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Regeneration of Sensory Hair Cells After

Acoustic Trauma

JErFREY T. CORWIN AND DoUGLAS A. COTANCHE

Any loss of cochlear hair cells has been presumed to result in a permanent hearing
deficit because the production of these cells normally ceases before birth. However,
after acoustic trauma, injured sensory cells in the mature cochlea of the chicken are
replaced. New cells appear to be produced by mitosis of supporting cells that survive at
the lesion site and do not divide in the absence of trauma. This trauma-induced
division of normally postmitotic cells may lead to recovery from profound hearing loss.

AIR CELLS ARE THE MECHANORE-

ceptors that transduce acoustic

stimuli into electrical activity in
the car. Discase, exposure to loud sound,
treatment with antibiotics, and processes
associated with aging can cause hair cells to
die, which results in a loss of hearing (1).
The hair cells in the cochleae of birds and
mammals are produced during the first two-
thirds of embryogenesis (2), and it has been
thought that any subsequent losses lead to
permanent deficits. However, in some fish
and amphibians hair cells are produced
throughout life and may contribute to self-
repair (3). Recently, we have found that
sound-induced damage resulting in the
complete loss of the stimulus-transducing
stereocilia bundles of hair cells in chickens
can be reversed by the growth of new
stereocilia bundles (4); this observation has
been confirmed by other investigators (5).
Counts of hair cells in histological sections
also have shown recovery after an amino-
glycoside was administered in chickens (6).
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These findings suggest that regeneration
dependent on the production of replace-
ment hair cells may occur in the avian
cochlea.

We have investigated the potential regen-
eration of hair cells by exposing small
groups of 9- to 13-day-old chickens to a
loud tone, sufficient to cause hair cell loss
(7). Since damage varies greatly with small
changes in sound intensity, one chicken
from each group was killed and the cochleae
were fixed immediately after the acoustic
treatment; only groups with moderate dam-
age were used. Other chickens from each
group were allowed to survive for 10 days
after the treatment and were administered
[*H]thymidine. This radioactive tracer is
incorporated into replicating DNA, allow-
ing cells that are mitotically active to be
identified later by autoradiography (7).

The crescent-shaped sensory epithelium
in the chicken cochlea contains a dense
population of hair cells, which have surface
stereocilia bundles that are stimulated by

sound in a high to low pitch gradient from
the proximal to the distal end. The other
cells in this epithelium are supporting cells,
which have microvilli-covered surfaces that
are normally interposed as thin lines be-
tween the hair cells (Fig. 1A).

When we exposed chickens to a tone of
1.5 kHz at 115- to 120-dB sound pressure
level (SPL) for 48 hours, lesions were pro-
duced at a consistent location in the proxi-
mal half of this epithelium (Fig. 1B). In ears
fixed immediately after sound exposure,
stereocilia bundles were missing in the le-
sioned area, and the surface was covered by
scattered cells that appeared to have been
extruded from the epithelium. Some cells
possessed stereocilia bundles that identified
them as hair cells. The positions that hair cell
surfaces normally would have occupied were
filled by the expanded surfaces of supporting
cells. During the 10 days after the treatment,
the lesioned area gradually returned to nor-
mal as stereocilia bundles reappeared, differ-
entiated, and grew larger, in a manner re-
sembling their embryogenesis (8), so that
the site of the lesion became almost indistin-
guishable from the same site in control
epithelium (4) (Fig. 1, C to F).

Autoradiographic localization of DNA
that incorporated the radioactive thymidine
demonstrated that the damage produced by
the acoustic treatment had stimulated mitot-
ic replication of cells. At the lesion site, the
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Fig. 1. Scanning electron
micrographs of regeneration
in the proximal part of the
cochlear sensory epithelium
of young chickens. (A) A
control ear, in which sound-
transducing stereocilia bun-
dles of hair cells appear as
white dots that are sur-
rounded by thin rings of
supporting cell microvilli.
(B) A corresponding region
located at a point approxi-
mately 30% of the distance
along the epithelium from
the proximal end in a coch-
lea fixed immediately after
48 hours of acoustic over-
stimulation at 1.5 kHz. Hair
cell stereocilia bundles are
missing in the area damaged
by the sound. Normal ster-
eocilia bundles surround the
lesion, which is marked by a
fold in the epithelium and
covered by spherical extrud-
ed hair cell bodies. (C) An
epithelium fixed 6 days after
acoustic trauma. Small ster-
eocilia bundles are present at
the site of the recovering

lesion. (D) An epithelium fixed 10 days after acoustic trauma; a nearly normal appearance has been
restored. (E) Bundles of reduced height project from hair cells in the recovering lesion from the
outlined area in (C). The expanded surfaces of supporting cells (between arrowheads) are flanked by
normal cell surfaces above and below. (F) A single hair cell surface from (E). Hair cells such as this, with
many microvilli adjacent to the stereocilia, normally are found only in embryos. Bar, 100 um in (A) to

(D), 10 pm in (E), and 2 pm in (F).

nuclei of both hair cells and supporting cells
were labeled by [*H]thymidine (Fig. 24A).
In contrast, neither cell type was labeled in
the undamaged regions of these experimen-
tal cochleae or in controls that received the
isotope without the acoustic stimulation,
even though thousands of those cells were
exposed to [*H]thymidine continually for 7
to 10 days (Fig. 2B).

Where did the new hair cells originate?
All the cells in the sensory epithelium of the
chicken cochlea become mitotically quies-
cent in the embryo, 3 weeks before the age
at which we exposed structurally mature
cochleae to acoustic trauma (9). However,
somie cells in the cochlea must retain a latent
capacity for proliferation that can be activat-
ed by trauma. Transmission electron micros-
copy has shown that hair cells are often
completely missing in these lesions immedi-
ately after trauma (4), and we suspect that
the labeled hair cells observed during the 10
days after treatment originated from divi-
sions of another type of cell and then differ-
entiated as hair cells.

Supporting cells are known to proliferate
during postembryonic life in fish and am-
phibians (3), and many supporting cells in
chickens survive at the lesion site. Spatial
correspondence in the peaks and valleys of
labeling in supporting cells and hair cells
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(Fig. 3) is consistent with the hypothesis
that regenerated hair cells originate from
mitotic divisions of supporting cells or some
unidentified latent stem cells that give rise to
both cell types. These divisions might pro-
duce progeny that can differentiate either as
supporting cells or as hair cells, when hair
cells have been lost. Studies of lateral line
hair cell epithelia suggested that supporting
cells could give rise to hair cells by transdif-
ferentiation of their progeny (10), and ex-
petiments in which microinjections of fluo-
rescent dextran were used to trace specific
cell clones supported this hypothesis (11).
Furthermore, new hair cells can be generat-
ed in lateral line epithelia in which all previ-
ously existing hair cells have been killed, and
these epithelia contain only supporting cells
10, 12).

Because hair cells attract growing neurites
(13), it is expected that replacement cells will
become innervated, but what is the likeli-
hood that they will restore hearing? Com-
pound action potentials have been recorded
from the auditory nerve and used to measure
hearing in young chickens after 48 hours of
acoustic stimulation at 0.9 kHz and 111-dB
SPL (14). A 50-dB loss of sensitivity at 0.9
kHz was measured after that treatment, but
sensitivity gradually returned until normal
hearing was restored at 10 days. This time

Flg. 2. Autoradiographs demonstrating new cell
production in a chickert cochlea exposed to
[*H]thymidine and fixed after 10 days of recovery
m acoustic overstimulation. (A) The nuclei of
three hair cells (HCs) (upper row) and five sup-
potting cells (SCs) (lower rows) are labeled by
silver grains, indicating that DNA replication
occurred at the level of thiis section through the
acoustic lesion and that mitotic production of
new hair cells underlies the regeneration seen in
Fig. 1. (B) A section from an undamaged region
of the same overstimulated cochlea. Here, and in
controls, the cells remain unlabeled and appear
postmitotic throughout normal postembryonic
life. We conclude that the mitotic activity demon-
strated in (A) is trauma induced in cells that
would otherwise remain quiescent. Bar, 10 pm.
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Fig. 3. The distributions of (A) all hair cells, (B)
labeled hair cells, and (€) labeled supporting cells
in transverse sections along a ea fixed 10
days after overstimulation. Labeled hair cells and
supporting cells were present along 450 pm of
the cochlea, but no epithelial cells were labeled
more proximally or distally.
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course corresponds well with the time
course of hair cell regeneration, so regenera-
tion may underlie the measured recovery of
hearing.

Ryals and Rubel have used cell counts and
thymidine labeling in experiments showing
that the ability to regenerate hair cells after
trauma persists even in reproductively ma-
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ture birds (15). The discovery of hair cell
regeneration, with replacements originating
from unidentified stem cells or cells that are
ordinarily postmitotic, suggests that the
possibility of self-repair after trauma should
not be ruled out in mammalian ears and
other neuroepithelial derivatives simply be-
cause their cells are mitotically quiescent in
normal postembryonic life.

REFERENCES AND NOTES

1. T.-J. Yoo, in Neurobiology of Hearing: The Cochlea,
R. A. Altschuler, D. W. Hoffman, R. P. Bobbin,
Eds. (Raven, New York, 1986), pp. 425-440; L. P.
Rybak, ibid., pp. 441-454; D. W. Nielsen and N.
Slepecky, ibid., pp. 23—-46; G. Bredberg, Acta Oto-
Laryngol. Suppl. 236, 1 (1968).

. R. J. Ruben, Acta Oto-Laryngol. Suppl. 220, 1
(1967); A. Katayama and J. T. Corwin, Soc. Neuro-
sci. Abstr. 12, 1048 (1986).

3. J. T. Corwin, J. Comp. Neurol. 201, 541 (1981);
ibid. 217, 345 (1983); Proc. Natl. Acad. Sci. USA.
82, 3911 (1985).

4. D. A. Cotanche, J. C. Saunders, L. G. Tilney, Assoc.
Res. Otolaryngol. Abstr. 9, 14 (1986); D. A. Co-
tanche, Hear. Res. 30, 181 (1987).

5. M. Makaretz, M. E. Schneider, J. C. Saunders, Assoc.

Res. Ovolaryngol. Abstr. 10, 117 (1987).

. R. M. Cruz, P. R. Lambert, E. W. Rubel, Arch.
Orolaryngol. 113, 1058 (1987).

7. Nineteen White Leghorn chickens in eight groups
of two to four individuals were placed in a small wire
cage with food and water and exposed to acoustic
overstimulation for 48 hours as described in the text
and'in (4). At the start of the stimulation the chicks
were 9 to 13 days old, ensuring that the cells in their
cochleae would have been mitotically quiescent for 3
weeks (9). Immediately after the stimulation one
chick from each group was overanesthetized and its
cochleae were fixed in 1% osmium tetroxide and
prepared for scanning electron microscopy (SEM)
by standard methods. Other cochleae were prepared
for SEM at 6, 8, and 10 days after overstimulation.
The remaining chicks received [methyl->H]thymi-
dine (ICN) by intramuscular injections of 1.5 uCi
per gram of body weight given three times each day
for 10 days (two chickens) or from two Alzet
minipumps which were implanted subcutaneously
while chicks were under anesthesia and which deliv-
ered isotope continuously at approximately 3 wCi
per gram of body weight per day. Two controls
received isotope but were not exposed to overstimu-
lation. All of the isotope-treated chickens were
maintained for 9 to 10 days after overstimulation
(after the start of the isotope treatment for controls),
then they were overanesthetized and their cochleae
were fixed in buffered 3% glutaraldehyde. Trans-
verse serial sections of paraffin- or epoxy-embedded
cochleae were mounted on microscope slides that
were later dipped in Kodak NTB2 liquid photo-
graphic emulsion and processed (3). A cell was
scored as labeled if four or more silver grains were
present above the nucleus.

8. D. A. Cotanche and K. K. Sulik, Dep. Brain Res. 16,
181 (1984); L. G. Tilney, M. S. Tilney, J. C.
Saunders, D. J. De Rosier, Dev. Biol. 116, 100
(1986).

9. A. Katayama and J. T. Corwin, Assoc. Res. Otolaryn-
gol. Abstr. 11, 56 (1988).

10. J. T. Corwin, in The Biology of Change in Otolaryn-
golggy, R. J. Ruben, T. R. Van De Water, E. W.
Rubel, Eds. (Elsevier, New York, 1986), pp. 291-
304.

11. K.J. Balak and J. T. Corwin, Assoc. Res. Otolaryngol.
Abstr. 11, 107 (1988); J. T. Corwin, K. J. Balak, P.
C. Borden, in Neurobiology and Evolution of the
Lateral Line System, S. Coombs, P. Gorner, H.
Munz, Eds. (Springer-Verlag, New York, in press).

12. K. J. Balak and J. T. Corwin, unpublished observa-
tion. :

13. T. R. Van De Water and R. J. Ruben, Acta Ozo-
Laryngol. 95, 470 (1983); J. T. Corwin, J. Comp.

(S

=

1774

Neurol. 239, 445 (1985).

14. J. C. Saunders and L. G. Tilney, in New Perspectives
on Notse-Induced Hearing Loss, R. P. Hamernik, D.
Henderson, R. Salvi, Eds. (Raven, New York,
1982), pp. 229-248; J. C. Saunders and N. Coppa,
in Contributions to Sensovinewral Hearing Loss, M. J.
Collins, T. J. Glattke, L. A. Harker, Eds. (Univ. of
Towa Press, Iowa City, 1986), pp. 29-58.

15. B. M. Ryals and E. W. Rubel, Science 240, 1774
(1988).

16. We thank P. Borden for technical assistance and K.

Balak, M. E. Bitterman, I. M. Cooke, F. C. Green-

wood, R. Hammer, S. Palumbi, and C. Womersley
for comments. Supported a Research Career
Development Award and grant NS§19061 from the
National Institute of Neurological and Communica-
tive Disorders and Stroke (J.T.C.), by a grant from
the Deafness Research Foundation (D.A.C.) and by
USPHS grant RCMI-RR03061 to the University of
Hawaii. A brief report of these findings authored by
J. T. Corwin and D. A. Cotanche is in Soc. Neurosci.
Abstr. 13, 539 (1987).

11 January 1988; accepted 15 April 1988

Hair Cell Regeneration After Acoustic Trauma in

Adult Coturnix Quail

BRENDA M. RyALs AND EDWIN W. RUBEL

Recovery of hair cells was studied at various times after acoustic trauma in adult quail.
An initial loss of hair cells recovered to within 5 percent of the original number of cells.
Tritium-labeled thymidine was injected after this acoustic trauma to determine if
mitosis played a role in recovery of hair cells. Within 10 days of acoustic trauma,
incorporation of [*H]thymidine was seen over the nuclei of hair cells and supporting
cells in the region of initial hair cell loss. Thus, hair cell regeneration can occur after

embryonic terminal mitosis.

ROLIFERATION, MIGRATION, AND

differentiation of sensory hair cells

occur embryonically or during early-
postnatal development in mammals and
birds. Once cell division ends, the capacity
to produce new cells is thought to be lost for
the duration of life, and hair cells that are
lost as a result of toxic or traumatic events
cannot be replaced. Certain bony fishes and
amphibians, however, can produce hair cells
throughout life and presumably replace any
that are lost as a result of trauma or aging
(1). In young birds, hair cell loss is reduced
over time after ototoxicity and acoustic trau-
ma (2), and stereocilia are replaced after
acoustic trauma (3). This evidence suggests
that the potential for hair cell regeneration
after trauma may exist in young birds. In
older birds (4) recovery of hair cell stereocil-
ia does not occur, suggesting that the recov-
ery process is age related and signifying that
there may be a critical period during which
recovery from acoustic trauma is possible.
Another consideration, however, is that
more extensive destruction of hair cells in
the-older birds renders the system incapable
of significant repair (5).

In our study the following questions were
addressed: (i) Is recovery from ototoxic
agents or acoustic trauma related to the age
at which acoustic overstimulation occurs or
is it related to the extent of the trauma? (ii)
How is the recovery taking place? Are new
cells regenerated to replace lost hair cells? In
the first experiment, we determined if recov-
ery of lost hair cells can occur in adult birds.
Sexually mature, adult quail (Coturnix co-

turnix) were continuously exposed for 12
hours to a 115-dB pure tone (6). Adult quail
were used to determine if recovery stemmed
from some process unique to early develop-
ment, and 115-dB stimulation was used to
optimize the probability of recovery. Surviv-
al time after acoustic trauma was varied from
0 to 60 days after exposure (7). At the
appropriate time the birds were killed and
their cochleae fixed, dissected free, osmicat-
ed, embedded in plastic, sectioned in the
transverse plane, and stained. The number
of hair cells extending across the basilar
membrane was counted at each 100-pm
interval from the basal to the apical end (8).

Ten days after the acoustic trauma the
number of hair cells had decreased markedly
(9) through the basal and middle portion of
the cochlea (Fig. 1). In the middle of the
cochlea as many as 70% of the hair cells
were lost. In birds exposed to the same
acoustic trauma but allowed to survive 30
days, hair cell loss was much less dramatic.
Thirty days after acoustic trauma, the posi-
tion of the maximum hair cell loss, at about
the middle of the cochlea, was similar to that
of the 10-day survival group, but the extent
had decreased from 70% to only about
31%. For birds allowed to survive a longer
time (60 days), there was evidence of a
continued progression toward a return to
the normal complement of hair cells. No
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