Chapter 30
Inner Ear Stem Cells

Mirei Taniguchi and Norio Yamamoto

Abstract Mammalian inner ear has limited regenerative ability, and functional
recovery does not occur after damage. However, recent studies indicated that the
cells within the inner ear have the characteristics of stem cells, namely, capacity for
self-renewal and pluripotency. Since the specific markers for inner ear stem cells
have not been found, several methods have been used to detect inner ear stem cells,
including sphere-forming assay, fluorescence-activated cell sorting (FACS), side
population study, and analysis of slow-cycling cells or Wnt signaling in the inner
ear. The potential candidates of cochlear stem cells are the supporting cells, the
cells at lesser epithelial ridge (LER), the cells at greater epithelial ridge (GER), and
the tympanic border cells. The number of stem cells in the inner ear is estimated to
be very low and is reported to decrease dramatically with maturation. It is necessary
to elucidate the regulatory mechanisms of inner ear stem cells, clarify the reasons
behind the quiescence of inner ear stem cells, and identify the causative factors that
influence the decrease in the number of inner ear stem cells with maturation, in
order to facilitate future regeneration therapy.
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30.1 Introduction

Stem cells are defined by their capacity for self-renewal, the ability to give rise to
new stem cells, and pluripotency, which is the ability to differentiate into more than
one type of cells. Although mammalian inner ear has limited ability to regenerate,
several groups have reported the existence of stem cells within the mammalian
inner ear.
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Since specific markers for inner ear stem cells have not been found, several
methods have been used to detect inner ear stem/progenitor cells so far. The major
approach involves the in vitro generation of cell-derived floating spheres. Using this
technique, mammalian inner ears were reported to contain cells that had the ability
to proliferate clonally and to differentiate into several types of cells, including hair
cells in vitro [1-4].

Fluorescence-activated cell sorting (FACS) was also used to isolate specific type
of cells and analyze their stemness potential [5—10].

The location of inner ear stem cells is very important in order to analyze their
environmental regulatory mechanism. However, dissociation distorts the micro-
anatomy of the inner ear, making it difficult to determine the precise location of
stem cells. To overcome this disadvantage of dissociation-based study, an in vivo
study was performed using the slow-cycling nature of stem cells [11].

Several groups analyzed the cells expressing Wnt target genes and identified stem/
progenitor cells in the cochleae by using both in vivo and in vitro models [8—10].

In this section, we would like to review these studies reporting stem/progenitor
cells within the mammalian inner ear.

30.2 Inner Ear Stem Cells

It has been reported that damaged mammalian postnatal vestibular organs generate
new hair cells (see Part IV “Hair Cell Regeneration™). Li et al. [1] first demonstrated
that cells from an adult mouse utricle sensory epithelium contained cells that
displayed characteristic features of stem cells. These cells grew clonally and
formed floating spheres in vitro. In addition, they had the capacity for self-renewal,
and they gave rise to immature spheres that expressed various genetic markers of
immature developing inner ears, including nestin, Pax2, bone morphogenetic pro-
tein (BMP)-4, and BMP-7. Sphere-derived cells differentiated into cells of all three
layers, ectodermal, endodermal, and mesodermal linage, which is the main char-
acteristics of stem cells. Using the spheres, cells were generated with hair-cell
phenotype, positive for myosin7a, with espin- and F-actin-positive stereociliary
bundle-like structure.

Although regeneration was reported to occur in vestibules, the mammalian
organ of Corti in the inner ear does not regenerate in vivo after damage. There-
fore, it is noteworthy that White et al. [5] showed that mammalian cochlear
supporting cells contained cells that had the ability to transdifferentiate into
hair cells. They purified neonatal cochlear supporting cells by fluorescence-
activated cell sorting (FACS) from transgenic mice expressing green fluorescent
protein (GFP) under the control of the p27kipl promoter. p27kipl protein is a
cyclin-dependent kinase inhibitor that functions as an inhibitor of cell cycle
progression. It is first expressed in the primordial organ of Corti and is
downregulated during subsequent hair-cell differentiation, but it persists at high
levels in differentiated supporting cells of the mature organ of Corti [12].
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The GFP expression was observed in different supporting cells, including
interphalangeal cells, pillar cells, Deiters’ cells, and Hensen’s cells. They cul-
tured purified p27kip1-GFP-positive supporting cells with periotic mesenchymal
cells and found that they retained the ability to divide and transdifferentiate into
myosin 6-positive hair cells in vitro. This suggested that mammalian cochlear
supporting cells possessed at least progenitor capabilities. They reported that,
among the different types of supporting cells, pillar and Hensen’s cells were
found to have greater potential to form hair cells by using p7SNGFR+ as their
marker in FACS purification.

Zhang et al. [3] isolated greater epithelial ridge (GER) cells from neonatal rat
cochleae enzymatically and mechanically. GER cells formed proliferative spheres,
and they had the ability to generate myosin7a-positive hair cells and p27kipl-
positive supporting cells. Therefore, they considered GER cells as targets for
regenerative therapy of the inner ear.

Oshima et al. [4] isolated sphere-forming stem cells from early postnatal mouse
inner ear and analyzed their gene expression and efficiency for sphere formation.
They showed that spheres from the organ of Corti and vestibular sensory epithelial
cells expressed multiple hair-cell markers including myosin7a and espin, and
expressed functional ion channels, reminiscent of nascent hair cells. They reported
that the capacity for sphere formation of cells in the mouse cochleae decreased
sharply during the second and third postnatal weeks, which was much faster than
that of the vestibular organs.

Savary et al. [6] performed side population (SP) analysis, using Abcg2/Bcrpl
as one of the markers for stem/progenitor cells. The SP phenotype has been used
to isolate putative stem cell populations. It is based on the unique ability to efflux
Hoechst dye in an ATP-binding cassette (ABC) transporter-dependent manner
[13, 14]. Abcg2/Bcerpl is a member of the ATP-biding cassette family of cell-
surface transporter proteins, and it is considered to be one of the stem cell markers
[15]. Savary et al. reported that Abcg2 transporter was expressed in supporting
cells with other stem/progenitor cell markers, nestin and musashil, in the postna-
tal mouse cochleae. They purified SP supporting cells by FACS and found that the
SP cells differentiated into the colony expressing myosin7a or p27kipl in vitro.
Therefore, they concluded that supporting cells should be regarded as hair-cell
progenitors.

Sinkkonen et al. [7] used antibodies to cell-surface proteins to label dissociated
cells of the neonatal organ of Corti. They purified different cell types by FACS
analysis and found that CD326+/CD146low/CD271low cells in lesser epithelial
ridge (LER) and supporting cells gave rise to more myosin7a-positive cells in vitro
than in the other non-sensory epithelial cells. Cells at LER in rat cochlea were also
reported to have the ability to form spheres and differentiate into myosin7a-positive
cells by Zhai et al. [2].

Taniguchi et al. [11] identified slow-cycling cells, one of the characteristics of
stem cells, in the mouse cochleae in vivo. Stem cells normally proliferate at a slow
rate in mature organs [16]. The so-called label-retaining cells, or slow-cycling cells,
of the skin and prostate have been recognized as stem cells [17, 18]. They used the
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exogenous proliferation marker 5-bromo-2’-deoxyuridine (BrdU) in combination
with the endogenous proliferation marker Ki-67 and identified tympanic border
cells, located beneath the basilar membrane, as slow-cycling cells of the mouse
cochlea in vivo. Immunohistochemical analysis indicated that these cells stained
positive for immature cell marker nestin. The number of slow-cycling cells in the
tympanic border cells decreased dramatically in about two weeks after birth as the
cochlea matured. This decrease coincides with other reports on inner ear stem
cells [4].

Whnt signaling plays a critical role in regulating tissue homeostasis, including the
maintenance of somatic stem cells [19]. Several groups have been studying Wnt
target genes in the inner ear to detect inner ear stem/progenitor cells.

Leucine-rich repeat-containing G-protein-coupled receptor 5 (Lgr5) is one of the
Wht target genes. Chai et al. [8] and Shi et al. [9] reported that they purified Lgr5+
supporting cells from postnatal mouse cochlea by FACS and that they formed
spheres and differentiated into myosin7a-positive hair cells in vitro.

Jan et al. [10] reported that they found transient but robust Wnt signaling and
proliferation in tympanic border cells during the first 3 postnatal weeks. They used
the Axin2lacZ reporter mouse, as Axin2 is a downstream target and feedback
inhibitor of Wnt pathway, whose active signaling marked endogenous stem cells
in many tissues [20]. In vivo lineage tracing showed that a subset of hair cells and
supporting cells was derived postnatally from Axin2-expressing tympanic border
cells. In vitro, Axin2lacZ cells formed clonal colonies and differentiated into hair-
cell-like (myosin7a positive) and supporting cell-like (e.g., sox2 positive) cells.
They concluded that Axin2-positive tympanic border cells had the potential to act
as precursors of sensory epithelial cells.

30.3 Conclusion

In summary, although the inner ear has limited ability to regenerate, there is
evidence indicating the existence of inner ear stem cells. Potential candidates of
stem cells are supporting cells [2, 4, 5, 7-9], cells at LER [2, 4, 7], cells at GER [3],
and tympanic border cells [10, 11] (Fig. 30.1). The total number of them in the inner
ear is estimated to be very small and reported to decrease as the inner ear
matures [4].

The microenvironment surrounding the stem cells is called as niche [21]. It has a
significant role in the maintenance of stem cells and enables them to keep prolif-
erate and differentiate into mature cells. However, the niche for inner ear stem cells
is unknown. It is necessary to elucidate the regulatory mechanisms of inner ear stem
cells, clarify what keeps the inner ear stem cells in quiescent condition, and identify
the reason for the decrease in the number of inner ear stem cells with maturation.
If these questions are addressed to activate inner ear stem cells in vivo, it will be a
great step in regeneration therapy.
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Fig. 30.1 Inner ear stem cells. Potential candidates of stem cells are supporting cells [2, 4, 5, 7-9],
cells at LER [2, 4, 7], cells at GER [3], and tympanic border cells [10, 11]. /HC inner hair cells,
OHC outer hair cells, LER lesser epithelial ridge, GER greater epithelial ridge
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