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Summary

Sensorineural hearing loss is a chronic disease, with a serious impact on human communication
and quality of life. Exposure to various factors can lead to irreversible hearing impairment, as the
auditory epithelium in humans comprises terminally differentiated cells. By contrast, the inner ear
of lower vertebrates and invertebrates shows regenerative capacity. Efforts to regenerate the dam-
aged human inner ear may involve renewed cell proliferation, or transplanting cells that can dif-
ferentiate into sensory cells.

Literature review.

Animal studies, in vitro studies, retrospective-cohort studies, community-based case-controls, clini-
cal guidelines, and review articles.

Embryonic stem cells, inner ear stem cells, and stem cells from other tissues (i.e., neural tissue,
hematopoietic system) may be candidates for restoring the auditory epithelium. Transcriptional
regulation of p27kip1 is the primary determinant of terminal mitosis and the final number of post-
mitotic progenitors of hair and supporting cells. Basic helix-loop-helix transcription factor Mathl
was found to be necessary and sufficient for the production of auditory hair cells. Notch signaling
seems to play a major role in the regulation of MathI, through lateral inhibition. Brn3c, Gfil, and
Barhll are also specific transcription factors that have been implicated in hair cell maintenance
and consequent survival.

Evidence concerning development, maintenance, and regeneration of hair cells is still at an embry-
onic stage. Combined data, as attempted in the present study, will lead to a more successful man-
agement of deafness.
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BACKGROUND

Sensorineural hearing loss (SNHL) is one of the most prev-
alent chronic diseases with a serious impact on language
development [1], human communication, and quality of
life. Profound congenital SNHL, which is estimated to af-
fect 1 to 2 of every 1000 newborns in western countries [2—
71, or acquired SNHL that appears later in childhood with
an overall incidence of 0.29% at the age of 15 [8], repre-
sent only a small proportion of people with serious hear-
ing loss. Indeed, the overall prevalence of moderate to pro-
found hearing loss for 2005 was estimated in approximately
4.3% of the human population [9]. Furthermore, about
10% of the adult population in a United Kingdom study re-
ported bilateral hearing difficulty in a quiet environment
[10], while moderate to profound hearing loss was estimat-
ed in approximately 3.5% of people aged 20 to 80 years in
another study [11].

Exposure to a variety of factors, such as overstimulation
by noise, ototoxic drugs, or infections, along with aging
and/or potential genetic disorders, may lead to irrevers-
ible hearing impairment, as the auditory epithelium in hu-
mans comprises terminally differentiated cells. By contrast,
the basilar papilla in the avian cochlea and the lateral line
organs in fish and amphibians show a regenerative capac-
ity, which is characterized by postembryonic production
of specialized hearing receptors in a precisely controlled
manner [12-18].

Based on investigations in olfactory neurons, which under-
go permanent regeneration in humans also, it can be con-
cluded that the basic mechanisms of neurogenesis are also
established, and therefore may be applied, in the mammali-
an brain [19-22]. Furthermore, neuronal differentiation and
morphologic integration of neural precursor cells also occur
after transplant into the brain of animal models with neuro-
degenerative diseases (mimicking Alzheimer’s, Huntington’s,
or Parkinson’s diseases), or in highly specialized neural struc-
tures, such as the damaged retina [23-28].

Hence, on the basis of the evidence extracted from ani-
mal models, efforts to regenerate the damaged human in-
ner ear may involve either renewed cell proliferation of the
mitotically quiescent auditory epithelium or transplant of
cells that can differentiate into the highly specialized sen-
sory cells of that sensory epithelium. In this context, gene

Table 1. Evidence-based categorization of medical studies.

manipulation and stem cell therapy represent relatively
new and exciting approaches for the treatment of SNHL.
The milestones achieved in these fields during the last de-
cades of the second millennium, have led the way to new
research that promises “hearing” to patients who have lost
it or never had it.

The aim of the present paper is to review the current knowl-
edge on the various types of stem cells that can be used, and
the manipulation of related genetic pathways that may be
required, to restore cochlear function.

MATERIAL AND METHODS

An extensive literature search of the was performed in
Medline and other available database sources using the key
words “ENT,” “inner ear,” “stem cells,” “precursor,” “embry-
onic,” “neural,” “growth factor,” “transcription factor,” and
“gap junction.” The key word “stem cells” was considered
primary and was either combined with each of the other
key words individually, or used in groups of 3. Information
from electronic links and related books also was included in
the analysis of the data. In addition, reference lists from the
retrieved articles were manually searched. Language restric-
tions limited the search to English-language articles only.
The number of studies initially selected was 232.

» «

Two main categories of outcomes were established: (1) clas-
sification of the main stem cell sources for the restoration
of the auditory epithelium, and (2) recognition of the ge-
netic pathways that play a key role in cell fate determina-
tion. The retrieved studies were critically appraised, accord-
ing to evidence-based guidelines for categorizing medical
studies (Tables 1-3) [29].

Using this qualitative framework, 2 secondary endpoints also
were analyzed: identifying the factors implicated in hair cell
differentiation and identifying the factors implicated in hair
cell survival. As a result of these methods, the number of
studies that were finally included in data synthesis was 114.

An area of difficulty regarding the research explored in this
paper was that most of the surveys concerning auditory ge-
netics and/or stem cell transplant investigate highly specif-
ic research areas. Therefore, the results obtained cannot
be directly integrated into the broader spectrum of clini-
cal hearing restoration. The ambitious objective of this pa-

Category of evidence Origin of evidence
la Evidence from meta-analysis of randomised controlled trials
Ib Evidence from at least 1 randomised controlled trial
lla Evidence from at least 1 controlled study without randomization
b Evidence from at least 1 other type of quasi-experimental study
Il Evidence from nopexperimental descriptive studies, such as comparative studies, correlation studies, and
case-control studies
v Evidence from expert committee reports or opinions or clinical experience of respected authorities, or both
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Table 2. Study characteristics regarding stem cell transplant in the inner ear.

Type of Authors Leyel of = Typeof Type of Reported advantages . Reported Remarks
study evidence stemcells mammals disadvantages
Prospective Hildebrand  lla Embryonic ~ Deafened  a) minimal mechanical trauma ~ Nointegrationinto a) highly successful
control etal., 2005 experimental/ b) high survival rate endogenous tissue  results
[19] normal hearing c) NEM cells in aggregations b) xenotransplant
controls
Prospective  Kojima lla Embryonic ~ Damaged  a) survival in the IE a) endocochlear IEs provide important
control  etal., 2004 experimental b) differentiation into stem cells duct could not  cues for survival &
[21] [Es/normal ) integration with stem cells be approached differentiation
hearing b) aggregation of
controls cells on bony
walls
Prospective  Sakamoto b Embryonic Damaged IEs Differentiation of transplanted cells Characteristics of ~ Unsuccessful attempt
[22] etal., 2004 into ECT cells undifferentiated
cells remained
Prospective  Coleman lla Embryonic ~ Deafened  a) minimal mechanical trauma a) cells decrease  The deafened cochlea
control  etal., 2006 b) no inflammatory response after 4 weeks  environment can
[23] ¢) survival of implanted cells b) dispersal to CSF  support the survival of

¢ notsignificant  exogenous tissue
cell count into

the Rosenthal
canal
Prospective  Huetal., lla Neural Deafened &  a) better survival in deafened a) poor survival a) injection site
control 2005 NGNtreated  animals after 2 weeks is functionally
[30] experimental/ b) better neuronal differentiation  b) dramatic irrelevant & lacks
normal hearing  in NGN animals decrease of growth factors
controls  ¢) migration toward functionally surviving cellsin b) xenotransplant
relevant sites 4 weeks
d) minimal mechanical trauma
Prospective  ltoetal,, b Neural  Normal hearing a) development of HC a) not high HC NSCmigrate/
[20] 2001 b) integration into the OC count differentiate over
¢) migrational capacity b) new HCdonot  awider area than
d) wide adaptation expressall HC  expected
features
Prospective ~ Tamura I1b Neural Deafened  a) robust survival in all Differentiation Relatively
[33] etal., 2004 experimental animals predominantly into poor neuronal
b) migration activity into the glial cells differentiation
modiolus
Prospective Naitoetal.,  Ilb Bone-  Damaged IEs a) robust survival in multiple Paucity of cellsin  Perhaps more
[38] 2004 marrow regions of the cochlea in all thescalamedia  appropriate for SGN
animals regeneration
b) neuronal differentiation
¢) migrational capacity
Prospective  Matsuoka b Bone-  Normal hearing Neuronal differentiation a) low survival rate a) scala mediaisa
[39] etal., 2006 marrow b) few surviving hostile environment
cellsinthe scala b) modular approach
media is more appropriate
for SGN restoration
¢) xenotransplant

[E —inner ear; 0C — organ of Corti; HC — hair cells; SC— supporting cells; ECT — ectodermal; NEM — neuroectodermal; SGN — spiral ganglion neurons;
NGN — neurogenic, CSF — cerebrospinal fluid.

per was to fill the related gaps and give a realistic estimate taking into account the specific differences between spe-
of the current knowledge in this area. Thus, nonvertebrate, cies and the fact that some of them may produce conflict-
avian, mammalian, and human evidence were combined, ing or ambiguous evidence.
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Table 3. Study characteristics regarding cell fate determination in the inner ear.

Type of Levelof  Type of Type of Reported

study Authors evidence Intervention mammals Reported advantages disadvantages Remarks
Prospective  Chenetal. lla  Targeted gene /Ink4d-null a) embryonic patterning of the 0C  (Kls are crucial ~ a) recessive type of
control [19] disruption  mutants occurs normally in the absence  for maintaining mutation
experimental/ of Ink4d cellular b) annulment of
normal controls  b) hearing is significantly homeostasis in the postmitotic
compromised postmitotic cell state results in
¢) CKls are important for active populations HC death
maintenance of the postmitotic
state
Prospective  Leeetal. Ib Gene  p27kip1/BAC ) p27kipT expressionisrequlated Thereasonfor  a)requlated
[22} modification transgenicmice  at the transcriptional level establishing a transcription
b) p27kip1 expression precedes the fixed number is partially
wave of cell cycle exit of postmitotic responsible for

¢) p27kip1 expression is responsible progenitors within  the high level
for the temporal separation the cochlear duct  of p27kip1

between cell cycle exitand cell s not clear expression in
differentiation stem cells
b) the persistence
of high p27kip1
levels in stem
cells may be
an obstacle to
regeneration
Prospective Lowenheim  lla  Targeted gene p27kip1 a) p27kip1-deficient mice Nonereported  a) p27kip1
control [21]  etal. disruption  heterozygous demonstrate true hyperplasia expression is
experimental/ based on increased proliferation confined to the
p27kipT-wild- b) p27kip1-deficient mice stem cells
type & demonstrate degeneration & b) the disruption
p27kipT-null loss of HCs of the p27kip1
controls ¢) substantially elevated ABR gene promotes
thresholds for null vs controls cell division in
across the entire examined the postnatal
frequencies & adult 0C well
after terminal
mitosis
Prospective  Lanford lla Insitu Jag2 mutants  a)initiation of Math7 expressionis  a) specific a) notch signaling
control [23]  etal. hybridization experimental/ independent of Jag2-dependent  molecular acts atan early
wild-type Notch signaling relation time point
controls b) the number of cells that between to requlate
maintain Math1 expression is Hes5 & Math1 the number
greater in Jag2 mutants has not been of cells that
¢) Jag2 deletion results in a demonstrated differentiate
dramatic down regulation of b) the function as HCs
Hess of Hes5 as b) Hes5isa
arepressor downstream
of Math1 requlator of
transcriptionis  Notch signaling
speculative
Prospective  Kiernan lla a)conditional D/Thypomorphic a) DII function synergistically  a) stem cells a) pillar cells may
control [25]  etal. gene Jag2 mutants  with Jag2during HC exhibit have unique
inactivation experimental/  differentiation abnormal stem cell-like
b) targeted  heterozygous  b) supernumerary HCs are present proliferation properties
gene controls in double mutants b) supernumerary b) cell fate switch
disruption ¢) supernumerary HCs are not HCs may from Deiters
arising through continued lead to HC cells to OHCs
proliferation disorganization

0C— organ of Corti; HC — hair cells; OHC — outer hair cells; SC— supporting cells; CKI — cyclin-dependent kinase inhibitor; Math1 — mouse atonal
homologue 1; Hes5 — mammalian hairy & enhancer-of-split homologue 5; Jag2 — jagged 2; DI1 — delta 1; BAC — bacterial artificial chromosome,
ABR — auditory brainstem response.
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Figure 1. Pluripotency in the human fetus.

RESULTS

Seventy animal studies, 25 in vitro studies, 2 retrospective
cohort studies, 2 community-based case controls, 1 clinical
guideline, and 12 review articles met the defined criteria
and were included in study selection.

Analysis of evidence
Potential stem cell types for inner ear restoration

Three main sources of stem cells may be considered as candi-
dates for restoring the auditory epithelium: embryonic stem
cells, stem cells and precursors isolated from the targeted
organ (inner ear), and stem cells from other tissues (e.g.,
neural tissue or the hematopoietic system). In addition, a
subset of stem cells called the side population has been iden-
tified in several mammalian tissues and is reportedly capa-
ble of differentiating into hair cell-like cells [30].

Embryonic stem cells (Estem cells)

Estem cells derived from the embryonic blastocyst are provided
with the fundamental capacity of differentiating into all other
cell types of the organism (pluripotency, Figure 1). This has
been recently confirmed in practice by generation of inner ear
progenitors from murine Estem cells in vitro [1]. However, the
induction effect of Estem cells into ectodermal cells proved
insufficient to ultimately induce formation of actual hair cells
[31]. Nevertheless, transplanted Estem cells were found to sur-
vive in the damaged mammalian cochlea for at least 9 weeks;
predifferentiation of these cells in vitrois a factor that may fa-
vorably influence the observed survival rate [32]. Furthermore,
partially differentiated Estem cells also might assist the func-
tional recovery of the spiral ganglion neurons (SGNs), if they
are also affected by SNHL. It is well known that SGNs are de-
pendent on factors secreted by sensory hair cells [33]. Thus,
hair cell loss may result in a secondary degeneration of SGNs
as a consequence of SNHL. However, the time range of sec-
ondary SGN degeneration is not yet known. In many cases of
SNHL, spiral ganglion cells are intact in large numbers, even
if there is a limited number of remaining hair cells.

Inner ear stem cells (IEstem cells)

Isolation of inner ear stem cells has been intensively pursued,
as they seem most likely to differentiate more completely into
hair cells, compared with other stem cell derivatives (Figure
2). However, the population of these cells may be different
in mammal and nonvertebrate animal models. In birds, sup-
porting cells within the sensory epithelia seem to be the cel-
lular precursors for hair cell regeneration [34].

Two precursor cell populations with a regenerative potential
are currently discussed. For inferior sensory epithelial dam-
age, cuboidal or hyaline epithelial cells appear to serve as
precursors for the regeneration of both hair cells and sup-
porting cells. For the repair of isolated superior damage, sup-
porting cells may be the effective precursor population [35].
With regard to fish, embryoniclike neuroepithelial cells, with
elongated nuclei and processes extending basally and apical-
ly, have been identified as the immediate source of new hair
cells and supporting cells. Basally located S-phase cells, with
small nuclei and little surrounding cytoplasm, are thought to
be Schwann cell precursors [36]. In the postembryonic fish in-
ner ear, hair cell precursors and supporting cells are obvious-
ly closely related, if not the same cell type [37]. A large num-
ber of nonsensory supporting cells are capable of entering
the cell cycle, after experimental elimination of the normal
population of S-phase cells by antimitotic agents [16].

In mammals, adult IEstem cells were initially isolated from the
sensory epithelium of the mouse utricle [38]. The unexpected
regenerative capacity of mammalian hair cells previously re-
ported [39,40], may thus be attributed to the presence of these
stem cells. Recent findings not only concur with the regenera-
tive potential of the mammalian inner ear, but further suggest
that the mouse neonatal cochlea harbors cells capable of form-
ing spheres [41], and cells from these spheres express genes
that are indicative of inner ear progenitor cells [42,43].

Other sources of stem cells
Neural stem cells (Nstem cells)

Neural stem cells are multipotent progenitor cells, charac-
terized through the potential of self-renewal [44] and a high
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plasticity to differentiate into several neuronal cell types and
other germ layer tissue-specific cell lineages [45]. Implanted
Nstem cells have been shown to survive in mature cochleae
of animal models and to migrate into functionally relevant
regions after experimental damage to the inner ear [46,47].
However, the survival of these cells in the inner ear decreas-
es dramatically after a relatively short period [46]. Moreover,
the morphology of the implanted cells is also considered to
be a critical issue. In this context, the well-established inte-
gration of transplanted Nstem cells into the organ of Corti of
newborn rats, and the adoption of the morphologic pheno-
types of outer or inner hair cells (as demonstrated by phal-
loidin labeling), represent promising results, with regard to
the main objective of hair cell restoration [48].

In addition, in vitro studies using immature neural progen-
itors have also established the potential of the latter to dif-
ferentiate into hair cell immunophenotypes, as was demon-
strated by the expression of both hair cell markers Brn-3c
and myosin VIIa [45].

Furthermore, NSC transplanting to the mammalian inner
ear may be a source of SGN regeneration as mentioned
before [49]. However, neuronal differentiation of the for-
mer is predominantly driven toward glial cell fate, rather
than neurons [49].

Bone-marrow stem cells (BMstem cells)

BMstem cells have shown a decent plasticity [50,51] with
the capacity to differentiate into a variety of specialized cells
[50]. Indeed, neurons and glial cells have been identified
in central nervous structures of rodent models and human
patients after transplanting BMstem cells [52-54]. In addi-
tion, mesenchymal cells in the adult inner ear (fibrocytes)
may be continually derived from hematopoietic stem cells
[50]. Thus, the differentiation of autologous bone mar-
row cells in damaged cochleae, along with their survival ca-
pacity and migrational mobility, may be exploited for the
treatment of various degenerative inner ear diseases [55].
However, because most of the transplanted cells eventual-
ly evolve into nonneuronal cells [52,63], additional studies
are required to identify factors that promote the differen-
tiation of BMstem cells into distinct neural cell types, and
provide adequate numbers of cells that could actually en-
hance cochlear function.

The discovery of cells displaying neuronal phenotypes in
the area around the spiral ganglion is also clinically impor-
tant, and suggests that marrow cell transplanting could in-
crease the number of SGNs [55].

Potential targets of gene modification for inner ear restoration
Developmental genetics of the auditory epithelium

The highly orchestrated processes that generate the verte-
brate inner ear from the otic placode, and the strictly or-
dered patterned mosaic of sensory hair cells and nonsensory
supporting cells in the mammalian auditory sensory epitheli-
um, result in the presence of 4 rows of mechanosensory hair
cells in the cochlea—a single row of inner hair cells (IHCs)
and 3 rows of outer hair cells (OHCs) — and the separation
of each hair cell from the next, by an interceding support-

Scala vestibuli

Tunnel Tunnel Outer hair  Basilar
fibers cell nerves membrane

Scala tympani

Cochlear
nerve fibres

Figure 3. Inner ear structure.

ing cell (Figure 3). As the sound vibrations are transduced
into the inner ear, the hair cells convert the motion of the
cochlear fluids (traveling wave) into electrical signals, which
are conducted along the auditory nerve toward the central
nervous system. Inner hair cells are basically responsible for
the auditory function, and provide the main neural output
of the cochlea. Outer hair cells, on the other hand, ampli-
fy and sharpen the traveling wave, thus extending the hear-
ing range and improving frequency discrimination, and fa-
cilitate the optimal function of IHCs.

The identification and consequent interpretation of the ge-
netic pathways that play a key role in determining cell fates
and cellular patterning in the cochlear mosaic might be a
decisive step toward renewing the damaged epithelium.

Determining cell fate

Determining cell fate is the result of a cascade of events that
includes commitment of the various cell lineages, exit from
the mitotic cycle, and cell differentiation. Terminal mitosis
and hair cell commitment are sequential and even partial-
ly overlapping events [56]. The former is triggered at the
molecular level by the expression of specific cyclin-depen-
dent kinase inhibitors [57], predominantly p27kipI and ad-
juvantly ink4d. Although these inhibitors regulate essentially
redundant genetic pathways in the mature neurons, as the
postmitotic state is maintained, regardless of which one is
experimentally deleted [58], targeted deletion of ink4d in
postnatal mice is sufficient to disrupt the maintenance of
the postmitotic state of the organ of Corti. Thus, hair cells
are observed to reenter the cell cycle and undergo apoptosis
and death [58]. In addition, p27kip] expression is induced
between embryonic days 12 and 14 in the primordial organ
of Corti, correlating in this way with the cessation of cell di-
vision of hair and supporting cell progenitors [59]. Thus,
the transcriptional regulation of p27kipl during inner ear
development is the primary determinant of a wave of cell
exit that dictates the number of postmitotic progenitors of
both hair and supporting cells [60]. This wave reportedly
advances in an apical to base direction [56].

In the adult organ of Corti, p27kipl expression persists at
high levels in the supporting cell population [59,61]. As de-
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letion of this gene leads to the observation of mitotically ac-
tive cells in the postnatal period, its expression is thought
to contribute to the maintenance of quiescence and possi-
bly to the inability of regeneration [59]. Furthermore, age-
dependent changes in the proliferative capacity of the sup-
porting cells can be partially attributed to changes in the
ability to down-regulate p27kipl [62]. With regard to hair
cells, targeted deletion of the p27kipl gene in mice leads to
the appearance of supernumerary hair cells (and support-
ing cells) [59] Interestingly, p27kip1 heterozygotes only have
additional IHCs [63].

It should be noted that p27kipI determines a specific terri-
tory within the inner ear prosensory domain — the region
of the cochlear duct that will evolve into the organ of Corti
— which Chen and Segil denominate as the zone of non-
proliferation (ZNP). The entire cell population within the
ZNP is also positive for the transcription factor Sox2, which
actually precedes the appearance of p27kipl. Cells located
within the ZNP begin to express the basic helix-loop-he-
lix (bHLH) transcription factor Mathl. Sox2 seems to up-
stream of that expression [64]. Math1, which is encoded by
the gene Atohl, is specifically expressed in the developing
auditory hair cells (AHCs) [63], and was found to be both
necessary and sufficient for the production of hair cells in
the mouse inner ear [65,66].

Indeed, it has been shown that absence of Mathl in mice
results in the complete disruption of the epithelial forma-
tion of the cochlea, including the development of hair cells
and of the associated supporting cells. In addition, ecto-
pic expression of Mathl in nonsensory regions of the co-
chlea is sufficient to induce the formation of sensory clus-
ters that contain both hair cells and supporting cells [67].
Overexpression of Mathl in postnatal rat cochlear explant
cultures also results in extra hair cells. The source of these
ectopic hair cells was columnar epithelial cells located in
the greater epithelial ridge (GER), which normally gener-
ate cells of the inner sulcus [65]. However, even though
Chen and associates also report that in Mathl mouse mu-
tants, the generation of hair cells is blocked, the authors
argue that Mathl is not required for establishing the post-
mitotic sensory primordium, but instead, its role is limited
to the selection and/or differentiation of sensory hair cells
within the established primordium [68].

Whether the expression of Math1 initially occurs in the co-
chlear duct and progressively becomes restricted to the
hair cells of the sensory epithelium [69], or it is limited to
a subpopulation of cells within the sensory primordium,
which appear to differentiate exclusively into hair cells, as
the sensory epithelium matures [68], is still not fully clari-
fied. However, that expression appears to be negatively in-
fluenced by the bHLH genes HesI and Hes5 (mammalian
Hairy and Enhancer-of-Split homologues) [69-71].

Hes1 is widely expressed in the GER and in the lesser epithe-
lial ridge (LER), while Hes5 is predominantly expressed in
the LER, in a narrow band of cells within the GER, and in
supporting cells [69-71]. Targeted deletion of HesI leads
to the formation of supernumerary hair cells in the co-
chlea [71], specifically IHCs [70], whereas cochleae from
Hes5 mutant mice show a significant increase in the num-

ber of OHGCs [70].

The regulation of Mathl expression in the developing co-
chlea is also influenced by other bHLH-related proteins that
inhibit differentiation and DNA binding (Ids) [72,73]. In
particular, the expression of Ids and Mathl overlap in co-
chlear progenitor cells before cellular differentiation, and
a specific down-regulation of Id expression was observed in
individual cells that differentiated as hair cells. Meanwhile,
the progenitor cells, in which the expression of Ids was main-
tained during the time period for hair cell differentiation,
were inhibited from developing as hair cells [72].

The Notch signaling cascade seems to play a major role in
tying together the above-mentioned bHLH positive and
negative transcription factors, through inhibitory interac-
tions between adjacent progenitor cells (lateral inhibition).
Notch signaling defines an evolutionary ancient cell inter-
action mechanism, in which signals exchanged between
neighboring cells through the Notch receptor can ampli-
fy and consolidate molecular differences, which eventually
dictate cell fates [74]. Recent studies, mostly based on loss-
of-function experiments that target the role of Notch signal-
ing and bHLH genes in inner ear development, have indi-
cated that they can regulate hair cell fate specification and
their initial differentiation [75].

The Nolch signaling components that seem to play a role
during cochlear morphogenesis and hair cell differentia-
tion include the Notchl receptor, the Notch ligands Jagged]
(Jagl) (or Serratel), Jagged2 (Jag2) and Deltal (DII), and the
bHLH transcription factors Hesl and Hes5. These compo-
nents seem to intersect in various levels of the lateral inhi-
bition; for instance, the activation of Notch, via Jag2, inhibits
the expression of Mathl in cochlear progenitor cells, possi-
bly through the activity of Hes5 [69].

With regard to the Notchl receptor, experiments conduct-
ed in mice suggest that its activation may initially demarcate
a prosensory region in the cochlear epithelium, and then
inhibit progenitor cells from becoming hair cells, via clas-
sic lateral inhibition [76]. Post-hatch chicks, on the other
hand, show Notchl expression, which is limited to the sup-
porting cells of the quiescent auditory epithelium; howev-
er, that expression is increased in postmitotic cell pairs, dur-
ing hair cell regeneration [14].

A positive feedback loop appears to bind the expression of
activated Notchl and Jagl [76]. Furthermore, a decrease of ei-
ther Notchl or Jagl expression, by antisense oligonucleotides
in cultures of developing mammalian sensory epithelium,
results in an increase in the number of hair cells [77].

In general, Jagl-mediated Notch signaling is considered es-
sential for establishing the prosensory regions during early
development of the mammalian inner ear, possibly by main-
taining the normal expression levels of both p27kipl and
Sox2, because Jagl mutant mice show partial sensory devel-
opment in the cochlea and utricle, and complete lack of
cristae [78]. The expression of Jagl becomes progressively
restricted to the supporting cells of each sensory patch [79].
Jagl is also an early marker in the chick inner ear, during
the diversification of sensory epithelial cells into a mixed
population of hair and supporting cells [80]; nevertheless,
its expression is not altered, during the course of drug-in-
duced hair cell regeneration [14].
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The pivotal role of the Notch signaling pathway in the dif-
ferentiation of hair and supporting cells, however, is main-
ly maintained through the ligands Jag2 and DII [78]. Thus,
genetic deletion of Jag2leads to 2 rows of IHCs and 4 rows
of OHGs [81]. DII, on the other hand, is expressed in na-
scent hair cells, disappearing as they mature, and may act at
each developmental branchpoint to drive neighboring cells,
along different developmental pathways [80]. Findings in
zebra fish mutant embryos indicate that this action is medi-
ated through a RING ubiquitin ligase, encoded in the mib
gene, which interacts with the intracellular domain of DII
[82]. DII expression is absent in the mitotically quiescent
avian basilar papilla. Following hair cell injury, however, DII
mRNA levels are elevated in progenitor cells during DNA
synthesis, and that expression is maintained in both daugh-
ter cells immediately after mitosis. DI expression remains
up-regulated only in differentiating hair cells and returns
to normal 10 days after the initial injury [14].

There is also evidence that DII and Jag2 function synergis-
tically to regulate hair cell differentiation in the cochlea,
probably through the Notchl receptor. Furthermore, the
supernumerary hair cells in D/I/Jag2 double mutants seem
to arise primarily through a switch in cell fate, rather than
through excess proliferation [83].

Finally, the fact that the activated Notch inhibited neuro-
nal differentiation in the wild-type, HesI-null, and Hes5-null
mouse embryos, but not in the HesI-Hes5 double-null back-
ground, demonstrated that the bHLH transcription factors
HesI and Hes5 serve as essential Notch effectors in the reg-
ulation of neuronal differentiation [84].

Another signaling pathway, which has been identified to
play a role in promoting hair cell differentiation within the
developing sensory epithelia, includes the bone morpho-
genetic proteins (BMPs), which are members of the trans-
forming growth factor beta (TGFf) gene family [85]. Two
BMPs, BPM4 and BMP7, seem to play a role during cochle-
ar patterning. Although BMP4 homozygous null mice die
as embryos, they are viable in the heterozygous state, and
exhibit structural and functional deficits in the inner ear
[86]. However, BMP4 is not considered to sufficiently in-
duce the development of the auditory epithelium [87].
In the developing avian auditory organs, BMP7 gene ex-
pression becomes restricted to the sensory tissue over time
and is eventually concentrated in supporting cells, where-
as BMP4 gene expression is localized in the hair cells [88].
It has been proposed that at the stage of terminal division,
the balance between BMP and BMP-inhibitory signals reg-
ulates survival and specification of hair cell precursors
[89], and may thus be implicated in inducing the switch
from proliferative sensory epithelium progenitors to dif-
ferentiating epithelial cells [85]. In addition, excess levels
of BMPs may limit the final number of sensory hair cells
[89]. Therefore, an autoregulatory loop seems to exist, be-
tween BMP4 and its antagonists (namely noggin) [89]. In
support of that, hair and supporting cell generation was re-
markably reduced, when BMPsignaling was blocked either
with noggin, or by using soluble BMP receptors. However,
an increase in the number of hair cells was observed, when
cultured avian otocysts were treated with exogenous BMP4
[85]. Interestingly, the latter also led to the reduced prolif-
eration of progenitor cells [85].

The BMPsignaling activities also may integrate with neural
cell responses to the Sonic hedgehog (Shh) protein [90], a
key regulator of vertebrate organogenesis, which is also es-
sential during development for auditory cell fate determina-
tion and inner ear dorsal/ventral patterning. Shk accelerates
the proliferation of inner ear progenitor cells, and actually
increases the number of hair cells in cultures of inner ear
progenitor cells [91]. Thus, Shh may serve as a regulator of
inner ear progenitor growth and hair cell generation.

Other data also suggest that fibroblast growth factor receptor
1 (Fgfrl) might have a distinct later role in intercellular sig-
naling, within the differentiating auditory sensory epitheli-
um. Indeed, loss-of-function Fgfrl mutations in mice caused
dose-dependent disruption in the organ of Corti. Full inac-
tivation of Fgfrl in the inner ear epithelium, by Foxgl-Cre-
mediated deletion, led to an 85% reduction in the number
of AHCs, possibly due to the reduced proliferation of cell
precursors in the early cochlear duct [92].

Fgf signaling also plays a critical role in the commitment
and differentiation of supporting cells, and is required for
inner ear morphogenesis [93-95]. Results indicate that pil-
lar cell differentiation is, in fact, dependent on the contin-
uous activation of Fgfir3. Moreover, transient inhibition of
Igfr3 does not permanently inhibit pillar cell fate, because
Fgfr3reactivation results in the resumption of pillar cell dif-
ferentiation [96]. The position of pillar cells appears to be
determined by the activation of Fgfr3in a subset of progen-
itor cells that initially express this receptor [96]. Thus, the
inner pillar cell never develops in Fgfr3 mutant mice, while
the outer pillar cell is stalled in its differentiation [97].

In addition to controlling fate decision between pillar cells
and Deiters’ cells, F'gfr-3 also regulates the width of the sensory
epithelium; thus, an extra row of OHCs, and accompanying
Deiters’ cells, is found in the apical two-thirds of the organ of
Corti, in the Fgfr3 mutant [97]. Moreover, experiments in the
avian basilar papilla indicate that Fgfr3 expression changes in
an opposite way to that found in the mammalian cochlea, af-
ter drug-induced hair cell damage, and this may be involved
in regulating the proliferation of supporting cells [98].

Other results in posthatch chicks suggest that Fgf2, which is
a strong ligand for several Fgfreceptors, may be involved in
inhibiting cell proliferation, or stimulating precursor cell
differentiation [99]. Furthermore, by exposing cochlear ex-
plants to Fgf2, a significant increase in the number of pil-
lar cells and a small increase in the number of IHCs were
observed. The fact that these results were not dependent
on cellular proliferation indicates that the additional pillar
and inner hair cells were a result of increased recruitment
into the prosensory domain [96].

Hair cell survival

Following hair cell commitment and differentiation, the
survival of hair cells is an essential requirement during co-
chlear development. Hair cell maintenance and preserva-
tion of the ionic equilibrium in the inner ear are key ele-
ments during this process.

Three specific transcription factors have been implicated
in hair cell maintenance.
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The Pow-domain class-IV transcription factor Brn3c (Pou4f3)
is found in the auditory and vestibular hair cells and is re-
quired for proper development of the inner ear [100,101].
Mutation, or targeted deletion, of this gene in mice models
results in complete deafness, which is attributed to a lack of
hair cells in the inner ear with subsequent loss of cochlear
and vestibular ganglia [101,102]. However, there appears to
be no effect of Brn3c¢ haplo-insufficiency on the mouse co-
chlea, implying that 1 intact copy of the gene is sufficient to
maintain a normal cochlea [100]. Based on the observation
that Brn3c proved capable of activating both brain-derived
neurotrophic factor (BDNF) and neurotrophin-3 (N1-3) pro-
moters in sensory epithelial lines of the inner ear, it has been
suggested that 1 of the actions of Brn3c might be to regulate
neurotrophin gene expression in the inner ear [103]. That
expression is considered to be important for the development
of the neuronal components of the inner ear [104].

Nevertheless, even limited expression of NTs in the cochlea
of Brn3c¢null mice seems sufficient to sustain several senso-
ry neurons (46%) until birth, despite the severe loss of hair
cells (1% of the normal population) [105].

A comparison of inner ear gene expression profiles in wild-
type and Brn3¢ mutant mice on embryonic day 16.5 revealed
that Brn3cis also likely to down-regulate, in vivo, the gene
that encodes the growth factor of independence 1 (Gfil).
This can be further validated by the fact that Brn3¢ deficien-
cy leads to a statistically significant reduction of Gfil expres-
sion levels, and that the pattern of expression for Brn3c cor-
relates to the dynamics of Gfil mRNA abundance [106].

Gfil is a transcriptional repressor expressed in the devel-
oping nervous system, which is also implicated in inner
ear development [107,108]. Its properties in the inner ear
are based on domain-dependent, cell-type-specific func-
tions [107].

Although Gfil-deficient mice initially specify inner ear hair
cells, these cells are disorganized in the cochlea (and the ves-
tibule). In addition, the OHCs are improperly innervated,
and express neuronal markers that are not normally found
in these cells. Thus, Gfil seems to be required for hair cell
survival, and its deficiency leads to the loss of all cochlear
hair cells, just prior to, and soon after, birth, through pro-
grammed cell death [108].

The third transcription factor that is implicated in hair
cell maintenance is Barhll, a mouse homologue of the
Drosophila BarH homeobox genes. Barhll is expressed in
all sensory hair cells 2 days after the onset of hair cell gen-
eration. The loss of Barhll function in mice results in age-
related, progressive degeneration of both inner and outer
hair cells in the organ of Corti, following 2 reciprocal lon-
gitudinal gradients. In detail, OHCs are completely van-
ished from the apical and middle turn of the cochlea by
postembryonic day 59, at a time point when IHCs appear
normal in these areas. However, the latter also degenerate
by postembryonic day 300, ultimately leading in severe to
profound hearing loss. The fact that BarhlI mutant mice ac-
tually have relatively good hearing at the age of 3 months
(which is far before day 300) indicates that BarhlI has a
rather exclusive role in the long-term maintenance of co-
chlear hair cells [109].
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Figure 4. Schematic structure of mammalian gap junctions.

Intercellular communication through gap junctions, on the
other hand, plays a major role with regard to maintaining
the ionic equilibrium, and, consequently, the proper func-
tion of the inner ear. This is possibly achieved through the
rapid removal of ions from the sensory cell region during
transduction, which is essential for restoring the endoco-
chlear potential. In addition, separate medial and lateral
buffering compartments seem to exist in the hearing co-
chlea, which are individually dedicated to the homeostasis
of the inner and outer hair cells [110].

Recent evidence is also supportive of the appearance of
signal-selective gap junctions around the onset of hearing,
with specific properties that are required to support audi-
tory function [110]. This evidence also suggests that con-
nexin 26 (Cx26) and Cx30 are the major constituent pro-
teins of the cochlear gap junction channels, possibly in a
unique heteromeric configuration [110]. Furthermore, flu-
orescence recovery after photobleaching in the avian inner
ear revealed asymmetric communication pathways among
supporting cells in the basilar papilla, suggesting that this
communication might mediate potassium cycling, and/or
intercellular signaling (Figure 4) [111].

Cx26is the predominant connexin isoform in the organ of
Corti. Even though the Cx26-containing epithelial gap net-
work is considered essential for cochlear function and cell
survival, the determination of its exact role in the inner ear
is difficult, because of the embryonic lethality of the Cx26
knockout mice. However, this obstacle has finally been over-
come by generating either homozygous Cx26 mutant mice
(through targeted ablation of Cx26 [OtogCre]) [112] or
transgenic mice (which express a mutant Cx26 that inhibits
the gap channel function of the coexpressed normal Cx26
in a dominant-negative fashion [R75W]) [113].

The OtogCre mice initially showed normal development
of the inner ear; however, on postnatal day 14, cell death
appeared and eventually extended to the cochlear epithe-
lial network and sensory hair cells. Cell death primarily af-
fected only the supporting cells, suggesting that it could
be triggered by IHC response to sound stimulation [112].
The R75W mouse model, on the other hand, showed de-
formity of the supporting hair cells, failure in the forma-
tion of the tunnel of Corti, degeneration of the sensory
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hair cells, and consequent severe to profound hearing loss.
Nevertheless, the high resting potential of the cochlear en-
dolymph, which is essential for hair cell excitation, was nor-
mally sustained. Therefore, it was concluded that the ho-
meostasis of the cortilymph, and not of the endolymph,
was disturbed from the impaired potassium transport by
the supporting cells [113].

By contrast, even though homozygous Cx30 mutant mice also
show severe hearing impairment, they lack a difference in the
electrical potential, between the endolymphatic and perilym-
phatic compartments of the cochlea. In addition, the cochle-
ar sensory epithelium in these mice starts to degenerate after
postnatal day 18, by cell apoptosis. Hence, Cx30seems to play
a critical role in generating the endocochlear potential, and in
the survival of the AHGs after the onset of hearing [114].

CONCLUSIONS

Taking into account the devastating results of deafness to
humans, efforts to regenerate the damaged inner ear and
restore hearing remain one of the most challenging objec-
tives in the third millennium. This may be accomplished
either by stem cell transplant, or renewed cell proliferation
of the mitotically quiescent auditory epithelium.

The generation of inner ear progenitors from murine em-
bryonic stem cells in vitroand the survival, migrational activ-
ity, and integration of neural stem cells in the mammalian
cochlea have yielded promising results about their success-
ful use. Moreover, the functional relevance of inner ear stem
cells to the cochlear structure and the autologous nature of
bone-marrow stem cells, which theoretically bypasses poten-
tial immune barriers, give additional options to the related
transplant armamentarium.

Transcriptional regulation of p27kip1 is the primary deter-
minant of terminal mitosis and the final number of postmi-
totic progenitors of hair and supporting cells. Notch signal-
ing plays a pivotal role in the differentiation of these cells,
by tying together basic helix-loop-helix positive and nega-
tive transcription factors through lateral inhibition. Other
signaling pathways, such as BMP and Igf, are also associated
with the commitment and differentiation of hair and sup-
porting cells, respectively.

Basic helix-loop-helix transcription factor Mathl was found
to be both necessary and sufficient for the production of
auditory hair cells. In addition, Brn3c, Gfil, and BarhlI are
specific transcription factors, which have been implicated in
hair cell maintenance and consequent survival, and intercel-
lular communication through connexins plays a major role
in maintaining the ionic equilibrium of the cochlear com-
partments, and the proper function of the inner ear.

The evidence presented in this paper suggests that develop-
ment, maintenance, and regeneration of mammalian cochlear
hair cells are feasible, although they remain at an early stage.
However, mounting data, derived from numerous experimen-
tal and clinical surveys, approach a tremendous bulk, at a pace
that the human mind may find difficult to conceive. Therefore,
systematic reviews, such as the present one, are very important
at certain stages of research, to combine the recent advanc-
es, regarding auditory genetics and stem cell transplant, and

lead the way to more successful management of deafness in
terms of either preventing, or restoring hearing.

Acknowledgements

The authors would like to thank Prof. Dr. med. Stefan
Dazert for his critical reading of the manuscript. They
would also like to thank the contributors of Wikipedia™
and Wikipedia™ “The Free Encyclopedia” for providing
Figures 1-4.

REFERENCES:

—

. Li H, Roblin G, Liu H, Heller S: Generation of hair cells by stepwise
differentiation of embryonic stem cells. Proc Natl Acad Sci USA, 2003;
100(23): 13495-500. Epub 2003 Oct 30

. Saurini P, Nola G, Lendvai D: Otoacoustic emissions: a new method for
newborn hearing screening. Eur Rev Med Pharmacol Sci, 2004; 8(3):
129-33

. Oudesluys-Murphy AM, van Straaten HL, Ens-Dokkum MH, Kauffman-
de Boer MA: Neonatal hearing screening. Ned Tijdschr Geneeskd, 2000;
144(13): 594-98 [Article in Dutch/Abstract]

4. Parving A: The need for universal neonatal hearing screening — some
aspects of epidemiology and identification. Acta Paediatr Suppl, 1999;
88(432): 69-72

5. Davis A, Wood S: The epidemiology of childhood hearing impairment:

factors relevant to planning services. Br ] Audiol, 1992; 26(2): 77-90

)

o

=3}

. Sancho ], Hughes E, Davis A, Haggard M: Epidemiological basis for
screening hearing. In: McCormick B. (ed). Pediatric audiology 0-5
years. Taylor and Francis, London 1988; 1-35

. Peckham CS: Hearing impairment in childhood. Br Med Bull, 1986;
42(2): 145-49

8. Sorri M, Rantakallio P: Prevalence of hearing loss at the age of 15in a
birth cohort of 12 000 children from northern Finland. Scand Audiol,
1985; 14(4): 203-7

9. hitp://www.who.int/mediacentre/factsheets/fs300/en/index.html. Accessed
on April 6 2007

10. Davis AC: The prevalence of hearing impairment and reported hearing
disability among adults in Great Britain. Int ] Epidemiol, 1989; 18(4):
911-17

11. Johansson MS, Arlinger SD: Prevalence of hearing impairment in a pop-
ulation in Sweden. Int J Audiol, 2003; 42(1): 18-28

12. Stone JS, Shang JL, Tomarev S: cProx] immunoreactivity distinguish-
es progenitor cells and predicts hair cell fate during avian hair cell re-
generation. Dev Dyn, 2004; 230(4): 597-614

13. Stone JS, Choi YS, Woolley SM et al: Progenitor cell cycling during hair
cell regeneration in the vestibular and auditory epithelia of the chick.
J Neurocytol, 1999; 28(10-11): 863-76

14. Stone JS, Rubel EW: Deltal expression during avian hair cell regener-
ation. Development, 1999; 126(5): 961-73

15. Warchol ME, Corwin JT: Regenerative proliferation in organ cultures
of the avian cochlea: identification of the initial progenitors and deter-
mination of the latency of the proliferative response. ] Neurosci, 1996;
16(17): 5466-77

16. Presson JC, Smith T, Mentz L: Proliferating hair cell precursors in the
ear of a postembryonic fish are replaced after elimination by cytosine
arabinoside. ] Neurobiol, 1995; 26(4): 579-84

17. Tsue TT, Oesterle EC, Rubel EW: Hair cell regeneration in the inner
ear. Otolaryngol Head Neck Surg, 1994; 111(3 Pt 1): 281-301

18. Corwin JT, Jones JE, Katayama A et al: Hair cell regeneration: the iden-
tities of progenitor cells, potential triggers and instructive cues. Ciba
Found Symp, 1991; 160: 103-20; discussion 120-30

19. Schwob JE, Youngentob SL, Ring G et al: Reinnervation of the rat ol-
factory bulb after methyl bromide-induced lesion: timing and extent
of reinnervation. ] Comp Neurol, 1999; 412(3): 439-57

20. Schwob JE, Youngentob SL, Mezza RC: Reconstitution of the rat olfac-
tory epithelium after methyl bromide-induced lesion. ] Comp Neurol,
1995; 359(1): 15-37

21. Hurtt ME, Thomas DA, Working PK et al: Degeneration and regenera-
tion of the olfactory epithelium following inhalation exposure to methyl

bromide: pathology, cell kinetics, and olfactory function. Toxicol Appl
Pharmacol, 1988; 94(2): 311-28

3

RA123




Review Article

Med Sci Monit, 2008; 14(8): RA114-125

22.

24.

25.

26.

2

[os}

2

=

3

=3

3

—

32

34.

35.

3

=2

37.

39.

40.

4

—_

42.

43.

44.

45.

46.

Graziadei PP, Monti Graziadei GA: Neurogenesis and neuron regener-
ation in the olfactory system of mammals. III. Deafferentation and re-
innervation of the olfactory bulb following section of the fila olfacto-
ria in rat. ] Neurocytol, 1980; 9(2): 145-62

. Kim JH, Auerbach JM, Rodriguez-Gomez JA et al: Dopamine neu-

rons derived from embryonic stem cells function in an animal mod-
el of Parkinson’s disease. Nature, 2002; 418(6893): 50-56. Epub 2002

Jun 20

Bjorklund LM, Sanchez-Pernaute R, Chung S et al: Embryonic stem
cells develop into functional dopaminergic neurons after transplan-
tation in a Parkinson rat model. Proc Natl Acad Sci USA, 2002; 99(4):
2344-49. Epub 2002 Jan 8

Pressmar S, Ader M, Richard G et al: The fate of heterotopically graft-
ed neural precursor cells in the normal and dystrophic adult mouse
retina. Invest Ophthalmol Vis Sci, 2001; 42(13): 3311-19

Sugaya K, Brannen CL: Stem cell strategies for neuroreplacement ther-
apy in Alzheimer’s disease. Med Hypotheses, 2001; 57(6): 697-700

. Young MJ, Ray J, Whiteley SJ et al: Neuronal differentiation and mor-

phological integration of hippocampal progenitor cells transplanted to
the retina of immature and mature dystrophic rats. Mol Cell Neurosci,
2000; 16(3): 197-205

. Armstrong RJ, Watts C, Svendsen CN et al: Survival, neuronal differ-

entiation, and fiber outgrowth of propagated human neural precur-
sor grafts in an animal model of Huntington’s disease. Cell Transplant,
2000; 9(1): 55-64

. Shekelle PG, Woolf SH, Eccles M, Grimshaw J: Clinical guidelines: de-

veloping guidelines. BMJ, 1999; 318(7183): 593-96

. Savary E, Hugnot JP, Chassigneux Y et al: Distinct population of hair

cell progenitors can be isolated from the postnatal mouse cochlea us-
ing side population analysis. Stem Cells, 2006; [Epub ahead of print]

. Sakamoto T, Nakagawa T, Endo T et al: Fates of mouse embryonic stem

cells transplanted into the inner ears of adult mice and embryonic chick-
ens. Acta Otolaryngol Suppl, 2004; 551: 48-52

Hildebrand MS, Dahl HH, Hardman ] et al: Survival of partially differ-
entiated mouse embryonic stem cells in the scala media of the guinea
pig cochlea. J Assoc Res Otolaryngol, 2005; 6(4): 341-54

. Coleman B, Hardman J, Coco A et al: Fate of embryonic stem cells trans-

planted into the deafened mammalian cochlea. Cell Transplant, 2006;
15(5): 369-80

Tsue TT, Watling DL, Weisleder P et al: Identification of hair cell pro-
genitors and intermitotic migration of their nuclei in the normal and
regenerating avian inner ear. | Neurosci, 1994; 14(1): 140-52

Girod DA, Duckert LG, Rubel EW: Possible precursors of regenerat-

ed hair cells in the avian cochlea following acoustic trauma. Hear Res,
1989; 42(2-3): 175-94

. Presson JC, Popper AN: Possible precursors to new hair cells, support

cells, and Schwann cells in the ear of a post-embryonic fish. Hear Res,
1990; 46(1-2): 9-21

Presson JC: Immunocytochemical reactivities of precursor cells and
their progeny in the ear of a cichlid fish. Hear Res, 1994; 80(1): 1-9

. Li H, Liu H, Heller S: Pluripotent stem cells from the adult mouse in-

ner ear. Nat Med, 2003; 9(10): 1293-99. Epub 2003 Aug 31

Warchol ME, Lambert PR, Goldstein BJ et al: Regenerative prolifera-
tion in inner ear sensory epithelia from adult guinea pigs and humans.
Science, 1993; 259(5101): 1619-22

Forge A, Li L, Corwin JT, Nevill G: Ultrastructural evidence for hair cell
regeneration in the mammalian inner ear. Science, 1993; 259(5101):
1616-19

. Yerukhimovich MV, Bai L, Chen DH et al: Identification and

Characterization of Mouse Cochlear Stem Cells. Dev Neurosci, 2007;
29(3): 251-60; [Epub ahead of print]

Wang Z, Jiang H, Yan Y et al: Characterization of proliferating cells from
newborn mouse cochleae. Neuroreport. 2006; 17(8): 767-71

Zhai S, Shi L, Wang BE et al: Isolation and culture of hair cell progen-
itors from postnatal rat cochleae. ] Neurobiol, 2005; 65(3): 282-93

Hakuba N, Hata R, Morizane I et al: Neural stem cells suppress the hear-
ing threshold shift caused by cochlear ischemia. Neuroreport, 2005;
16(14): 1545-49

Kojima K, Tamura S, Nishida AT, Ito J: Generation of inner ear hair cell
immunophenotypes from neurospheres obtained from fetal rat central
nervous system in vitro. Acta Otolaryngol Suppl, 2004; (551): 26-30
Hu Z, Wei D, Johansson CB et al: Survival and neural differentiation

of adult neural stem cells transplanted into the mature inner ear. Exp
Cell Res, 2005; 302(1): 40-47

47.

48.

49.

60.

61.

62.

63.

64.

66.

67.

68.

69.

7

—

7

o

Ito J: Regeneration of the auditory pathway. Nippon Rinsho, 2003; 61(3):
469-74 [Article in Japanese/Abstract]

Ito J, Kojima K, Kawaguchi S: Survival of neural stem cells in the co-
chlea. Acta Otolaryngol, 2001; 121(2): 140-42
Tamura T, Nakagawa T, Iguchi F et al: Transplantation of neural stem

cells into the modiolus of mouse cochleae injured by cisplatin. Acta
Otolaryngol Suppl, 2004; (551): 65-68

50. Lang H, Ebihara Y, Schmiedt RA et al: Contribution of bone marrow

hematopoietic stem cells to adult mouse inner ear: mesenchymal cells
and fibrocytes. ] Comp Neurol, 2006; 496(2): 187-201

. Mezey E: Bone marrow and brain: unexpected allies or accidental ac-

quaintances? Stem Cell Rev, 2005; 1(1): 15-19

. Crain BJ, Tran SD, Mezey E: Transplanted human bone marrow cells

generate new brain cells. ] Neurol Sci, 2005; 233(1-2): 121-23. Epub
2005 Apr 21

. Mezey E, Key S, Vogelsang G et al: Transplanted bone marrow generates

new neurons in human brains. Proc Natl Acad Sci USA, 2003; 100(3):
1364-69. Epub 2003 Jan 21

. Mezey E, Chandross KJ, Harta G et al: Turning blood into brain: cells

bearing neuronal antigens generated in vivo from bone marrow. Science,
2000; 290(5497): 1779-82

. Naito Y, Nakamura T, Nakagawa T et al: Transplantation of bone mar-

row stromal cells into the cochlea of chinchillas. Neuroreport, 2004;
15(1): 1-4

. Kelley MW: Hair cell development: Commitment through differentia-

tion. Brain Res. 2006; 1091(1): 172-85

. Parker SB, Fichele G, Zhang P et al: pb3-independent expression of

21Cipl in muscle and other terminally differentiating cells. Science,
1995; 267(5200): 1024-27

. Chen P, Zindy F, Abdala C et al: Progressive hearing loss in mice lack-

ing the cyclin-dependent kinase inhibitor Ink4d. Nat Cell Biol, 2003;
5(5): 422-26

. Chen P, Segil N: p27(Kipl) links cell proliferation to morphogenesis in

the developing organ of Corti. Development, 1999; 126(8): 1581-90
LeeYS, Liu F, Segil N: A morphogenetic wave of p27Kip1 transcription
directs cell cycle exit during organ of Corti development. Development.
2006; 133(15): 2817-26. Epub 2006 Jun 21

Lowenheim H, Furness DN, Kil J et al: Gene disruption of p27(Kip1)
allows cell proliferation in the postnatal and adult organ of corti. Proc
Natl Acad Sci USA, 1999; 96(7): 4084-88

White PM, Doetzlhofer A, Lee YS et al: Mammalian cochlear support-
ing cells can divide and trans-differentiate into hair cells. Nature, 2006;
441(7096): 984-87

Hawkins RD, Lovett M: The developmental genetics of auditory hair
cells. Hum Mol Genet, 2004; 13(2): R289-96

Kiernan AE, Pelling AL, Leung KK et al: Sox2 is required for sensory or-

gan development in the mammalian inner ear. Nature. 2005; 434(7036):
1031-35

. Zheng JL, Gao WQ: Overexpression of Math1 induces robust produc-

tion of extra hair cells in postnatal rat inner ears. Nat Neurosci, 2000;
3(6): 580-86

Bermingham NA, Hassan BA, Price SD et al: Math1: an essential gene
for the generation of inner ear hair cells. Science, 1999; 284(5421):
1837-41

Woods C, Montcouquiol M, Kelley MW: Math1 regulates development
of the sensory epithelium in the mammalian cochlea. Nat Neurosci,
2004; 7(12): 1310-18. Epub 2004 Nov 7

Chen P, Johnson JE, Zogbi HY, Segil N: The role of Math1 in inner ear
development: Uncoupling the establishment of the sensory primordi-
um from hair cell fate determination. Development, 2002; 129(10):
2495-505

Lanford PJ, Shailam R, Norton CR et al: Expression of Mathl and
HES?5 in the cochleae of wildtype and Jag2 mutant mice. J Assoc Res
Otolaryngol, 2000; 1(2): 161-71

. Zine A, Aubert A, Qiu ] et al: Hes1 and Hesb activities are required for

the normal development of the hair cells in the mammalian inner ear.
J Neurosci, 2001; 21(13): 4712-20

. Zheng JL, Shou J, Guillemot F et al: Hesl is a negative regulator of inner

ear hair cell differentiation. Development, 2000; 127(21): 4551-60

. Jones JM, Montcouquiol M, Dabdoub A et al: Inhibitors of differenti-

ation and DNA binding (Ids) regulate Math1 and hair cell formation
during the development of the organ of Corti. ] Neurosci, 2006; 26(2):
550-58

RA124



Med Sci Monit, 2008; 14(8): RA114-125

Vlastarakos PV et al - Auditory genetics in stem cell transplantation

73

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

foe}
~

88.

89.

90.

91.

92,

93.

. Kurooka H, Yokota Y: Nucleo-cytoplasmic shuttling of Id2, a negative
regulator of basic helix-loop-helix transcription factors. J Biol Chem,
2005; 280(6): 4313-20. Epub 2004 Nov 24

Artavanis-Tsakonas S, Rand MD, Lake RJ: Notch signaling: cell fate con-
trol and signal integration in development. Science, 1999; 284(5415):
770-76

Zine A: Molecular mechanisms that regulate auditory hair-cell differenti-
ation in the mammalian cochlea. Mol Neurobiol, 2003; 27(2): 223-38

Murata ], Tokunaga A, Okano H, Kubo T: Mapping of notch activation
during cochlear development in mice: implications for determination
of prosensory domain and cell fate diversification. ] Comp Neurol, 2006;
497(3): 502-18

Zine A, Van De Water TR, de Ribaupierre F: Notch signaling regulates the
pattern of auditory hair cell differentiation in mammals. Development,
2000; 127(15): 3373-83

Kiernan AE, Xu ], Gridley T: The Notch ligand JAGI is required for
sensory progenitor development in the mammalian inner ear. PLoS
Genet, 2006; 2(1): e4. Epub 2006 Jan 13

Morrison A, Hodgetts C, Gossler A et al: Expression of Deltal and
Serratel (Jaggedl) in the mouse inner ear. Mech Dev, 1999; 84(1-2):
169-72

Adam J, Myat A, Le Roux I et al: Cell fate choices and the expression
of Notch, Delta and Serrate homologues in the chick inner ear: par-
allels with Drosophila sense-organ development. Development, 1998;
125(23): 4645-54

Lanford PJ, Lan Y, Jiang R et al: Notch signaling pathway mediates hair
cell development in mammalian cochlea. Nat Genet, 1999; 21(3): 289—
92

Itoh M, Kim CH, Palardy G et al: Mind bomb is a ubiquitin ligase that
is essential for efficient activation of Notch signaling by Delta. Dev Cell,
2003; 4(1): 67-82

Kiernan AE, Cordes R, Konan R et al: The Notch ligands DLL1 and
JAG2 act synergistically to regulate hair cell development in the mam-
malian inner ear. Development, 2005; 132(19): 4353-62. Epub 2005
Sep 1

Ohtsuka T, Ishibashi M, Gradwohl G et al: Hes1 and Hes5 as notch ef-
fectors in mammalian neuronal differentiation. EMBO ], 1999; 18(8):
2196-207

Li H, Corrales C, Wang Z et al: BMP4 signaling is involved in the gen-
eration of inner ear sensory epithelia. BMC Dev Biol, 2005; 5: 16

Blawkamp MN, Beyer LA, Kahara L et al: The role of bone morphoge-
netic protein 4 in inner ear development and function. Hear Res, 2006
Dec 28; [Epub ahead of print]

. Montcouquiol M, Kelley MW: Planar and vertical signals control cellular
differentiation and patterning in the mammalian cochlea. ] Neurosci,
2003; 23(28): 9469-78

Oh SH, Johnson R, Wu DK: Differential expression of bone morpho-
genetic proteins in the developing vestibular and auditory sensory or-
gans. | Neurosci, 1996; 16(20): 6463-75

Pujades C, Kamaid A, Alsina B, Giraldez F: BMP-signaling regulates
the generation of hair-cells. Dev Biol, 2006; 292(1): 55-67. Epub 2006
Feb 3

Liem KF Jr, Jessel TM, Briscoe J: Regulation of the neural patterning
activity of sonic hedgehog by secreted BMP inhibitors expressed by no-
tochord and somites. Development, 2000; 127(22): 4855-66

Zhao Y, Wang Y, Wang Z et al: Sonic hedgehog promotes mouse in-
ner ear progenitor cell proliferation and hair cell generation in vitro.
Neuroreport, 2006; 17(2): 121-24

Pirvola U, Ylikoski J, Trokovic R et al: FGFR1 is required for the de-
velopment of the auditory sensory epithelium. Neuron, 2002; 35(4):
671-80

Pirvola U, Zhang X, Mantela J et al: Fgf9 signaling regulates inner ear
morphogenesis through epithelial-mesenchymal interactions. Dev Biol,
2004; 273(2): 350-60

94.

95.

96.

=}
~1

98.

99.

100.

10

—

102.

103.

104.

105.

106.

107.

108.

109.

Pauley S, Wright TJ, Pirvola U et al: Expression and function of FGF10 in
mammalian inner ear development. Dev Dyn, 2003; 227(2): 203-15
Pirvola U, Spencer-Dene B, Xing-Qun L et al: FGF/FGFR-2(IIIb) signal-
ing is essential for inner ear morphogenesis. ] Neurosci, 2000; 20(16):
6125-34

Mueller KL, Jacques BE, Kelley MW: Fibroblast growth factor signal-

ing regulates pillar cell development in the organ of corti. ] Neurosci,
2002; 22(21): 9368-77

. Hayashi T, Cunningham D, Bermingham-McDonogh O: Loss of Fgfr3

leads to excess hair cell development in the mouse organ of Corti. Dev
Dyn, 2007; 236(2): 525-33
Bermingham-McDonogh O, Stone JS, Reh TA, Rubel EW: FGFR3 ex-

pression during development and regeneration of the chick inner ear
sensory epithelia. Dev Biol, 2001; 238(2): 247-59

Oesterle EC, Bhave SA, Coltrera MD: Basic fibroblast growth factor in-
hibits cell proliferation in cultured avian inner ear sensory epithelia. ]
Comp Neurol, 2000; 424(2): 307-26

Keithley EM, Erkman L, Bennet T et al: Effects of a hair cell transcrip-
tion factor, Brn-3.1, gene deletion on homozygous and heterozygous

mouse cochleas in adulthood and aging. Hear Res, 1999; 134(1-2):
71-76

. Xiang M, Gan L, Li D et al: Essential role of POU-domain factor Brn-

3c in auditory and vestibular hair cell development. Proc Natl Acad Sci
USA, 1997; 94(17): 9445-50

Erkman L, McEvilly R, Luo L et al: Role of transcription factors Brn-3.1
and Brn-3.2 in auditory and visual system development. Nature, 1996;
381(6583): 603-6

Clough RL, Sud R, Davis-Silberman N et al: Brn-3¢ (POU4F3) regulates
BDNF and NT-3 promoter activity. Biochem Biophys Res Commun, 2004;
324(1): 372-81

Ernfors P, Duan ML, EIShamy WM, Canlon B: Protection of audito-
ry neurons from aminoglycoside toxicity by neurotrophin-3. Nat Med,
1996; 2(4): 463-67

Xiang M, Maklad A, Pirvola U, Fritzsch B: Brn3c null mutant mice show

long-term, incomplete retention of some afferent inner ear innervation.
BMC Neurosci, 2003; 4(1): 2

Hertzano R, Montcouquiol M, Rashi-Elkeles S et al: Transcription pro-
filing of inner ears from Pou4f3(ddl/ddl) identifies Gfil as a target of
the Pou4f3 deafness gene. Hum Mol Genet, 2004; 13(18): 2143-53.
Epub 2004 Jul 14

Fiolka K, Hertzano R, Vassen L et al: Gfil and Gfilb act equivalently in
haematopoiesis, but have distinct, non-overlapping functions in inner
ear development. EMBO Rep, 2006; 7(3): 326-33. Epub 2006 Jan 6

Wallis D, Hamblen M, Zhou Y et al: The zinc finger transcription fac-
tor Gfil, implicated in lymphomagenesis, is required for inner ear hair
cell differentiation and survival. Development, 2003; 130(1): 221-32

Li S, Price SM, Cahill H et al: Hearing loss caused by progressive de-
generation of cochlear hair cells in mice deficient for the Barhll ho-
meobox gene. Development, 2002; 129(14): 3523-32

110. Jagger D], Forge A: Compartmentalized and signal-selective gap junction-

11

—

112.

113.

114.

al coupling in the hearing cochlea. ] Neurosci, 2006; 26(4): 1260-68

. Nickel R, Becker D, Forge A: Molecular and functional characteriza-

tion of gap junctions in the avian inner ear. ] Neurosci, 2006; 26(23):
6190-99
Cohen-Salmon M, Ott T, Michel V, et al. Targeted ablation of connex-

in26 in the inner ear epithelial gap junction network causes hearing
impairment and cell death. Curr Biol, 2002; 12(13): 1106-11

Kudo T, Kure S, Ikeda K et al: Transgenic expression of a dominant-neg-
ative connexin26 causes degeneration of the organ of Corti and non-
syndromic deafness. Hum Mol Genet, 2003; 12(9): 995-1004

Teubner B, Michel V, Pesch J et al: Connexin30 (Gjb6)-deficiency causes
severe hearing impairment and lack of endocochlear potential. Hum
Mol Genet, 2003; 12(1): 13-21

RA125




}
>
o

.......

iu ol f e el b Disciplis
eadel

At by vt Karpstfl

e rem Pty ] Aot

bl vl g
g R mahalt

o Scientists networking & collaboration

o Online Research Team

o Scientists profiles

o Individual career monitor

o Personalized information delivery

o Information intergration:
literature/grants/patents/jobs

Index Copernicus International Plc.

International Office: 415 Madison Ave., 14th Floor, New York , NY 10017, U.S.A.
INDEX @ COPERNICUS phone +1(646) 673-8415, fax +1 (646) 673-8414

European Office: Ustrzycka 11, 01-141 Warsaw, Poland

phone +48 (0)22 868 1265, fax +48 (0)22 868 1273
e-mail: office@IndexCopernicus.com




