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Protection of auditory receptors and neurons:
Evidence for interactive damage
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The complex architecture of the inner
ear, aptly named the labyrinth by early

anatomists, houses the senses of both
hearing and balance. The cochlea distrib-
utes pressure variations derived from
sound along the length of its coils, in a
frequency-dependent manner. As these
variations in fluid pressure move the basi-
lar membrane that divides the cochlea
longitudinally, they deform the stereocilia
of sensory cells known as hair cells in the
attached epithelium. After amplification
of basilar membrane motion by the me-
chanically active outer hair cells, the inner
hair cells convert the stimulus into neuro-
nal impulses via afferent synapses with the
dendrites of primary auditory neurons.
The hair cells and neurons are the most
vulnerable elements in the cochlea, and
damage to them is the most common
cause of permanent hearing loss (Fig. 1).
The paper by Duan et al. (1) in this issue
of PNAS advances the possibility, emerg-
ing over the past few years, that damage to
hair cells and neurons can be prevented.
Moreover, it does so in a surprising and
unexpected manner.

Sensorineural hearing loss (SNHL) can
result from a variety of causes, including
genetic disorders, infectious disease, over-
exposure to intense sound, and certain
drugs. By far the most prevalent cause of
the loss of sensorineural elements from
the cochlea is aging, and many individuals
experience noticeable difficulty with hear-
ing later in life. Mild SNHL can produce
difficulty in extracting signals from noise,
as in the ‘‘cocktail party effect.’’ At the
other end of the spectrum is severe deaf-
ness, which can produce devastating
isolation.

Hearing loss caused by sensorineural
damage has been recognized for over a
century, and experiments to understand
the phenomenon dates from the early
1900s. This research and clinical experi-
ence has shown that SNHL is often pro-
gressive, and always irreversible. Cochlear
hair cells of mammals, unlike those of fish
and birds, do not regenerate. Moreover,
even mild-to-moderate SNHL cannot be
restored to normal with amplification.

This is because SNHL causes significant
distortion of neuronal output from the
cochlea, in addition to loss of sensitivity.

Until recently, damage to cochlear hair
cells and neurons has been regarded as an
inevitable consequence of genetic condi-
tions, age, or exposure to certain environ-
mental stimuli. This made avoidance of
potentially harmful stimuli the primary
means of protecting sensorineural struc-
tures and, consequently, hearing. Unfor-
tunately, many causes of SNHL, including
age and genetics, cannot be avoided. In
addition, despite decades of research, the
underlying mechanisms responsible for
damage to auditory hair cells and neurons
remained largely obscure.

During the past several years, however,
significant progress in understanding
SNHL has been made. Intracellular events
that mediate aspects of damage to hair
cells have been discovered. For example,
production of free radicals has been found
to be an important factor (see, e.g., ref. 2).
Moreover, the death of hair cells appears
to occur via an apoptotic process (3).
These observations have led to the dem-
onstration that hair cell loss caused by
various potentially damaging stimuli can
be prevented by the application of endog-
enous substances that interfere with the
mechanism leading to cell damage, or that
interfere in apoptotic processes (see, e.g.,
refs. 4–6). It has also been shown that hair
cells can be protected from damage by the
exposure to certain non-neurotrophic
growth factors (7, 8), indicating that hair
cells can be influenced by the activation of
the same cell survival programs that op-
erate in other tissues.

With respect to cochlear neurons, swell-
ing of the spiral ganglion dendrites be-
cause of intense noise and ischemia had
been noted for decades, as was the fact
that hair cell loss can lead to anterograde
degeneration of primary auditory neu-
rons, with little or no understanding of the
underlying mechanisms. However, by the
early 1990s, it became clear that neuro-
transmission between the hair cell and the
spiral ganglion neuron was mediated by
glutamate receptors (9, 10) and that den-

dritic damage could be ameliorated by
glutamate antagonists (11). In a separate
series of significant advances, it was found
that hair cells produce neurotrophins and
other neuronal survival factors (12), and
that absence of these factors can result in
anterograde degeneration of primary sen-
sory neurons (13, 14). This in turn led to
the demonstration that neuronal loss, sec-
ondary to hair cell loss, could be reduced
by administration of neurotrophins (see,
e.g., ref. 15).

The observations of Duan et al. (1) add
significantly to these prior findings. In one
experiment, they found that the NMDA
receptor antagonist MK801 provides
modest protection of hearing from noise

See companion article on page 7597.
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Fig. 1. Scanning electron micrographs of the
normal (a) and damaged (b) cochlear sensory
epithelium. In the normal cochlea, the stereocilia
of a single row of inner hair cells (IHCs) and three
rows of outer hair cells (OHCs) are present in an
orderly array. In the damaged cochlea, hair cells are
missing, and stereocilia are abnormal, leading to
hearing loss. Duan et al. (1) present data indicating
that hair cell damage can be prevented by protect-
ing the postsynaptic structures of their associated
sensory neurons. (Micrographs are courtesy of Eliz-
abeth M. Keithley.)
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or the ototoxic antibiotic amikacin. This
observation resembles the previous work
of Basile et al. (16), who observed protec-
tion of both hair cells and spiral ganglion
neurons from ototoxicity by glutamate
antagonists. Duan et al. then combined
MK801 with the neurotrophin NT-3. The
authors perfused the guinea pig cochlea
with a dosage of amikacin that produces
near-total loss of hair cells, 90% loss of
primary neurons, and severe (.70 dB)
deafness. Perfusion of NT-3 and MK801
in combination with amikacin resulted in
protection of approximately 50% of hair
cells, and all cochlear neurons. Moreover,
by preserving hearing to within about 20
dB of preamikacin thresholds, the authors
maintained their animals close to the nor-
mal range of hearing sensitivity. Although
the protection achieved by Duan et al. is
impressive, some other investigators have
obtained similar levels. It is the manner in
which such protection was achieved that is
intriguing.

The data of Duan et al. (1) demonstrate
a strong protective interaction between
MK801 and NT-3. With respect to spiral
ganglion neurons, this interaction might
well be expected because protective fac-
tors often act synergistically. However,
NT-3 alone has little or no effect on hair
cell loss caused by amikacin (15), not
surprising because these sensory cells do
not appear to express receptors for neu-
rotrophins (12). Therefore, the striking
synergy of protection produced in combi-
nation with MK801 is both unexpected
and revealing. This finding suggests that
protection of spiral ganglion neurons can
be beneficial to hair cells and, conversely,
that damage to spiral ganglion neurons
may be deleterious to hair cells. Neuronal
damage may in fact amplify the effects of
stimuli that damage hair cells. Such trans-
cellular damage cannot be the sole means
of hair cell injury because hair cells can be
damaged by ototoxins in culture without
neurons present (7). However, the data of
Duan et al. (1) suggest that a process
involving cochlear neurons may make a
substantial contribution to hair cell dam-
age in vivo.

Because hair cells survive quite well
without spiral ganglion neurons, for ex-
ample, in organotypic culture (7), neurons
presumably do not supply trophic factors
that are required for hair cell survival.
Moreover, cochlear excitotoxicity alone,
produced by kainate, does not appear to
damage hair cells (17). Thus, transcellular
injury of hair cells, of the nature implied
by data of Duan et al. (1), is presumably
specific to postsynaptic excitotoxicity in
combination with an insult to hair cells.
What process might mediate this potenti-
ation of hair cell damage is not directly
addressed by Duan et al. (1). However,
they suggest the second messenger nitric
oxide (NO) as a potential candidate. Al-
though they present no direct evidence,
NO is known to be generated in excito-
toxicity (18), the dendrites of spiral gan-
glion neurons are richly endowed with NO
synthase (19), and NO readily diffuses
between cells, which all argue in support
of this possibility. Future experiments will
be required to test the hypothesis. How-
ever, regardless of mechanism, the poten-
tial for damage to postsynaptic structures
to in turn damage hair cells provides an
additional target for hair cell pharmaco-
therapy.

It should be noted that there are poten-
tial alternative explanations for the obser-
vations of Duan et al. (1). There is little
evidence to suggest the presence of either
NMDA or neurotrophin receptors on hair
cells. However, as Duan et al. note, it is
possible that a small number of receptors
that have a disproportionate effect on hair
cell survival have been overlooked. An-
other possibility is direct physical interac-
tion of NT-3 andyor MK801 with amika-
cin before their contact with the hair cell.
Duan et al. found that amikacin lost none
of its bactericidal effect in the presence of
these two factors but, because the ototoxic
and bactericidal effects may be separate,
this possibility cannot be ruled out.

As noted above, the results of Duan et
al. (1) are the latest in a series of studies
demonstrating that damage to sensory
cells and neurons can be ameliorated by
intervention in a variety of biological

pathways. Although Duan et al. achieved a
high degree of protection, we can be con-
fident that improved amelioration of co-
chlear sensorineural damage can be
achieved. This will be based on a more
thorough understanding of the cellular
basis for damage to these cells. Continuing
and rapid advances in cell signaling within
and between cochlear cells should drive
this process.

Several hurdles must be overcome be-
fore the application of protective strate-
gies similar to those used by Duan et al. (1)
can be applied to humans. Individuals
receiving ototoxic drugs for the treatment
of life-threatening illnesses are ideal can-
didates for protection of sensorineural
structures mediated by systemic or local
delivery of protectants. Moreover, strate-
gies and devices for delivery to the cochlea
are under active development. However,
the agents used must be safe as well as
efficacious. Germane to this issue, there is
evidence that the antioxidant and iron
chelating effects of salicylate can attenu-
ate aminoglycside ototoxicity (20). It is
also possible that protection effective for
the acute exposure to ototoxins typically
used in animal experiments such as the
Duan et al. study might not be effective for
the longer-term exposures often required
for patients. Finally, developing protec-
tion that might benefit even more chronic
causes of hearing loss, such as aging or
late-onset inherited deafness, may be even
more challenging. However, vector-based
(8, 21) and germ-line (22) gene therapy
have been shown to provide protection of
both hair cells and auditory neurons in
animals and have the potential for long-
term delivery of protective substances.
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