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Abstract

Stem cells in various mammalian tissues retain the capacity to renew themselves and may be able to
restore damaged tissue. Their existence has been proven by genetic tracer studies that demonstrate
their differentiation into multiple tissue types and by their ability to self-renew through proliferation.
Stem cells from the adult nervous system proliferate to form clonal floating colonies called spheres
in vitro, and recent studies have demonstrated sphere formation by cells in the cochlea in addition
to the vestibular system and the auditory ganglia, indicating that these tissues contain cells with stem
cell properties. The presence of stem cells in the inner ear raises the hope of regeneration of
mammalian inner ear cells but is difficult to correlate with the lack spontaneous regeneration seen
in the inner ear after tissue damage. Loss of stem cells postnatally in the cochlea may correlate with
the loss of regenerative capacity and may limit our ability to stimulate regeneration. Retention of
sphere forming capacity in adult vestibular tissues suggests that the limited capacity for repair may
be attributed to the continued presence of progenitor cells. Future strategies for regeneration must
consider the distribution of endogenous stem cells in the inner ear and whether cells with the capacity
for regeneration are retained.

Regeneration of inner ear

Potential therapeutic implications have spurred investigation of inner ear progenitor cells.
Following reports that hair cells could regenerate in the sensory epithelium of birds and
amphibians (Corwin et al., 1988;Ryals et al., 1988), several investigations had indicated that
hair cells could regenerate in the mammalian vestibular system (Forge et al.,
1993;Montcouquiol et al., 2001;Warchol et al., 1993). In the vestibular organs, cells that retain
the capacity to divide and differentiate into more specialized cells appear to persist in the adult.
However, several investigators have hypothesized that the complex epithelial organization of
the organ of Corti only can occur after terminal differentiation and exit of cochlear cells from
mitosis (Corwin et al., 1997;Kelley et al., 1995).
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In fact, cell division in supporting cells of vestibular organs has been reported (Warchol et al.,
1993), but cochlear supporting cells had an extremely limited ability to regenerate hair cells
or to undergo cell division in early postnatal mice after lesioning (Kelley et al., 1995). The
capacity for supporting cell division in mammalian vestibular organs can be enhanced by
treatments with mitogenic growth factors, which are most effective in epithelia from neonates
(Lambert, 1994). The differences in response to mitogens between mammals and birds is
consistent with differences in the ability to regenerate hair cells throughout life (Montcouquiol
et al., 2001). The basis for the reoccurrence of hair cells, albeit limited, in the damaged utricle
seems to be cell proliferation, which is most readily observed after treatment with mitogenic
growth factors. This regenerative ability has been proposed to be due to stem cells that reside
in the sensory epithelium of the utricular macula (Li et al, 2003).

Recent studies have shown that adult vestibular stem cells are pluripotent: they differentiate
into cell types corresponding to all three germ layers, endoderm, mesoderm, and ectoderm,
and this includes neurons and hair cells in vitro (Li et al., 2003). This indicates that these
endogenous cells are true stem cells. More recent data indicates that stem cells can be isolated
from the neonatal cochlea as well (Oshima et al., 2006). The existence of stem cells in the
mammalian cochlea opens the possibility that a damaged cochlea could be repaired by
proliferation and differentiation of endogenous cells. However, despite the pluripotent
differentiation potential of these cells, recovery doesn’t occur to any significant extent after
damage to hair cells or neurons in the adult mammalian cochlea raising the possibility that
cochlear stem cells disappear after birth or that they lose their stemness (i.e. the capacity to
proliferate). The questions that remain are whether there are cells in vivo that might be available
for replacement of hair cells and what mechanism could lead to proliferation and replacement
of these cells. Recent reports on overexpression of a number of genes have provided some hope
that adult cochlear cells may have an inherent capacity for regeneration when stimulated by
the appropriate signals (Izumikawa et al., 2005), or that persistent stem cells or cells with stem
cell-like properties might be directed toward a hair cell phenotype by gene expression in the
appropriate spatial and temporal sequence. A new therapeutic approach would be possible if
we could harness the pluripotency of potentially dormant progenitor cells to permit
regeneration of hair cells in a damaged sensory epithelium or to generate neurons in situ that
can reinnervate hair cells (Li et al., 2004).

Both neurons and hair cells are usually involved in the pathogenesis of hearing loss. A variety
of environmental and genetic causes lead to hair cell loss. Spiral ganglion neurons undergo
secondary degeneration in regions of hair cell loss in many types of sensorineural hearing loss
(Liberman et al., 1978) and most hearing loss is permanent. Replacement of these cells will be
a vital step in the treatment of inner ear lesions in which spared cells cannot supplant the
function of lost cells. To replace lost cells two possible approaches can be envisaged: stem cell
transplantation and stimulation of self-repair. For the latter approach endogenous stem cells
would undergo proliferation and be converted into new hair cells. The demonstration that inner
ear progenitor cells could differentiate into hair cells in vitro raises the possibility that they
could regenerate in the inner ear. Here, we concentrate on mechanisms that could take
advantage of endogenous cells for repair of the inner ear.

Adult tissue stem cells

The regeneration capacity of a tissue is determined in part by whether they contain endogenous
stem cells. Some tissues that have a high turnover rate are thought to replace senescent cells
by proliferation and differentiation of tissue stem cells. These tissues have stem cells that
constantly replace lost cells in the adult, and their designation as adult tissue stem cells is based
on their continued ability to self-renew and differentiate. Adult stem cells can only proliferate
for a limited number of generations, and their response to differentiation signals declines after
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each generation. The failure of cells to regenerate could also be due to a tissue environment
that either does not support or prevents regeneration (Horner et al., 2002). Tissues with high
turnover as well as the capacity for regeneration, however, do not necessarily have stem cells
that account for regeneration. In the liver, where oval cells have been shown to have progenitor
cell properties, the regrowth of damaged tissue has been attributed largely to the ability of even
fully differentiated cells to undergo mitosis with appropriate signaling (Fausto, 2004). The
issue of whether an adult organ contains stem cells has been easier to settle in tissues with high
turnover rates such as blood, skin and intestine (Alonso et al., 2003;Weissman, 2000) but more
difficult to decide conclusively for liver, heart, pancreas, and the central and peripheral nervous
systems (Bixby et al., 2002;Bonner-Weir et al., 2005;Dor et al., 2004;Fausto, 2004;Gage,
2002;Rubart et al., 2006;Urbanek et al., 2005). Both routes of replacement have been proposed
in the pancreas: an absence of stem cells with only occasional cell division by existing
pancreatic beta-cells (Dor et al., 2004); and replacement of lost cells from a usually quiescent
progenitor cell compartment (Bonner-Weir et al., 2005).

Regrowth of fibers after tissue damage is known to occur in the peripheral nervous system.
Olfactory neurons have been shown to regrow spontaneously (Pasterkamp et al., 1998), and
motor neurons can regrow to their original targets (McMahan, 1990) at the motor endplate, but
in these examples, the neuron survives the injury and damaged axons regrow to their targets.
In contrast, replacement of lost neural cells has rarely been demonstrated. In the central nervous
system, although there is little normal turnover, cells can be recruited to replace lost neurons
(Gage, 2002). Neural stem cells are present in the subventricular zone of the lateral ventricles
and in the dentate gyrus. These cells are capable of replacing lost neurons by cell division
followed by migration and differentiation. The presence of these cells may contribute to the
formation of new connections during normal activity, as well as permitting repair after neuronal
injury and loss. The discovery of cells that could undergo self-renewal and cell division in the
adult opened the way to understanding regeneration as well as growth of new circuitry in the
adult central and peripheral nervous systems.

Thus, stem cells have been demonstrated in many adult tissues, but cell regeneration does not
necessarily prove the existence of stem cells. The existence of populations of cells that
proliferate and are capable of differentiation to multiple cell types can be demonstrated by cell
recruitment, proliferation and differentiation in response to injury in vivo, usually by use of a
genetic tracer to follow the lineage of a cell (Gage, 2002;Reynolds et al., 1992), but this can
be difficult to demonstrate without the necessary tracers for a tissue specific stem cell. The
existence of stem cells can now also be demonstrated by several in vitro criteria: in addition
to the capacity for cell division and differentiation, these include expression of markers of stem
cells, and the capacity to form neurospheres (Reynolds et al., 1992).

Progenitors for hair cells

Avre hair cells capable of regeneration after damage from toxins or noise? Recovery of normal
thresholds suggests that limited damage to hair cells after acoustic trauma may be repaired by
the cell (Gale et al., 2002;Harding et al., 2002). However, no evidence for cell division leading
to replacement of hair cells has been reported for the adult mammalian cochlea.

In addition to the vestibular system, the mammalian cochlea in neonates contains cells that
have properties of stem cells based on sphere formation and self-renewal (Oshima et al.,
2006) (Fig. 1). These cells differ from the normal post-mitotic cells present in the organ of
Corti and vestibular system (Oshima et al., 2006). The cells form clonal spheres that can be
propagated in culture and have from 1-3 stem cells per sphere. The capacity for sphere
formation decreased with age: in the cochlea, sphere formation could be demonstrated in
embryonic and newborn animals but few spheres were produced from the adult (Fig. 2). This
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is consistent with the finding that vestibular organs can regenerate some hair cells throughout
life whereas the cochlea does not (Corwin et al., 1997;Kelley et al., 1995;Warchol et al.,
1993).

Induction of differentiation of these cells resulted in the expression of markers for hair cells
(Oshima et al., 2006), and these cells occurred in patches surrounded by cells with markers of
supporting cells (Fig. 3).

Where are the precursor cells that give rise to spheres in vitro? Several lines of evidence suggest
that progenitor cells may be in the greater epithelial ridge in the newborn. GFP expressed under
the control of the nestin promoter is found in the GER (Lopez et al., 2004) as well as in border
cells, phalangeal cells and Deiters cells. Nestin was found in supporting cells in mice, although
the expression level was lower at later time points and only a few Deiters cells were positive
at P60. Could supporting cells be precursors? Supporting cells have the capacity to develop
hair cell characteristics upon viral transduction with Atohl (Izumikawa et al., 2005;Zheng et
al., 2000). The recent finding that supporting cells from the cochlea have the capacity to divide
and differentiate into hair cells in vitro (White et al., 2006) further suggests that they could
play a role in regeneration, but their ability to differentiate into other cells types in the cochlea
was limited to newborn mice and did not occur in 2 week old mice. This is consistent with our
data showing that stem cell numbers decrease in the first few postnatal weeks.

Progenitor cells in spiral ganglion

Degeneration of the spiral ganglion cell and its processes may occur as a secondary or a primary
event (Zimmermann et al., 1995). Secondary cochlear neuronal degeneration is thought to
follow a variety of insults to the cochlea. Primary cochlear neuronal degeneration has been
described in a variety of pathologies that cause direct damage to neurons (Starr et al.,
1996;Varga et al., 2003), and can occur in mice exposed to sound pressure levels that do not
cause hair cell loss (Kujawa et al., 2006).

Spiral ganglion neurons have been reported to regrow fibers to varying extent after damage in
different animal models. Several studies have suggested that the endings regrow after damage
by glutamate toxicity in guinea pigs (Puel et al., 1997;Sekiya et al., 2003). Experimental
sectioning of the auditory nerve in mice leads to extensive regrowth of fibers into the cochlea
(Sugawara et al., 2005). However, in humans, the extent of regrowth is not sufficient to be
clinically significant (Nadol, 1997).

Do endogenous cells undergo cell division in the spiral ganglion? The formation of spheres
from spiral ganglion of mice in the early postnatal period suggests the possibility that the
ganglion may have cells with stem cell properties (Oshima et al., 2006). These cells proliferate
in spheres and have the capacity to differentiate into neurons in vitro (Fig. 3). In addition we
find neurons after a similar differentiation protocol with spheres prepared from the organ of
Corti or from the vestibular sensory epithelia (Fig. 3). These stem cells can give rise to hair
cells and neurons and glia (Fig. 3) and, thus, may be similar in their capacity for differentiation
to endogenous otocyst progenitors that appear to give rise to supporting cells, hair cells and
neurons in the embryo. Others have demonstrated the presence of neural progenitor cells in
the adult human auditory nerve, with the expression of nestin-positive neural progenitors that
divide and express markers found in inner ear sensory neurons like TrkB and TrkC (Rask-
Andersen et al., 2005).

Replacement of spiral ganglion neurons and reformation of neural connections to hair cells has
been demonstrated using tissue from newborn animals as well as embryonic stem cells as
sources of neurons for transplantation into in vitro (Martinez-Monedero et al., 2006) and in
vivo models (Corrales et al., 2006).
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Figure 1.

Inner ear stem cells from the vestibular and auditory systems of a P21 mouse. Spheres were
generated from vestibular (Utricle, Ut; Sacculus, Sa; Ampula, Am) and cochlear (organ of
Corti, oC; Spiral ganglion, Sg; Stria vascularis, Sv) organs by culture of dissociated cells for
7 days. The number of spheres was counted and expressed per single specimen (Ut, Sa, oC,
Sc, Sv) or per 3 ampullae.
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Figure 2.

Number of spheres generated from cochlear tissues in newborn and postnatal mice. Formation
of spheres from dissociated cells was quantified after 7 days in culture and was expressed as
spheres per 104 cells. The generation of spheres from the organ of Corti decreased in the first
few postnatal days.
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Figure 3.

Culture of spheres leads to differentiation of inner ear cells. A. Generation of hair cell-like cells
from organ of Corti spheres. Musashi 1 positive supporting cells appear to be adjacent to each
cell expressing myosin V1la and Math1 (hair cell marker positive cells) in this sphere
differentiated for 2 weeks in culture. B. Differentiation of neurons from spheres obtained from
spiral ganglion. The appearance of cells that were positive for B-111 tubulin (stained with
antibody TuJ) and had a neuronal morphology is shown after 1 week in culture. C. Neuronal
differentiation from spheres derived from utricle. Neurons obtained from utricular spheres were
B-111 tubulin positive. D. Utricular spheres contain stem cells that differentiate to become B-111
tubulin-positive neurons and GFAP-positive glia.
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