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Physiologic status of regenerated hair cells in the
avian inner ear following

aminoglycoside ototoxicity
DEBARA L. TUCCI, MD, and EDWIN W RUBEL, PhD, Charlottesville, Virginia, and Seattle, Washington

Regeneration of avlan inner ear halr cells has been demonstrated after administration
of aminogilycoside and after acoustic trauma. However, no published study to date
has documented functional recovery of these regenerated sensory receptor cells. New-
born chicks were treated with gentamicin sulfate (50 mg/kg/day) for a total of either
§ (n = 10) or 10 (n = 76) days. Evoked potential threshoids were obtained one day after
the 5-day treatment, or at intervals between one day and 20 weeks after the 10-day
freatment course, and compared to thresholds of age-mafched control animals. A
significant hearing loss, predominantly in the high frequencies, was present affer as
few as § days of drug administration. The magnitude of hearing loss continued to
increase, especially at lower frequencies, as survival increased from 1 day to 5 weeks
after gentamicin treatment. Sixteen-to-20 weeks after treatment, partial recovery of
thresholds was evident. These findings demonstrate that functional recovery does occur
in the avian Inner ear following aminoglycoside administration. Recovery occurs at all
frequencies, but predominantly at low and middie frequencies, leaving significant
residual high-frequency threshold elevation. Recovery lags 14 to 18 weeks behind an-
atomic evidence of hair cell regeneration, which was demonstrated In one study by
2 weeks after comparable administration of gentamicin. (OTOLARYNGOL HEAD NECK SURG

1990;103:443))

In mammals, damage to inner ear sensory hair cells
by ototoxic drugs, noise exposure, or as a consequence
of advancing age is believed to be, with few exceptions,
permanent. Structural damage is associated with per-
manent sensorineural hearing loss. However, the lit-
erature does contain reports of recovery from certain
injuries.
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Moffat and Ramsden' reported partial recovery in
one patient, beginning 3 weeks after gentamicin treat-
ment. Continued improvement was demonstrated (by
45 dB in the lowest frequencies) at 8 months after
therapy. Winkel et al.,” in a prospective study of 20
patients receiving gentamicin, demonstrated ototoxicity
in half. These deficits, which were primarily cochlear,
were fully reversible in four patients. In a large
prospective study, Fee® reported recovery (amount
not defined) in 55% of patients with aminoglycoside-
associated hearing loss. Recovery occurred between
1 week and 6 months after cessation of therapy, and
was noted to be more likely to occur in patients with
an initial mild hearing loss.

Despite these reports in the literature, animal studies
have failed to demonstrate recovery of auditory function
after administration of aminoglycosides. A possible
mechanism for recovery was suggested by Cruz et al.*
They evaluated hair cell number in the basilar papilla,
or cochlea, of the chick inner ear at various ages after
administration of 50 mg/kg of gentamicin sulfate daily
for a total of 10 days. Light microscopic examination
of these basilar papillae revealed a 36% decrement in
hair cell number, with most extensive loss in the basal
50% of the structure. Over time, there was progressive

443


ewr
Typewritten Text

ewr
Typewritten Text

ewr
Typewritten Text

ewr
Typewritten Text

ewr
Typewritten Text

ewr
Typewritten Text

ewr
Typewritten Text

ewr
Typewritten Text

ewr
Typewritten Text
Otolaryngology-Head and Neck Surgery, 1990, 103: 443-450


444 TUCCI and RUBEL

NEWBORN CHICKS
(PH Day 1)
EXPERIMENTAL CONTROL
N=82 N=42
Gentamicin
50 mg/kg/d for:
5 Days 10 Days
N=10 OR N=72
EP Testing EP Testing
Survival: 1 Day Survival: 1 Day OR
1,2,3,4,5,
16 or 20 Weeks

Fig. 1. Experimental design.

involvement of more apical cells. However, by 2 weeks
after treatment, a significant increase in hair cell num-
ber was observed, with further improvement evident at
3 weeks.

Observation of the regenerative capacities of the
chick inner ear after noise exposure were made by
Cotanche®® in a series of experiments using scanning
electron microscopy (SEM). New or regenerated hair
cells were identified in the epithelium within 48 hours
after a 48-hour exposure period (1.5 kHz pure-tone at
20 dB SPL), and a nearly normal-appearing epithelium
was seen by 10 days after exposure. Corwin and
Cotanche’ confirmed these findings and extended them,
suggesting that supporting cells in the damaged region
become mitotically active, producing newly regener-
ated hair cells. Similar findings in the adult quail were
reported by Ryals and Rubel.?

The finding that the chick inner ear has the capability
of producing new hair cells in response to injury nat-
urally leads to the question of functional restoration of
hearing. Complete restoration of hearing to normal sen-
sitivity is dependent on several conditions. The regen-
erated hair cells must be physiologically mature, they
must be innervated by appropriate axons, and the other
elements of the peripheral and the central auditory sys-
tem must be functional.

The present study was undertaken to answer two
questions. First, does functional recovery occur in the
chick auditory system after administration of genta-
micin? Second, what is the time course of the recovery?
On the basis of the study by Cruz et al.,* we expected
that recovery would occur and that this would take place
as regenerated hair cells appeared, 2 to 3 weeks after
cessation of drug therapy.

METHODS

Subjects for this study were 124 newly hatched
chickens (Hubbard X Hubbard). Experimental ani-
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Table 1. Groups of subjects

No. of days
gent. received/
time after gent.

No. of subjects

injection Experimental Control

5/1 day 10 5 -
10/1 day 10 5
10/1 week 10 5
10/2 weeks 10 5
10/3 weeks 10 5
10/4 weeks 8 5
10/5 weeks 9 5
10/16 weeks 5 2
10/20 weeks 11 5

gent., gentamicin.

mals (n = 82) received one subcutaneous injection of
gentamicin sulfate, 50 mg/kg daily for five (n = 10)
or 10 (n = 72) days (Fig. 1). Control animals
(n = 42) received no injections, and were raised and
tested with experimental animals. In previous studies
from our laboratory,* control animals receiving vehicle
injections have shown no differences in hair cell counts
from uninjected controls. No deaths attributable to the
drug administration occurred, although body weight of
the drug-treated chicks was substantially reduced (by
almost 50%) as compared with age-matched controls
by 5 weeks after injections.

The ten animals receiving only 5 days of gentamicin
were all tested the day after drug treatment was com-
pleted. This experimental group (5—1 day) was included
to determine how rapidly drug administration produces
hearing loss. In the 72 animals that received the full
10 days of gentamicin, evoked potential hearing thresh-
olds were measured at a variety of times after drug
administration. Testing was carried out either 1 day
after treatment (10-1 day), or 1, 2, 3, 4, 5, 16 or 20
weeks after gentamicin injections. Experimental groups
generally contained eight to 11 animals each, while age-
matched control groups typically contained five animals
(Table 1). Evoked potential thresholds were measured
for test frequencies ranging from 250 Hz to 4000 Hz,
and for a 5000-Hz stimulus in the older animals. Tone
bursts with 4-msec rise and decay times and 10-msec
total duration were delivered at a rate of 5 per second.
Stimuli were presented by a closed tube delivery system
and calibrated before each experiment via a probe tube
connection using a Knowles (BL 1830) microphone
(Knowles, Franklin Park, Ill.) The entire system was
calibrated using a Bruel and Kjaer 1/8-inch microphone
(Bruel & Kjaer, Marlborough, Mass.) and a Hewlett-
Packard (3561A) signal analyzer (Hewlett-Packard,
Sunnyvale, Calif.), so that all threshold data were re-
corded in dB sound pressure level (SPL).



Volume 103 Number 3

B

September 1990 1 Physiologic status of regeneréted hair cells fo‘llowlﬁg cmln@&bmide ototoxictly 445

i20 Q. 5-1 DAY . ] b. ‘ iO;IDAY
o0 111, t
Stea bttt bt
EAARRLIAANE ATTTTRS
120 C. o 1lwas:< o . d. o 2\;££kls o

~ 100] NI ¢t

2 e L + Lo 4
s : é

é .£§ @ } by t 6 f : # ﬁ t } t ot

g - — r
I e 3 WEEKS f 4 WEEKS
o 20 .

W Pt bt
I NI BT IR I EURAY
.E e i bl t ! : My bog g

. 201 ]
'Zo;g o s;vsz':' o -h. o 'IS-rZ'O'WEEI'(S o
- ’ ¢ -
Sttty ot
: b ?
f§§+*¢¢¢+* ?*Mg“*

¥ VI l T ¥ L
25 | 750 | 1300 | 3000

T T T . T Y
250 750 1500 3000 8000

FREQUENCY (Hz)

Fig. 2. Evoked botenﬁal thresholids in dB SPL, mean {one standard deviation) for experimental (filled
circles) and conifrol {open symbols] animals at survival infervals are shown. Control data are for five
1-day (operi friangies), combined ten 1-day fo ten 5-week inclusive (open circles), or for ten 16- o

20-week (open squares) groups.

Animals were prepared for testing after adequate an-
esthesia was induced by injection of Equithesin (1.5
mg/kg; intraperitoneally) and ketarnine hydrochloride
(80 mg/kg; intramuscularly). Anesthetics were supple-
mented throughout the recording session. Body tem-
perature was maintained at 39° C. The cartilagenous
portion of the external auditory canal on the test side

. (arbitrarily selected) was removed to facilitate place-

ment of the sound delivery tube. The tympanic mem-
brane was visualized under the microscope to ensure

that it was intact. After stabilization of the head in a
specially designed holder, pin electrodes (Grass Instru-
ment Co., Qumcy, Mass.) were implanted bilaterally
through the skull at a level just above the brainstem
auditory nuclei (active and reference electrodes) and
into the thigh muscle (ground electrode). Responses
were amplified, filtered (30- to 3000-Hz band pass),
digitized at a rate of 10 kHz, and averaged over 200
to 500 stimulus presentations by a PDP 11-73 computer
system.
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Fig. 3. Bar graph shows differences in mean threshold between experimental and age-matched

conirol animals at three survival intervals.

Thresholds were obtained to the nearest 5 dB by
identifying the lowest intensity of stimulation that
evoked a response of at least twice the amplitude of the
baseline variation. After thresholds had been measured
at all test frequencies, the first frequency threshold mea-
surement was repeated in order to assess reliability. On
repeat, 66% of thresholds were identical, 31% were
within 5 dB, and less than 3% demonstrated a' 10-dB
or greater change. Preparation and threshold measure-
ment typically required 2 to 3 hours per animal.

Threshold data were analyzed by mixed design
ANOVA using Statview 512. For each age group,
threshold data from experimental animals are compared
to appropriate control groups (see Results) with fre-
quency analyzed as a within-subject variable. Individ-
ual comparisons were carried out by the method of
Sheffe. In addition, data from control groups and ex-
perimental groups were analyzed in separate two-way
ANOVA designs, with age as a between-subject variable
and frequency as a within-subject parameter.

All experiments were carried out in strict adherence
to the standards of animal care as specified by the Na-
tional Institutes of Health (NIH publication No. 80-23,
revised 1978).

RESULTS

Control animals. It has been reported® that hearing
thresholds in the chick are adult-like at the time of
hatching. However, thresholds measured from control

animals at 6 days post-hatch (5-1 day) were on average
10 dB higher than those of animals tested at 11 days
(10-1 day) to 5 weeks after treatment. Thresholds mea-
sured at 16 to 20 weeks were significantly better than
those measured at 1 day to 5 weeks after injection
(p < 0.05). Because of these differences, the youngest
(5-1 day) and oldest (10-16 and 20 week) experi-
mental groups are compared with their own age-
matched controls. Thresholds of all other experimental
groups (10—1 week through 10-5 week; se¢ Table 1)
are compared, for each frequency, to the mean threshold

-of these age-matched control groups combined.

Experimental animals. Figure 2 shows the mean
evoked potential thresholds ( +one standard deviation)
for experimental and control animals at each age. Data
shown in Fig. 2, q are for animals tested 1 day after a
5-day course of gentamicin (5-1 day), and are com-
pared to age-matched controls. While a trend is appar-
ent in increased thresholds at the higher frequencies
tested, overall differences did not reach statistical sig-
nificance. However, there was a significant interaction
(p < 0.001) between age and frequency, indicating that
this increase in high-frequency threshold is statistically
reliable. Standard deviations are relatively large for this
experimental group, perhaps reflecting variability in the
onset of the drug-induced hearing loss.

A substantial hearing loss is evident 1 day after the
10-day course of gentamicin (10—1 day) and increases
over the ensuing 5 weeks (Figs. 2, b through g). At
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the earliest survival times, the hearing loss is most
evident at the highest frequencies, but spreads to in-
volve the low frequencies over time. By 4 weeks after
treatment, a significant low frequency hearing loss is
evident, and this increases by 5 weeks. ANOVA on each
age group revealed a significant effect of treatment (ex-
perimental vs. control) for each group, except at 6
days (all p’s < 0.001) and a significant frequency x
treatment interaction was found in all groups (all
p's < 0.001).

There were no reliable differences in thresholds be-
tween the 16- and 20-week groups; thus, those data
were combined for comparison with age-matched con-
trols (Fig. 2, k). In those groups, thresholds had de-
creased so that they were more nearly normal, partic-
ularly at the low frequencies. Residual hearing loss
remains evident in the high frequencies. Threshold de-
creases between the 5-week and 16- to 20-week groups
were statlstlcally reliable (F,, = 94.5; p < 0.001).

Fig. 3 shows elements of the same data presented as
threshold differences between three selected experi-
mental groups (2-week, 5-week, and 20-week). In each
case experimental groups are compared to age-matched
“controls. The pattern of hearing loss and recovery is
quite evident. After 2 weeks (white bar) some hearing
loss is evident in the low frequencies, but it is far more
substantial in the high frequencies, measuring approx-
imately 40 dB at 3000 Hz. Hearing loss at 5 weeks
(cross-hatch bar) is of considerably greater magnitude
at all frequencies tested, and reaches 50 dB at 3000
Hz. However, by 20 weeks after gentamicin treatment,
little hearing loss remains. The residual impairment is
less than 15 dB at frequencies below 3000 Hz. Inter-
estingly, a significant impairment remains at 3000 Hz
(30 dB), whereas at 4000 Hz and 5000 Hz relatively
less hearing loss is evident.

DISCUSSION

Inner ear sensory cells of the cochlea are present in
their full complement well before the time of birth in
the mouse,'® human,'! and the chick.'> While it is gen-
erally ‘stated that sensory neuroepithelia in birds and
mammals do not have the capacity to regenerate, there
is evidence to the contrary. Regeneration of olfactory
epithelium has been demonstrated after- degeneration in
a variety of animals, including the monkey."* Regen-

eration is most likely to occur when injury is followed

by incomplete degenerative changes. Totally damaged
epithelium is often not capable of repair.'* Moreover,
recently reported evidence suggests that the olfactory
epithelium undergoes continual replacement in re-
. sponse to environmental stimulation as evidenced by
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the fact that turnover decreases in cases of sensory
deprivation.”® A stem-cell population has. been identi-
fied that is capable of differentiation into several epi-
thelial cell types, including neural elements." '

Postembryonic production of inner ear sensory cells
has been demonstrated in fish and amphibians, and
found to occur through much of the lifetime of these
animals.'*" The newly supplemented sensory epithe-
lium is innervated by acoustic-vestibular terminals in a
topographic pattern in the skate and this arrangement
is thought to account, at least in part, for the 500-fold
increase in sensitivity over the first several of years of
life. Newly produced hair cells appear to attract ter-
minal branches of the ganglionic neurons, because more
than 80% are directed toward areas of new hair cell
production. The mechanism by which this trophic effect
occurs, however, is not presently understood. '

Cotanche® studied recovery of chick inner ear hair
cells after acoustic trauma. Chick cochleas were ex-
amined by scanning electron microscopy at intervals
after a 48-hour period of high-intensity sound exposure.
The damaged epithelium was noted to first show signs
of repair by 48 hours after sound exposure, with evi-
dence of newly formed hair cells. After 10 days the
epithelium exhibited a nearly normal appearance. Cruz
et al.* demonstrated by light microscopy an increase in
the number of hair cells present in the chick cochlea
after an initial decrement following gentamicin ototox-
icity. This finding argues against the possible interpre-
tation that hair cell redistribution or relocation is re-
sponsible for the reparative process noted in the co-
chlear epithelium.

Corwin and Cotanche’ and Ryals and Rubel® con-
firmed that the restoration of the hair cell population
resulted from proliferation and differentiation of new
cells. Tritiated thymidine was injected into chicks or
quail after noise exposure. Supporting cells, as well as

. hair cells, were found to be labelled, leading the authors

to hypothesize that the supporting cells, or an uniden-
tified stem-cell population, are induced to proliferate to
replace damaged hair cells and supporting cells. The
origin of these newly produced hair cells was investi-
gated in the chick by Girod et al.”” using DNA labelling
with tritiated thymidine at time points ranging up to 30
days after noise exposure. On the basis of patterns of
cell migration, proliferation, and differentiation ob-
served in this study, the authors hypothesized that a
population of histologically unique cells located at the
periphery of the sensory epithelium is responsible for
regeneration of both hair cells and supporting cells in
the adjacent inferior portion of the papilla. However,
the origin of the regenerated cells in the superior portion

A e
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of the papilla, which is removed from the proposed
stem-cell population, is less clear. It was suggested that,
in this region, supporting cells may serve as precursors
for both hair cells and supporting cells. Balak and
Corwin® also presented evidence that, after total hair
cell ablation by 1asér' in the salamander lateral line,
remaining supporting cells gave rise to both hair cells
and supporting cells.

Given that new hair cells are produced in the chick
cochlea, the question addressed in the present study
was: do these newly regenerated hair cells function
normally? First, we will discuss general characteristics
of the gentamicin-induced heanng loss, followed by a
discussion of functional recovery.

Onset of hearing loss after administration of genta-
micin was rapid, occurring in some animals after only
5 days of treatment, and in all animals after the 10-day
treatment course. Hearing loss measured at the earliest
survival times was predominantly at the highest fre-
quencies tested. Over time, the magnltude of the hear-
mg loss increased and lower-frequency involvement
was more pronounced. These findings correlate well
with the results reported by Cruz et al.* and others, that
aminoglycoside damage is initially most prominent in
the basal third of the cochlea, but spreads with time or
increased dosage to involve more apical cells. These
findings are also consistent with studies in human pa-
tients that report progressive aminoglycoside-related
hearing loss.?®

Functional recovery was identified in our experi-
mental animals by 16 to 20 weeks after the end of
gentamicin treatment. The length of time before recov-
ery was demonstrated was longer than expected, given
the evidence of an increase in hair cell number by 2
weeks after drug treatment.* This finding leads us to
the assumption that the regenerated hair cells, although
present soon after inner ear injury, are probably not
functional for some time. Delay of recovery may be
secondary to physiologic immaturity of the hair cells,
or to a lack of sufficient or appropriate neural connec-
tivity. Alternatively, it is possible that regenerated hair
cells are contributing to hearing quite eatly in the re-
covery process, but their contribution is “masked” by
the continuing deterjoration of hearing because of the
spread of ototoxicity. Experiments are currently un-
derway to distinguish between these alternatives.™

It is lmportant to note that, even at 20 weeks, func-
tional recovery is not complete, particularly at the high-
est frequencies examined. It is possible that recovery
would continue past the longest survival interval ex-
amined in this experiment, and that eventually complete
recovery would occur. Altematlvely, it is possible that
persistent deficits may remain in the cochlea or central
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auditory structures. Debate exists in the literature as to
whether neural elements are damaged primarily by
aminoglycosides, or if all observed damage is second-
ary to sensory cell loss.” One recent review favors the
latter' hypothesis.?® Additionally, second-order neurons
in nucleus magnocellulans of the chick have been noted
to undergo anatomic change after administration of
armnoglycos1de 73 Another possibility is that exten-
sive damage renders the ep1thehum incapable of total
regeneration. This is supported by the finding: that the
olfactory epithelium regenerates only after incomplete
injury.'* Also, Cotanche’® has observed that recovery
does not occur in the chick basilar papilla after acoustic
trauma of sufficient intensity to produce complete col-
lapse of the sensory epithelium.

Data obtained from a scanning electron microscopic
study of cochleas from our experimental animals (Girod
et al.”) support the previously discussed findings. Ex-
tensive damage is seen in the basal or proximal portion
of the cochlea in the chick immediately after a 5-day
course of gentamicin, and after 10 days virtually all of
the original hair cells in the basal portion have been
eliminated. Even at these early stages, newly regen-
erated immature hair cells can be identified. Over time,
as the epithelium is repaired at the proximal end, hair
cell loss spreads distally. This correlates well with the
finding of delayed low-frequency hearing loss. By 20
weeks after gentamicin treatment, cochleas from some
animals appear grossly normal, while changes persist
in others. These findings may help explain why hearing
loss persists at the highest frequencies. Basal damage
may be so extensive that the eplthehum is incapable of
complete repair.

Saunders and Tllney30 and Saunders and Coppa®
have reported changes in evoked potential thresholds in
chicks after acoustic trauma. Audiograms were obtained
after 1 hour and at intervals up to 10 days after exposure
to noise. The majority of recovery is evident in the first
24 hours, with almost full recovery by 10 days. Because
newly regenerated hair cells are present within this time
frame, it is conceivable that return to baseline thresh-
olds in this instance results from the newly regenerated
hair cells. However, this time course appears inconsis-
tent with the course of recovery in the present study.
Furthermore, anatomic studies reveal that the new hair
cells are extremely immature, and that there is disrup-
tion of the tectorial membrane in the immediate post-
exposure period.>¢ In these studies of acoustic trauma
in the chick, hair cell loss is incomplete; even in the
area of greatest damage, only one third to one half of
the cells are lost.3>** We believe the rapid recovery seen
in the first 24 to 72 hours after exposure to noise results
because of recovery of existing hair cells and recon-
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stitution of the tectorial membrane. This would, of
course, be very different from the mechanism respon-
sible for recovery from aminoglycoside ototoxicity, in
which there is nearly complete loss of hair cells in the
basal one fourth of the cochlea.

While the time course of recovery and the correlation
with anatomic observations suggest that regenerating
hair cells are largely responsible for the restoration of
hearing seen between 5 and 20 weeks, other factors
may also be contributing. Our recent data on evoked
otoacoustic emissions* suggest that hair cell function
precedes maturation of the receptoneural junctions nec-
essary for transmission of information to the central
nervous system. In addition, recovery of damaged but
viable hair cells may be contributing to this process.

Many questions remain unanswered. It would be in-
teresting to know if hearing recovery does become com-
plete after survival periods longer than 20 weeks. Sec-
ond, it has been suggested that although hearing thresh-
olds may return to normal after cochlear insult, certain
properties of the hair cells may be altered. McFadden
et al.>* suggest that hair cell tuning may be impaired
after noise exposure. The capabilities of the auditory
system for regeneration are probably limited, and it is
conceivable that a more severe insult or repeated insults
would not be followed by regeneration and functional
recovery.

The most important question is: what is the mecha-
nism by which a normally mitotically quiescent cell
population is induced to proliferate? It is through further
investigation into this question that hope exists for the

reversal of the otherwise permanent hearing impairment

that occurs in human beings as a consequence of a
variety cochlear insults.

The authors wish to thank Drs. Jeffery Corwin, Susan
Norton, and Douglas Girod for their helpful comments on an
earlier draft of this article, and Dr. Robert Cantrell for his
continual support and encouragement of this project.
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EDITOR'S COMMENT

Drs. Tucci and Rubel’s paper won an American
Academy of Otolaryngology—Head and Neck Surgery
Research Award in 1989. We are delighted to have the
opportunity to publish this work.

It is a long way from restoring hearing in chicks to
restoring hearing in patients; however, this is an exciting
area of research for Otolaryngology. The results of this
paper suggest that regenerated hair cells can form con-
nections with the central nervous system that will allow
hearing to be restored.





