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Abstract

Degeneration of spiral ganglion neurons (SGNs) and hair cells in the cochlea induced by aging,
injury, ototoxic drugs, acoustic trauma, and various diseases is the major cause of hearing loss.
Discovery of growth factors that can either prevent SGN and hair-cell death or stimulate hair-cell
regeneration would be of great interest. Studies over the past several years have provided evi-
dence that specific neurotrophins are potent survival factors for SGNs and protect these neurons
from ototoxic drugs in vitro and in vivo. Current research focuses more on understanding the
mechanism of hair-cell regeneration/differentiation and identification of growth factors that can
stimulate hair-cell regeneration. SGNs are required to relay the signal to the central nervous sys-
tem even when a cochlear implant is used to replace hair-cell function or in the case that cochlear
sensory epithelium can be stimulated to regenerate new hair cells successfully. Therefore, neu-
rotrophins may have their therapeutic value in prevention and treatment of hearing impairment.

Index Entries: Neurotrophin; spiral ganglion neurons, auditory, ototoxicity, hearing impair-
ment; hair cells; regeneration; cochlear implant; immortalized cell line.

Introduction

Hearing loss is among the most common
neurological deficits. The majority of hearing
loss is attributable to damage to the peripheral
auditory system. This system is composed of
two key components: spiral ganglion neurons
(SGNs), which are the primary auditory neu-
rons, and hair cells, which are the auditory
receptor cells in the organ of Corti. Whereas the
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hair cells convert sound into electrical signals,
the SGNs deliver signals from the periphery to
the brain through the cochlear nerve. Damage
or loss of either the SGNs or the hair cells can
block the auditory-signaling pathway and lead
to hearing impairments. In general, hearing
loss can be caused by aging, loud sound, thera-
peutic drugs, chemicals, mechanical injury,
infections, tumors, and genetic diseases. Some
sensorineural hearing impairments result from
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SGN degeneration, some are caused by hair cell
loss, and others are attributable to damage to
both SGNs and hair cells. Because hearing
impairment is a serious handicap affecting mil-
lions of people in the world, any agent that can
protect SGNs and/or hair cells from damage
would be highly beneficial.

Neurotrophins are good candidate molecules
for prevention of SGN-loss-mediated hearing
impairments because they have been inten-
sively demonstrated to regulate neuronal differ-
entiation and survival during development
(Korsching, 1993; Gao et al., 1995b), and to pro-
tect neurons from injury and neurotoxicity of
certain chemicals in adults (for example, Hefti,
1986; Gao et al., 1995a). Indeed, because of their
profound trophic effects on the nervous system,
specific neurotrophins are currently in clinical
trials for some neurodegenerative diseases (see a
recent review by Gao et al., 1997). The mam-
malian neurotrophin family contains four mem-
bers: nerve-growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin-3
(NT-3), and neurotrophin-4/5 (NT-4/5). Each of
the neurotrophins has a specific high-affinity
functional receptor, a member of the trk family
(Barbacid, 1993; Snider, 1994). For example,
NGF specifically signals through trkA, BDNF,
and NT-4/5 through trkB, and NT-3 selectively
activates trkC. All of the neurotrophins also
bind to the NGF low-affinity receptor, p75
(Chao, 1994). Although the exact function of
p75 is still not well-known, recent studies in-
dicate that the binding of NGF to p75 can
enhance the trkA-mediated signal transduction
pathway (Davies et al., 1993a; Clary and Reich-
ardt, 1994; Verdi et al., 1994) or induce apopto-
sis when the neurons do not express trkA
(Casaccia-Bonnefil et al., 1996; Cortazzo et al,,
1996; Frade et al., 1996).

In the auditory system, in situ hybridization
studies have revealed the expression of neu-
rotrophins in hair cells and neurotrophin recep-
tors, trkB, trkC, and p75, in SGNs (Pirvola et al.,
1992; Ylikoski et al., 1993; Pirvola et al., 1994;
Schecterson and Bothwell, 1994; Wheeler et al.,
1994; Zheng et al., 1995). Furthermore, analyses
of BDNF/ NT-3 and trkB/trkC knockout mice
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indicate a substantial loss of SGNs (see a recent
review by Fritzsch et al., 1997b). These observa-
tions together provide strong evidence for the
idea that neurotrophins can be retrogradely
transported from hair cells to the SGNs to influ-
ence the survival and maintenance of SGNs in
normal, physiological situations and opens the
possibility that exogenously applied neu-
rotrophins could promote SGN survival and
enhance neuronal function following acoustic
trauma and ototoxic insults.

This article will describe in vitro and in vivo
assay systems that have been used to identify
SGN and hair-cell survival factors and review
data emphasizing neuroprotection by specific
neurotrophins. This article will also briefly
provide an overview of studies on hair-cell
regeneration/differentiation. In addition, the
potential methods of delivering neurotrophins
and/or other growth factors into the cochlea
for treatment of hearing loss will be discussed.

Use of In Vitro Culture Systems
to Screen for SGN and Hair-Cell
Survival Factors

The cochlea is a complicated bony structure,
and performing in vivo studies to screen for
SGN and hair-cell growth factors is difficult
and has a low throughput. The establishment
of dissociated SGN-cell culture has provided a
more accessible system (Lefebvre et al., 1994;
Zheng et al., 1995). The SGN-cell culture can be
done by dissociating the spiral ganglion tissue
into single-cell suspension following enzymatic
digestion and placing these cells in culture
dishes in serum-free medium. Under these
culture conditions, the survival of SGNs is
poor. Identification of survival factors can be
achieved by inclusion of a particular testing
molecule in the culture medium and examina-
tion of the increased number of SGNs in the
culture. However, the dissociated SGN-cell cul-
ture does not allow one to screen for hair-cell-
growth factors. Development of organotypic
culture of postnatal rat cochlear explants solves
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this problem because it contains intact hair cells
and maintains the afferent neuronal innervation
(Sobkowicz et al., 1975; Kelley et al., 1993;
Rastel et al., 1993; Zheng and Gao, 1996). The
organotypic culture of cochlear explants has
now proven to be useful for understanding the
mechanism for actions of ototoxins (Richardson
and Russell, 1991; Zheng and Gao, 1996), to dis-
cover protective agents for SGNs and hair cells
(Richardson and Russell, 1991; Zheng and Gao,
1996), and to search for hair-cell growth factors
(Kelley et al., 1993; Lefebvre et al., 1993; Chardin
and Romand, 1995).

Recently a novel, rapid method of organ-
otypic culturing of postnatal cochlear explants
in a three-dimensional (3-D) collagen matrix in
well-defined, serum-free medium has been
developed (Zheng and Gao, 1996), without
using a previously reported Maximov slide
assembly (Sobkowicz et al., 1975) or a floating-
drop method (Rastel et al., 1993). Embedding
the cochlear explants in the 3-D collagen and
culturing them in serum-free medium can
keep the tissue unfolded and limit prolifer-
ation and migration of nonneuronal cells.
Laminar architecture of the explant is well-
maintained in the culture (Fig. 1A,B). Using
double histochemical labeling with a mono-
clonal antibody against neurofilament protein
and a phalloidin-FITC conjugate (Rastel et al.,
1993; Zheng and Gao, 1996), surviving SGNs
and hair cells in the cochlear explants can be
easily identified in the explants (see Fig. 1).
Whereas the neurofilament antibody stains the
SGNs and their peripheral projections to the
hair-cell region (Fig. 1D), the phalloidin labels
the surviving hair cells in the organ of Corti
(Fig. 1C).

Specific Neurotrophins Promote
the Survival of SGNs and Protect
Them from Ototoxic Drugs
in Cultures

In a series of experiments designed to screen
for molecules that promote the survival of
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SGNs (Zheng et al., 1995), a panel of growth
factors that have been reported to promote cell
survival in the nervous system have been
tested in the SGN-dissociated cell culture.
These experiments clearly demonstrate that
inclusion of NT-4/5 in the cultures greatly
enhances the survival of cultured SGNs. The
survival-promoting effect of NT-4/5 is dose-
dependent with a maximal activity at a range
of 10-20 ng/mL. NT-4/5 is as potent as BDNE,
but stronger than NT-3. NGF and other growth
factors examined include epidermal growth
factor (EGF), fibroblast growth factor-2 (FGF-
2), transforming growth factor-p1 (TGF-B1),
TGF-B2, TGF-B3, and TGF-B5 do not show any
survival effects on cultured SGNs. The sur-
vival effects of BDNF and NT-3 are also
observed in the SGN cultures prepared from
adult rats (Lefebvre et al., 1994).

Clinically, there are generally four classes of
therapeutic ototoxins: salicylates such as as-
pirin, aminoglycosides such as gentamicin,
chemotherapeutic agents such as cisplatin, and
diuretic drugs such as ethacrynic acid. To
determine if these ototoxins can induce degen-
eration of SGNs and hair cells in the culture,
my colleague and I (Zheng and Gao, 1996)
have extended our work from the dissociated
SGN-cell culture to the organotypic culture of
cochlear explants by addition of each of three
classes of ototoxins (sodium salicylate, gen-
tamicin, and cisplatin) in the culture medium.
These experiments yield some novel findings
regarding the toxic actions of sodium salicy-
late, gentamicin, and cisplatin. Whereas gen-
tamicin preferentially kills hair cells, sodium
salicylate specifically damages auditory neu-
rons without apparent damage to hair cells.
Cisplatin, however, induces degeneration of
both auditory neurons and hair cells with a
more profound damage to SGNs at low con-
centrations. Whereas most previous studies
tend to emphasize toxic effects on hair cells by
these agents, the observations obtained in the
organ culture suggest that some of the ototoxic
insults could directly damage SGNs (Zheng
and Gao, 1996). Consistent with the work on
dissociated SGN-cell cultures (Zheng et al.,
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Fig. 1. Organotypic culture of cochlear explants provides a good assay for identification of SGN and hair-cell
growth factors. (A, B) Nomarski micrographs of cochlear explants dissected from P3 rats and grown for 2 d in
vitro at low and high magnifications, respectively. (C, D) Fluorescence microscopy shows phalloidin staining of
stereociliary bundles of hair cells and neurofilament antibody labeling of SGNs in cochlear explants cultured
for 4 d, respectively. Note that the cultured cochlear explants maintained normal laminar structures including
the spiral ganglion, one row of inner hair cells, three rows of outer hair cells (C), and the neuronal projections
to the hair cells in the organ of Corti (D). Abbreviation: SG, spiral ganglion; hc, hair cells. Bar, 200 um for A, 50

um for B, C, and D.

1995), when specific neurotrophins are in-
cluded along with one of the ototoxins, SGN
degeneration is either completely prevented or
ameliorated (Zheng and Gao, 1996). NT-4/5
and BDNF show equivalent potency and are
stronger than NT-3. NGF does not show any
protective effects. Other growth factors ex-
amined include EGF, FGF-2, FGF-5, FGF-7,
insulin-like growth factor-1 (IGF-1), platelet-
derived growth factor (PDGF), TGF-a, TGF-B1,
TGF-B2, TGF-B3, TGF-B5, or retinoic acid all
failed to show any protective effects on SGNs
or hair cells in the organ culture. These obser-
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vations are mainly quantified by analyses of
the density of neurofilament-antibody-stained
SGN peripheral projections and phalloidin-
labeled hair cells in the whole mount cochlear
explant tissues. In addition, these results are
confirmed and validated with total cell counts
of surviving SGN cell bodies in serial cryostat
sections of the cultured cochlear explants
(Zheng and Gao, 1996). Representative exam-
ples of the cryostat sections of the cochlear
explant cultures are shown in Fig. 2: the preser-
vation of SGNs in the cultures cotreated with
cisplatin and NT-4/5 is evident, based on the
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neurofilament-antibody labeling. The protec-
tive effects of exogenous NT-4/5, BDNF, and
NT-3 but not NGF on SGNs are apparently
attributable to the fact that SGNs express trkB
and trkC, but not trkA.

In Vivo Effects of Specific
Neurotrophins

Several laboratories have conducted experi-
ments to determine the neuroprotective effects
of neurotrophins by introducing NT-3 and
BDNF into the cochlea using osmotic mini-
pumps (Ernfors et al., 1996; Staecker et al.,
1996; Miller et al., 1997). In all cases, systemic
treatment with a combination of an aminogly-
coside (either kanamycin or amikacin) and a
diuretic drug (ethacrynic acid) in guinea pigs
can completely destroy all cochlear hair cells
and lead to a significant or nearly complete
loss of SGNs. Cotreatment with NT-3 or BDNF
in these guinea pigs can greatly attenuate the
loss of SGNs and result in a large preservation
of SGNs. Whereas one group shows that NT-3
is either stronger or as potent as BDNF in pre-
venting SGNs from death caused by aminogly-
coside insult (Staecker et al., 1996), the other
group reports that BDNF is more effective than
NT-3 in the same animal model (Miller et al.,
1997). The latter observation is in agreement
with in vitro data. In addition, minipump infu-
sion of NGF into the cochlea has also been
reported to have protective effects on auditory
nerve against neomycin-induced neuronal de-
generation (Schindler et al., 1995). In any case,
these in vivo results reinforce the idea that
specific neurotrophins may be useful in pre-
venting auditory neuronal loss induced by oto-
toxins and injury.

Hair-Cell Survival and Hair-Cell
Regeneration/Differentiation

Although both in vitro and in vivo studies
demonstrate clearly that specific neurotrophins
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have strong protective effects on SGNs, they do
not protect hair cells from the ototoxins. Con-
sistent with these findings, whereas there is a
dramatic loss of SGNs in transgenic mice in
which genes encoding for neurotrophins and
their receptors are deleted, hair cell number is
unchanged (Ernfors et al., 1995; Fritzsch et al.,
1995; Minichiello et al., 1995; Bianchi et al,,
1996; Fritzsch et al., 1997a). Although minor
abnormality of vestibular hair-cell morphology
and thickness of the cochlear and vestibular
sensory epithelia are reported in BDNF/NT-3
and trkB/trkC double mutant mice, respec-
tively, in earlier studies (Ernfors et al., 1995;
Minichiello et al., 1995), more recently others
have not found these deficits and observed nor-
mally maturing hair cells without any afferent
or efferent innervation in these-mutant animals
(Fritzsch et al., 1997c). These results together
suggest that neurotrophins are not crucial for
the survival and differentiation of hair cells. In
addition, none of the many presently known
growth factors shows protective effects on hair
cells in the study done in my laboratory (Zheng
and Gao, 1996). However, others have reported
that at a relatively low concentration of neo-
mycin, FGF-2 significantly protects hair cells
from neomycin damage in vitro (Low et al,
1996). In the latter study, TGF-a and retinoic
acid also showed a moderate protective effect
on hair cells. Moreover, glial-derived neuro-
trophic factor (GDNF) is recently reported in
abstract form to protect hair cells from ototox-
ins or acoustic trauma in guinea pig models
(Magal et al., 1997; Shoiji et al., 1997).

Since both hair cells and SGNs are critical for
delivery of the auditory signals to the central
nervous system, the lost hair cells need to be
replaced for effective recovery of hearing loss.
Recent studies suggest that although the fre-
quency is relatively low, mammalian inner ears
have the capacity to regenerate new hair cells
following ototoxic insults (Forge et al., 1993;
Warchol et al., 1993; Yamane et al., 1995; Zheng
and Gao, 1997). These studies represent an ex-
tension of earlier work on avian and lower ver-
tebrate inner ears. Over the past several years,
accumulating evidence has indicated that
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Fig. 2. Typical examples of neurofilament immunostained sections of a normal cochlear explant culture (A),
a culture treated with 4 pg/mL cisplatin (B), and a culture cotreated with 4 pg/mL cisplatin and 20 ng/mL NT-
4/5. (continued)

supporting cells in the inner ear are most likely 1996). Following noise or aminoglycoside in-
hair-cell progenitors (Corwin and Cotanche, sults, significant proliferation of supporting
1988; Ryals and Rubel, 1988; Balak et al., 1990; cells is observed in the avian inner-ear epi-
Weisleder and Rubel, 1992; Jones and Corwin, thelium (Hashino et al., 1992; Raphael, 1992;
1996; Stone et al., 1996; Warchol and Corwin, Hashino and Salvi, 1993; Stone and Cotanche,
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Fig. 2. Continued (C). The explant cultures were prepared from middle turns of postnatal day 3 rat cochleae.
Note that cisplatin induced a massive loss of SGNs and NT-4/5 greatly prevented it from happening. Some of
the peripheral projections of SGNs could not be seen in panel C because of a tilted cutting angle. Bar, 100 um.

1994). Experiments using DNA synthesis trac-
ers indicate that some new hair cells derive
from the dividing cells (Corwin and Cotanche,
1988; Ryals and Rubel, 1988; Weisleder and
Rubel, 1992; Warchol et al., 1993; Yamane et al.,
1995; Stone et al., 1996; Zheng and Gao, 1997).
Because the proliferation of supporting cells
is an early step during the hair-cell regeneration
process, efforts have been made over the past 4
yr to identify supporting-cell mitogens. These
studies are done with a belief that supporting-
cell mitogens may potentially facilitate hair-cell
regeneration processes and eventually be used
as agents for treatment of hearing impairments
(Fig. 3). Toward this end, inner-ear organ cul-
tures (Warchol et al., 1993; Lambert, 1994; Yam-
ashita and Oesterle, 1995) and pure inner-ear
epithelial cell cultures that contain only sup-
porting cells and hair cells (Gu et al., 1996;
Zheng et al., 1997a) have been established. Stud-
ies using these types of cultures have identified
several growth factors as supporting-cell mito-
gens. These include epidermal EGF, TGF-o,, sev-
eral FGF family members, IGF-1, IGF-2, and
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human-glial growth factor (hGGF) (Lambert,
1994; Yamashita and Oesterle, 1995; Gu et al.,
1996; Oesterle et al., 1997; Zheng et al., 1997a).
However, whether these growth factors can
directly stimulate hair-cell regeneration still
remains to be determined.

Because hair-cell regeneration might replicate
the process of hair-cell differentiation, it is
important to understand the mechanism of the
initial hair-cell differentiation during normal
development (Fig. 3). Recent studies have iden-
tified some specific genes such as transcription-
factor genes involved in mammalian hair-cell
differentiation (Ryan, 1997). In particular, a
POU domain transcription factor, Brn3.1, plays
an important role at the initial differentiation
step of hair cells. When this gene is knocked
out, hair-cell differentiation fails (Erkman et al.,
1996). Several other genes, such as bone mor-
phogenic proteins (BMPs), appear to be in-
volved in early development and formation of
inner-ear structures (Oh et al., 1996; Wu and Oh,
1996; Whitfield et al., 1997). Lateral inhibition
mediated by notch-notch ligand interaction is
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Fig. 3. A schematic drawing of therapeutic roles of various growth factors, specific genes, and cochlear
implants in treatment of hearing loss. Note that survival of SGNs, which can be promoted by specific neu-
rotrophins, is crucial for relaying the auditory signals from normal hair cells, cochlear implants, or regenerated
hair cells, to the brain. Studies on hair-cell regeneration/differentiation have discovered several mitogens for
supporting cell proliferation and demonstrated involvement of a few genes in hair-cell differentiation. Future
studies are needed to identify molecules that can directly stimulate regeneration of new hair cells following
hair-cell loss caused by injury. A combination of specific neurotrophins and cochlear implants or hair-cell
growth factors would be more competent for recovery of hearing function.

likely to play a part in cell fate determination
and hair-cell differentiation following terminal
mitosis of hair-cell progenitors (Lewis, 1991;
Lanford et al., 1997; Lewis et al., 1997; Whitfield
et al., 1997). Combined with previous tritiated
thymidine hair-cell birth date studies (Ruben,
1967; Sans and Chat, 1982), a developmental
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time course of hair-cell development has been
outlined for both cochlear (Kelley et al., 1993)
and vestibular systems (Zheng and Gao, 1997).
It has now been clearly demonstrated that
expression of specific calcium-binding proteins
coincides well with the initial hair-cell differen-
tiation and these calcium-binding proteins can
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be used as hair-cell markers for future hair-cell
survival and regeneration studies (Zheng and
Gao, 1997).

Another approach related to hair-cell re-
placement therapy is to conditionally estab-
lish immortalized inner-ear supporting-cell
lines and hair-cell lines. Using the immorto-
mouse that carries the large T-antigen onco-
gene in every cell, conditionally immortalized
cells have been generated from inner-ear tis-
sues. Some of the immortalized cells derived
from the E15 cochlea exhibit hair-cell features,
although they are not successfully subcloned
(Holley and Lawlor, 1997; Holley et al., 1997).
Several cell lines derived from either postna-
tal cochlea or embryonic otocysts have been
subcloned, and some of them display neuron-
like features but none of the cell lines show
hair-cell phenotypes (Kalinec et al., 199¢;
Barald et al., 1997). With a slightly different
approach, my laboratory has established utri-
cular epithelial-cell lines by transferring the
tsA58 allele of the SV40 large T-antigen onco-
gene (Gao and Hatten, 1994) into neonatal rat
utricular supporting cells using retrovirus
(Zheng et al., 1997b). These established cell
lines are stably maintained and exhibit many
features similar to primary utricular support-
ing cells (Zheng et al., 1997b). They grow in
patches and assume a polygonal morphology.
These cells express epithelial cell markers, but
not fibroblast, glial, or neuronal antigens.
More promising is the finding that these cells
can assume a morphological differentiation
when cultured in serum free medium at non-
permissive temperature in the presence of
bFGF. Under these conditions, the cells shrink
in size, become elongated, and even express
early hair-cell markers such as calretinin and
calmodulin (Zheng and Gao, 1997), although
stereociliary bundles, a phenotype for mature
hair cells, are not formed in the cultures. The
established epithelial-cell line may potentially
be useful for hair-cell differentiation/regener-
ation studies and for possible replacement of
lost hair cells by implantation of these cells
back to the inner ear epithelium.
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Combination Therapy by Using
Neurotrophins Together
with Hair-Cell Growth Factors
or Cochlear Implants

Stimulating hair-cell regeneration by growth
factors, or by using the conditionally immor-
talized inner ear cells that might differentiate
into hair cells, may be a way to replace the lost
hair cells following acoustic trauma or ototoxic
damage. However, hair-cell regeneration takes
time and SGNs may die before the lost hair
cells are replaced. Therefore, neurotrophins
will likely be necessary for prevention of SGN
death following injury.

Similarly cochlear implants, which bypass
hair-cell function by electrical stimulation of
the SGNs, have proven clinically effective in a
number of patients, but survival of a critical
number of the SGNs are required for the
implanted electrodes to function appropriately
(Fig. 3). Neurotrophins have been shown not
only to exert neurotrophic effects but also neu-
rotropic effects (Song et al., 1997). Application
of neurotrophins prior to or at the time of
cochlear implant surgery may not only prevent
the SGNs from death, but also attract the
remaining SGN peripheral terminals to grow
to implanted electrodes by promoting neurite
outgrowth, which would enhance the efficacy
of cochlear implants. Thus, it is expected that
before discovery of hair-cell regeneration
growth factors, the first application of neu-
rotrophins in the cochlea could be in combina-
tion with cochlear implants (see below).

Methods for Delivering
Neurotrophins or Other Growth
Factors into the Cochlea

The use of neurotrophins as therapeutic mol-
ecules is a novel and sound approach to neuro-
degenerative disorders with a strong scientific
rationale and experimental data. As summa-
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rized in a recent review article (Gao et al.,
1997), some of the neurotrophins are currently
in clinical trials. For example, NGF is in clinical
trials for treatment of diabetic neuropathy. For
the peripheral nervous system, systemic
administration such as subcutaneous injections
is appropriate as the nerve terminals can access
and retrogradely transport the neurotrophins
to the neuronal cell body. However, delivery of
neurotrophins into the brain has been a critical
issue because neurotrophins are proteins that
cannot pass through the blood-brain barrier.
For treatment of hearing loss, on one hand, the
cochlea is similar to the peripheral nervous
system and does not have the blood-brain bar-
rier. A preliminary study from my laboratory
suggests that proteins are capable of reaching
the cochlea after systemic administration
(unpublished observations). On the other
hand, in order to have sufficient amounts of
neurotrophins reach the cochlea through sys-
temic administration, high dose is required,
which could potentially induce undesired side
effects. As a solution to this problem, local
application of neurotrophins appears to be an
alternative way to deliver neurotrophins into
the inner ear. Indeed, several studies have
demonstrated that osmotic minipumps can
successfully deliver neurotrophins to the scala
tympani of the cochlea. In guinea pig models
of hair-cell degeneration, minipump infusion
of neurotrophins have preserved SGNs follow-
ing aminoglycoside insults (Schindler et al.,
1995; Ernfors et al., 1996; Staecker et al., 1996;
Miller et al., 1997). One shortcoming of this
method is, however, that it requires surgical
opening of the inner ear, risking perilymphatic
infection during the course of minipump infu-
sion. An alternative way is to apply a piece of
gelfoam that has been presoaked with a high
concentration of neurotrophins to the round-
window membrane. Preliminary studies in my
laboratory indicate that gelfoam soaked with a
10,000-fold or higher concentration of a protein
placed on the round-window membrane can
allow the molecule to passively diffuse into the
cochlear perilymph down the concentration
gradient. A major advantage of this method is
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that surgery in the middle ear is relatively less
invasive and does not directly disturb the peri-
lymph in the inner ear.

As mentioned above, an attractive possibility
would be to combine neurotrophin delivery to
the cochlea with cochlear-implant surgery. With
a neurotrophin present at the site of implanted
electrodes, the peripheral terminals of remain-
ing SGNs may be attracted to grow toward and
terminate in close proximity to the implanted
electrodes because of the neurotrophin’s possi-
ble tropic effect. Once the cochlear implant is in
effect, the remaining neurons can be maintained
because of the electric stimulation (Leake et al.,
1992), which can upregulate the endogenous
neurotrophin (Victoria et al., 1997). Since the
cochlear implant is already established clini-
cally, this combination therapy does not require
additional surgery. Thus, new cochlear-implant
devices allowing application of neurotrophins
at the time of cochlear-implant surgery need to
be developed and are theoretically expected to
have better efficacy.

Utilization of viral vectors and genetically
engineered cells is another way to introduce
neurotrophins to the cochlea. Initial experi-
ments have used herpes simplex virus and ade-
novirus in experimental settings (Geschwind et
al., 1996; Dazert et al., 1997). In vitro viral trans-
duction of the spiral-ganglion explants with a
specific neurotrophin gene can successfully
lead to an enhanced SGN survival (Geschwind
et al., 1996). Lalwani et al. (1996) have also
shown that in vivo, expression of a reporter
gene in the cochlear is achieved by using
adeno-associated viral infection. Similar viral-
gene transfer has been conducted with a repli-
cation-deficient adenoviral vector in guinea
pigs (Raphael et al., 1996). The latter two stud-
ies suggest that efficient viral-gene transfer into
multiple types of cochlear cells in vivo can be
achieved without apparent morphological
signs of pathology or toxicity. However, viral
infections may still risk a possibility of some
unpredictable adverse effects such as tumorige-
nesis and overgrowth of nonneural tissues.
Using polymer capsules that hold genetically
engineered neurotrophin-producing cells, but
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allow proteins to come out the capsule, may be
a better method for this type of gene therapy
(Hoffman et al., 1990; Hoffman et al., 1993).

One potential, but less invasive way to
deliver neurotrophins or other molecules to the
cochlea is by injection through the tympanic
membrane (Magal et al., 1997). In treatment of
some severe middle-ear infections, penetration
of the tympanic membrane with a thin needle is
clinically practiced, and the tympanic mem-
brane is capable of sealing itself afterwards.
However, the exact amount of neurotrophins
that can successfully reach the cochlear peri-
lymph with the middle-ear injection may vary
because the injected neurotrophin might leak
away through the Eustachian tube into the nose
and mouth instead of passing the oval and
round windows into the inner ear. Further
studies evaluating this method need to be done
before it can be considered for use in human
patients.

Finally, an even less invasive potential
method is to identify small molecules that can
upregulate neurotrophic activity in spiral gan-
glion in vivo. For example, systemic adminis-
tration of GM1 ganglionside can significantly
ameliorate the atrophy of spiral-ganglion neu-
rons in mice with conductive hearing loss,
presumably through enhancing endogenous
growth-factor activity in spiral ganglion
(Walsh and Webster, 1994).

Conclusions

Compelling evidence indicates that specific
neurotrophins promote survival of SGNs and
protect them from ototoxins. This evidence is
obtained by experiments performed not only
in vitro including dissociated SGN-cell cul-
tures and organotypic cultures of cochlear
explants, but also in mammalian animal mod-
els. Cochlear implant has been effective in a
number of patients with profound hearing loss
and its efficacy is likely dependent upon its
capacity to stimulate the peripheral terminal of
the remaining SGNs which relay the signals
produced by the cochlear implants to the cen-
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tral nervous system. Studies of hair-cell regen-
eration/differentiation and the influence of
growth factors on the survival and regenera-
tion of hair cells following injury are promising
for possible hair-cell renewal and recovery. It is
predicted that a combination of specific neu-
rotrophins with cochlear implant or hair-cell
growth factors would eventually be beneficial
for those suffering from hearing loss (see Fig. 3).
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