly what is seen in numerous other tissues, where regenerative
ability declines with age due to one of 3 main causes: (1) the loss of the stem or progenitor
cell pool due to cell death, (2) loss of multipotency or differentiation ability, and, perhaps
the most common, or most well-known: (3) loss of proliferative ability and/or self-renewal.
Indeed, research in other systems suggests that some or all of these events occur throughout
the lifetime of the tissue to diminish regenerative ability.

6.1 Depletion of the stem cell and/or progenitor cell pool via cell death
In many tissues, most notably skeletal muscle, liver, and kidneys, the age-related decline of
regenerative potential is correlated with the loss of stem or progenitor cells via necrotic or
apoptotic cell death (Collins et al., 2007; Giampietri et al., 2010; Menthena et al., 2011;
Suzuki et al., 2012; Yang et al., 2010). In the case of the cochlea, such cell death may also
be playing a role. For example, cells in the GER may represent a significant portion of stem
or progenitor cells as they can be isolated mechanically and cultured to give rise to spheres
(Sinkkonen et al., 2011), appear to continue proliferating in vivo during the first postnatal
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week (Kamiya et al., 2001) and are easily induced to differentiate into HCs at late
embryonic (Malgrange et al., 2003) and postnatal ages (Huang et al., 2009; Kelly et al.,
2012; Zheng et al., 2000). Yet these cells are known to undergo a wave of apoptotic cell
death after the first postnatal week in the mouse cochlea (Kamiya et al., 2001; Takahashi et
al., 2001), which correlates with the decline in sphere forming efficiency of cells isolated
from the cochlea during the 2nd and 3rd postnatal week (Martinez-Monedero et al., 2007;
Oshima et al., 2007; Zhong et al., 2010). Furthermore, it has been suggested that with
continued aging, SCs such as PCs and DCs are also lost via apoptosis (Sha et al., 2009;
Usami et al., 1997), suggesting even further decline of the potential pool of progenitor cells.
These correlations suggest several important and unanswered questions. First, though GER
cells and SCs clearly contribute to the potential pool of progenitor cells, the full extent of
their respective contributions is unknown, as is whether or not their death contributes to the
age-related decline in induced regenerative ability or ability to isolate otospheres from the
cochlea. Also, if the loss of the GER contributes to the loss of regenerative potential with
age, then experimental approaches for regeneration in adult cochleae would likely require
re-instating a population of GER-like cells. While it may be possible to accomplish this by
various means, e.g. with surgical delivery of embryonic stem (ES) cells or induced
pluripotent stem (IPS) cells, or via dedifferentiation of existing cells (Choi et al., 2012;
Gunewardene et al., 2012; Nishimura et al., 2012; Nishimura et al., 2009; Oshima et al.,
2010; Takahashi et al., 2006), the re-instatement of an entire stem cell niche may represent a
significant challenge for efforts aimed at HC regeneration.

6.2 Loss of multipotency with age
Another primary mechanism for the loss of regenerative potential with age appears to be the
loss of differentiation capacity in stem or progenitor cell populations. However, this
mechanism may not be truly global, since the majority of characterized examples of such
losses in potency come from muscle and connective tissues, such as hematopoietic stem
cells, muscle progenitors, mesenchymal stromal cells, fibroblasts, and melanocyte stem cells
(de Girolamo et al., 2009; Inomata et al., 2009; Lees et al., 2006; Lescale et al., 2010;
Norddahl et al., 2011; Siddappa et al., 2007; Simpson et al., 2010; Wang et al., 2012a).
Other cell types, like neural stem cells for example, generally only exhibit small declines in
differentiation ability with age (Gritti et al., 2009). Additionally, while differentiation ability
of mammalian utricular SCs has not been directly correlated with age, some ability to
transdifferentiate into HCs persists at adult ages, where Notch inhibition, ectopic Atoh1
expression, and HC damage can all induce the production of new HCs from underlying SCs
(Li et al., 1997; Lin et al., 2011; Schlecker et al., 2011; Staecker et al., 2007). However, it is
clear from the lack of any significant change to SC fate in the damaged mouse cochlea
(Oesterle et al., 2009) that SCs in the late postnatal/adult mouse cochlea are not naturally
capable of transdifferentiating into HCs or other morphologically distinct cell types. Indeed,
the finding that ectopic Atoh1 expression in SCs becomes less efficient at inducing
differentiation with age (Kelly et al., 2012; Liu et al., 2012b) does suggest that SCs do lose
their ability to be differentiated into HCs. This suggests that the route to transdifferentiation
of cochlear SCs in adults may lie in uncovering key differences between cochlear and
utricular sensory epithelia or key similarities between cochlear cells and cells in connective
tissues that similarly lose their ability to differentiate with age. In many of the tissues where
multipotency is lost, the most commonly cited cause is DNA damage, both nuclear and
mitochondrial (Alves et al., 2010; Inomata et al., 2009; Norddahl et al., 2011; Wang et al.,
2012a). Although it has been suggested that some types of platinum based
chemotherapeutics can cause DNA damage in cochlear SCs (Thomas et al., 2006), the extent
of DNA damage that occurs naturally in SCs with age, or in response to noise, is not well
characterized, suggesting that a progressive loss of differentiation ability could possibly be
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the result of accumulated DNA damage, though more research is needed to establish
whether or not this is true.

6.3 Loss of proliferative potential and/or self-renewal
Perhaps the most well described cause for declining regenerative potential with age is the
loss of proliferative ability and self-renewal in the stem cell or progenitor cell pool. Clearly,
from data already presented, SCs are not only quiescent following development, but even
upon reinstatement of proliferation by genetic manipulation, SCs eventually become
quiescent again, suggesting that they do lose proliferative ability with time and that
successful regeneration will depend upon being able to induce SCs to re-enter cycle at later
and later ages. Indeed, while attempts to induce SCs to re-enter the cell cycle via ablation of
the CDKN family members p21Cip1 (aka CDKN1a), p19INK4d (aka CDKN2d), or p27Kip1

(aka CDKN2b) (Chen et al., 1999; Chen et al., 2003; Laine et al., 2007; Liu et al., 2012c;
Lowenheim et al., 1999; Oesterle et al., 2011) have all achieved some success, the increased
expression of all 3 of these genes between E17.5 and P7 and the synergistic effect on
proliferation seen when p19INK4d and p21Cip1 are knocked out together (Laine et al., 2007)
strongly suggest that both redundancy and age-related increases in the expression of CDKN
family members act to synergistically inhibit proliferation with postnatal age.

In the case of many tissues that retain postnatal regenerative ability, age-induced senescence
is related to the upregulation of yet another CDKN, the tumor supressor p16INK4a (a.k.a.
CDKN2a) (Dhawan et al., 2009; Janzen et al., 2006; Krishnamurthy et al., 2006; Molofsky
et al., 2006; Rodriguez-Menocal et al., 2009; Wang et al., 2012b). Indeed, p16INK4a is
expressed in the mouse cochlea, demonstrates increased expression with age, and its
germline deletion results in proliferative cells in the adult organ of Corti after damage (Cox
et al., 2012b; Waldhaus et al., 2012). These findings suggest that p16INK4a could be playing
a role in the aging of the “stem” cell population in the cochlea. However, more work is
needed to determine the extent to which p16INK4a plays a role in SC quiescence, and
whether or not p16INK4a ablation could have a synergistic effect on proliferation when
combined with the disruption of other CDKNs such as p21Cip1 or p27Kip1.

Similarly, other known tumor suppressors have been implicated in the decline of
regenerative potential with age, though perhaps the most prominent example (after
p16INK4a) appears to be tumor protein 53 (p53), which has been shown to play a role in
decreased proliferation and regeneration with age in the skin, kidney, liver, brain, and spleen
(Gannon et al., 2011; Hinkal et al., 2009; Medrano et al., 2009). Indeed, some studies
suggest that overactivation of p53 can induce upregulation of p16INK4a and p21Cip1 (Figure
3), suggesting that it may be acting upstream of p16INK4a as well as other CDKN family
members and therefore could represent a valuable single target that could affect multiple
other genes known to contribute to age-induced senescence (Hinkal et al., 2009; Muthna et
al., 2010). It is interesting to note that previous studies have shown that p53 expression in
the cochlea increases in response to aging (Tadros et al., 2008) and to cisplatin ototoxicity
(Devarajan et al., 2002; Zhang et al., 2003), though whether or not p53 is acting only in its
role as a mediator of apoptosis or if it is preventing proliferation and regeneration has yet to
be determined. Thus, whether or not p53 disruption could enhance proliferation in existing
models at older ages remains an open and tantalizing question.

Conversely, oncogenes may also play a role in age-related decline of regenerative potential.
For example, loss of the forkhead family transcription factor Foxm1b (a.k.a. HFH-11B,
Trident, Win, or MPP2) is correlated with age-related decline in regenerative potential, and
both loss and gain of function experiments demonstrate its necessity for proliferation and
regenerative processes in a number of different tissues (Ackermann Misfeldt et al., 2008;
Kalinichenko et al., 2003; Ly et al., 2000; Schmucker et al., 2011; Wang et al., 2001; Zhang
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et al., 2006a; Zhao et al., 2006). Indeed multiple lines of evidence suggest that Foxm1b is
upstream of several cyclin dependent processes (Figure 3), where it promotes cell
proliferation and regeneration via decreased nuclear expression of p21Cip1 and p27Kip1

(Kalinichenko et al., 2003; Wang et al., 2001; Wang et al., 2002; Zhang et al., 2006a; Zhao
et al., 2006), increased expression of Cdc25a and Cdc25b (which activate the cyclin
dependent kinase Cdc2) and increased expression of several cyclins, most notably cyclin
D1, cyclin A2, cyclin F, cyclin B1, and cyclin B2 (Kalinichenko et al., 2003; Wang et al.,
2001; Wang et al., 2002; Zhao et al., 2006). In addition, Foxm1b not only promotes G1/S
phase transition (or cell cycle entry), but also promotes progression through G2/M phase by
regulating factors such as Polo-like kinase 1 (PLK1) and Aurora B kinase (ABK) (Gusarova
et al., 2007; Krupczak-Hollis et al., 2004; Laoukili et al., 2005; Nakamura et al., 2010). As
such, Foxm1b represents a potentially more potent target than p27Kip1 or p21Cip1 alone for
the induction of regenerative processes in the cochlea. However, little is known about
Foxm1b’s expression and function in the aging cochlea. What is clear is that the Foxm1
gene is expressed in the embryonic mouse cochlea, and that knockdown of insulin-like
growth factor 1 (IGF1) increases Foxm1 expression which correlates with decreased nuclear
localization of p27Kip1 (Sanchez-Calderon et al., 2010). This suggests that Foxm1b could
play a similar role in the cochlea as it does in other tissues, though whether or not Foxm1b
expression changes with age, or whether it plays a role in maintaining SC quiescence,
however remain important unanswered questions.

Another potential target for age-related decline of regenerative potential is the high mobility
group family member Hmga2. While Hmga2 has not been correlated with age-related
decline in as many tissue types as some of the other candidate presented, it has been
demonstrated that Hmga2 is highly expressed in embryonic neural stem cells and that its
expression declines significantly with age (Nishino et al., 2008). Furthermore, knockdown
of Hmga2 dramatically reduces neural stem cell self renewal in young and middle aged
mice, but not in old mice, where levels in wild-type mice are already low (Nishino et al.,
2008). Indeed, Hmga2 has been shown to promote maintenance of stem cell populations and
proliferation by multiple means, including maintaining the expression of pluripotency genes
like Sox2 and UTF (Li et al., 2007), enhancing E2F1 activity (Fedele et al., 2006), and
downregulating the expression of p16INK4a and p14ARF (Nishino et al., 2008). Interestingly,
a very recent paper suggests that a similar pattern of declining expression with age occurs in
the mouse cochlea, where Hmga2 expression is almost 27 times higher at P3 than at adult
ages (Smeti et al., 2012). This last piece of data, as well as the demonstrated effects of
Hmga2 on numerous factors known to affect cell proliferation and stem cell self renewal,
suggest Hmga2 as an attractive target for manipulation in the mouse cochlea to ascertain
whether or not its downregulation with age could be inhibiting stem cell maintenance or SC
proliferation. Indeed, mouse models exist that allow for both loss and gain of function
studies of Hmga2 function (Ashar et al., 2010), and thus such questions are readily testable
with currently available tools.

If we move even further upstream from p16 and Hmga2, we find that both miRNAs and
histone acetylation have a demonstrated role in Hmga2 (and thus p16) expression levels
(Figure 3). For example, histone deacetylase enzymes (HDACs) have been shown to play a
role in the regulation of Hmga2, where inhibition of HDACs with the HDAC inhibitor
Trichostatin A results in decreased Hmga2 expression in several different cell lines
(Ferguson et al., 2003). This may be important as the application of HDAC inhibitors to
regenerating chicken utricles significantly reduced the numbers of proliferating SCs
(Slattery et al., 2009). Additionally, several reports demonstrate that members of the let7
family of miRNAs target Hmga2 resulting in its posttranscriptional downregulation (Lee et
al., 2007; Mayr et al., 2007; Nishino et al., 2008; Park et al., 2007; Yu et al., 2007). Thus
let7 miRs are appealing potential targets for preventing or reducing the effects of aging on
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regeneration as they prevent proliferation not only via loss of Hmga2 and all of its
downstream effects, but also via degradation of the known oncogene hRas (Yu et al., 2007).
Additionally, the expression of several let7 miRs are significantly decreased during HC
regeneration in the adult newt (Tsonis et al., 2007), suggesting that let7 miRs may indeed be
important for the maintenance of quiescence in mechanosensory epithelia. Furthermore, it
has been shown that several let7 family members are expressed in the postnatal mouse
cochlea, and that their expression levels persist to at least P100 (Weston et al., 2006),
suggesting that let7 miRs could be playing an accessory role in age-related senescence of
cochlear SCs.

In addition to the potential effects of miRs and histone deacetylation, several studies suggest
that histone methylation status is also important for aging and regeneration. Primarily, the
polycomb group 2 protein complex and its histone methyltransferase component Ezh2
(enhancer of zeste homolog 2) have been identified in multiple systems as declining with
age and as being important regulators of cell proliferation and stem/progenitor cell
maintenance (Agherbi et al., 2009; Cakouros et al., 2012; Chen et al., 2009). One potential
mechanism for Ezh2’s effects on senescence and regeneration is the methylation of histone 3
(H3) at the locus of p16INK4a and p14ARF, preventing their expression. Conversely, when
Ezh2 is downregulated, the histone demethylase Jmjd3 is upregulated, leading to
demethylation of H3 and increased expression of p16INK4a and p14ARF (Agger et al., 2009;
Agherbi et al., 2009; Barradas et al., 2009; Cakouros et al., 2012; Chen et al., 2009).

Finally, perhaps the one cellular change that is most characteristic of aging is the length of
chromosomal telomeres, and their maintenance by telomerase. In many systems and cell
types, even those that do not continue to proliferate, aging is correlated with reduced
expression and/or activity of the catalytic component of the telomerase complex: telomerase
reverse transcriptase (TERT) (Eitan et al., 2012; Ju et al., 2011; Kajstura et al., 2010; Wang
et al., 2012a; Wootton et al., 2003; Zhu et al., 2007). Furthermore, decreased expression or
function of TERT and the shortening of telomeres has been shown to greatly diminish
regenerative potential in numerous tissues via stem or progenitor cell senescence, or in some
cases, apoptotic cell death (Ju et al., 2011; Kajstura et al., 2010; Nitta et al., 2011; von
Figura et al., 2011; Wang et al., 2012a; Watabe-Rudolph et al., 2011). While some studies
have suggested that the effects of TERT downregulation or telomere shortening to prevent
regeneration may be mediated by p53 and p21Cip1 (Wang et al., 2012a; Watabe-Rudolph et
al., 2011; Westhoff et al., 2010) others have suggested that such effects can be independent
of these tumor suppressors (Nitta et al., 2011; von Figura et al., 2011). One additional
mechanism may be mediated by p16INK4a expression as loss of p16INK4a can reinstate
proliferation in mouse embryonic fibroblasts despite shortened telomeres and dysfunctional
telomerase (Nitta et al., 2011; Zhang et al., 2012b). Interestingly, some evidence suggests
that Hmga2 may be upstream of TERT, where increased expression of Hmga2 results in
increased expression of TERT and longer telomeres, allowing cells to avoid senescence and
continue to proliferate (Li et al., 2011). Despite such an established role for TERT and
telomere length in regeneration in other systems, very little is known about changes in
TERT or telomere length with age in the cochlea. However, TERT expression in the lateral
wall of the cochlea does appear to be downregulated in response to cisplatin damage
(Guthrie, 2009) suggesting that telomere length could be an important consideration for HC
regeneration.

On a final note, there are some rare examples of tissues that do not experience age related
declines in regenerative potential (Brann et al., 2010; Stern et al., 2007; Zouboulis et al.,
2008), though the reasons for this are not yet well understood. Perhaps, with further study,
some of the factors identified here will be revealed to be absent in such systems, or perhaps
new and different mechanisms for promoting regeneration will be discovered. What is clear,
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however, is that the organ of Corti now appears to fall squarely in the group of tissues that
exhibit an age-related decline in regenerative ability, and because of this, hopefully the field
of auditory HC regeneration will benefit from the findings in these other tissues that face
similar obstacles to their recovery.

6. Conclusion
In summary, cells within the postnatal murine organ of Corti are capable of some degree of
proliferation and differentiation, but exhibit declining regenerative potential with age,
suggesting that multiple processes of aging are likely accumulating to hinder this plasticity
over time. The decline in regenerative potential and its correlation with many changes
relevant to proliferation and differentiation suggest that the targeting of a single gene, or
single mechanism, will likely fail to elicit widespread regeneration or recovery of function
in an adult cochlea. Rather, approaches that target multiple aspects of this rapid aging and
senescence should be considered. Indeed the current review, which aims to identify
commonalities among aging phenotypes in regeneration across multiple mammalian tissues,
suggests several targets that have yet to be studied simultaneously or in great detail within
the aging cochlea. Among these are: growth factors, epigenetic regulation, micro RNAs,
redundancy of CDKN genes, and telomere length/telomerase activity. In discovering which
aspects of aging are most detrimental to HC regeneration, we may identify new and
significant challenges along the road to therapeutic regeneration (e.g., a requirement of
reinstating the GER or of regressing the cochlea to a flat epithelial sheet), or we may find
that widespread regeneration and recovery of function lay within easier reach (e.g. targeting
one or two miRs or epigenetic mechanisms). Given the previously demonstrated successes
of many investigators to induce proliferation and differentiation in the postnatal cochlea, and
the successes outlined here pertaining to other cell types whose resistance to regeneration
can be overcome, the authors remain wholly optimistic that extensive HC regeneration in an
adult mammalian cochlea and complete (or near complete) recovery of hearing function are
readily attainable goals.
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Highlights for “Postnatal development, maturation and aging of the mouse
cochlea and their effects on hair cell regeneration”

Brad Walters and Jian Zuo

• Recent models show cells in the postnatal cochlea can give rise to new hair
cells.

• Aging decreases the ability to induce cochlear cell proliferation/differentiation.

• Many postnatal changes that might dampen cochlear regeneration are described.

• Many effectors of age-related senescence in other systems are also described.
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Figure1. Expression of Proliferating Cell Nuclear Antigen (PCNA) persists in the neonatal
mouse cochlea
PCNA is a cyclin protein that is a co-factor for DNA polymerase and thus critical for cell
proliferation. Whole mount preparations from C57Bl/6 mouse cochleae at postnatal days 1
and 2 (P1 & P2 respectively) exhibit PCNA positive nuclei (green) in hair cells (purple) and
supporting cells (red), labeled by hair cell specific myosin VI (Myo6) and the supporting
cell marker SRY-box 2 (Sox2), respectively. By P5, no PCNA positive hair cells or
supporting cells were detected. The persistence of PCNA suggests that postnatal cochlear
hair cells and supporting cells may retain some of the factors necessary for cell cycle entry.
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Figure 2. Several factors that may promote or inhibit auditory hair cell regeneration during
postnatal development and aging of the rodent cochlea
Factors are grouped by predicted roles of either preventing regenerative processes (red and
yellow, above the age line) or promoting regenerative processes (green, below the age line).
Factors with expression that increases with age are shown in red, while those with
decreasing expression are shown in green. Factors whose expression persists with postnatal
age are shown in yellow. The age line runs from birth, i.e postnatal day zero (P0), to
adulthood, with each hatch mark representing 7 days. In most cases, the lengths of the
colored bars cover the distance between timepoints at which expression levels were
measured. However, for ease of visual representation, both p53 and PTEN have been added
in their current positions despite the fact that their levels of expression were not measured at
1 month of age but rather between ~3 months of age and 18 months of age for PTEN, and ~3
months of age and 30 months of age for p53. Abbreviations: p53 = tumor protein 53, PTEN
= phosphatase and tensin homolog, p16INK4a = cyclin dependent kinase inhibitor 2a, ECM
= components of the extracellular matrix such as laminins and integrins, Cx26 = connexin
26, miR15a = microRNA 15a, DFNA5 = deafness autosomal dominant gene 5, let 7 = the let
7 family of microRNAs, EGFR = epidermal growth factor receptor, Hmga2 = high mobility
group AT-hook 2, Prox1 = prospero related homeobox 1, Cx43 = connexin 43, Notch =
activated Notch (and its canonical mediator Hes5), FGFs = acidic fibroblast growth factor
and fibroblast growth factor receptor 1, PCNA = proliferating cell nuclear antigen.
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Figure 3. Putative effectors of senescence and their potential interactions in promoting or
preventing cell proliferation
At the bottom of the figure, entry of cells into the synthesis phase (S-phase) of the cell cycle
is inhibited by the interaction of the retinoblastoma protein (pRb) and members of the E2F
family of transcription factors (E2F). When pRb is hyperphosphorylated (P) by cyclin/cyclin
dependent kinase (CDK) complexes, it dissociates from E2F transcription factors, resulting
in progression into the cell cycle. Several cyclin dependent kinase inhibitors (e.g.
p16INK4a, p21Cip1, p27Kip1) are known to be upregulated with age in many cell types,
and act to repress cell proliferation by preventing cyclin-CDK dependent phosphorylation of
pRb. The histone-lysine N-methyltransferase Ezh2 may prevent proliferation by promoting
increased expression of the cyclin dependent kinase inhibitor (CDKN) p16INK4a. Similarly,
the tumor (suppressor) protein 53 also prevents cell cycle entry by upgregulating the
CDKNs p16INK4a and p21Cip1. However, p53 itself may be inhibited by high expression
or activity of the telomerase reverse transcriptase (TERT) enzyme, which thus promotes cell
cycle entry. TERT itself can be upregulated by the high mobility group AT-hook 2 protein
(Hmga2) which has also been shown to inhibit p16INK4a and the interaction between pRb
proteins and E2F family members, thus promoting cell proliferation. Let7 microRNA family
members can target and degrade Hmga2 thus preventing proliferation, while histone
deacetylases (HDAC) have been shown to increase Hmga2 expression, thus promoting cell
cycle entry. Seemingly separate from these factors, the forkhead box M1 protein isoform B,
FoxM1B, promotes cell proliferation by multiple mechanisms. First, FoxM1B upregulates
cyclins and CDKs while simultaneously preventing p21Cip1 and p27kip1 from inhibiting
the cyclin/CDK complexes. Second, FoxM1B upregulates Aurora B kinase (ABK) and polo-
like kinase 1 (PLK1) which are both necessary for progression into the mitosis phase (M-
phase) of the cell cycle. Arrows denote upregulation or activation of one factor by another,
while flat bars denote the downregulation or inhibition of one factor by another.
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