JOURNAL OF NEUROPHYSIOLOGY
Vol. 76, No. 2, August 1996. Printed in U.S.A.

Cochlear Nerve Activity After Intense Sound Exposure in

Neonatal Chicks

JAMES C. SAUNDERS, DARYL E. DOAN, CHRISTOPHER P. POJE, AND KIMBERLY A. FISHER
Department of Otorhinolaryngology—Head and Neck Surgery and Department of Bioengineering, University of
Pennsylvania; and Division of Otolaryngology, Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania 19104

SUMMARY AND CONCLUSIONS

I. Single-neuron behavior in the cochlear nerve of neonatal (3-
day-old) chicks was examined after exposure to a 120-dB SPL
pure tone (0.9 kHz) for 48 h. Exposed animals were tested after
0 days or 12 days of recovery. Nonexposed chicks, age-matched
to the exposed animals, formed two control groups.

2. Spectral response plots were obtained from each cell. These plots
described the neuron discharge rates in response to 1,767 tone burst
stimuli, each with a unique frequency-intensity combination. The tone
bursts were presented at frequencies between 0.1 and 4.5 kHz and for
intensities between O and 100 dB SPL. From these plots the characteris-
tic frequency (CF), CF threshold, and sharpness of tuning (Q)o ) Were
derived for each cell. Frequency response—area functions at selected
stimulus levels and rate-intensity functions at the CF were also con-
structed from the spectral response plots. In addition, spontaneous activ-
ity was determined. Data were obtained from 903 cells.

3. Neuron activity in the control cells revealed no differences
between CF thresholds, Q¢ s, Or spontaneous activity in the two
age groups. However, age differences at all frequencies were noted
in the rate-intensity functions.

4. A frequency-dependent loss in CF threshold was observed
in the 0-day recovered cells. The threshold shift (relative to age-
matched control cells) was 55-65 dB between 0.8 and 1.5 kHz,
but only 10-15 dB between 0.1-0.4 kHz and 2.5-3.5 kHz. The
exposed cells showed no loss in frequency selectivity (Qio4p) at
<0.5 kHz, whereas above this frequency an increasing deteriora-
tion in tuning was noted. Spontaneous activity in the 0-day cells
was suppressed across the entire range of CFs. The rate-intensity
function of exposed cells had a steeper growth rate than that of
control cells.

5. At 12 days of recovery, CF threshold, Q¢ 4s, and spontaneous
activity all recovered to the levels exhibited by age-matched control
cells. However, the rate-intensity function for cells with CFs be-
tween 0.8 and 1.0 kHz showed abnormal growth and higher dis-
charge rates at saturation than the control cells. Outside of this
frequency range the rate-intensity functions of control and exposed
cells were similar to each other.

6. Recovery of function in the sound-damaged chick ear is ac-
companied by almost complete repair of the basilar papilla. The
tectorial membrane, however, retains a major defect and only the
lower layer of this membrane regenerates. An important observa-
tion in this presentation was the abnormal rate-intensity functions
(in the 12-day recovered cells) reported for frequencies served by
that region of the sensory epithelium where the tectorial membrane
defect was found. This observation may be related to sustained
structural damage to the short hair cell region of the papilla and/
or alterations in the efferent control of papilla function mediated
by the short hair cells.

INTRODUCTION

Acoustic damage to the chick cochlea has become an
important model for studying the processes of functional
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recovery in the auditory system. Intense sound creates so-
called ‘‘patch and stripe’’ lesions on the surface of the sen-
sory epithelium (Cotanche 1987a). The patch is a circum-
scribed region of damage located on the abneural side of the
basilar papilla at the appropriate tonotopic location for the
exposure frequency. Within the patch there is a 30-35%
loss of short hair cells (Cotanche 1987a; Henry et al. 1988;
Marsh et al. 1990), destruction of the tectorial membrane
(Cotanche 1987b), and severe changes in the cellular organi-
zation of the sensory surface (Raphael 1993; Saunders et al.
1992). The stripe lesion is a narrow band of intermediate
hair cell loss basal to the patch and in the approximate middle
of the papilla. The tectorial membrane above the stripe re-
mains intact. Other aspects of papilla damage have been
summarized elsewhere (Cotanche et al. 1994). Within 12
days postexposure, new hair cells emerge to repopulate the
sensory surface, the lower ‘‘honeycomb’’ layer of the tector-
ial membrane regenerates, and the organization of the sen-
sory surface returns to a more normal appearance (Cotanche
1987a,b; Henry et al. 1988; Raphael 1993). In addition, the
stereocilia bundles on the newly regenerated hair cells also
appear to achieve a correct orientation (Cotanche and Cor-
win 1991). Structural recovery, however, is incomplete. The
new hair cells do not replace all those lost to overstimulation
(Marsh et al. 1990), and the upper layer of the tectorial
membrane does not return (Adler et al. 1993; Cotanche
1987b). Moreover, the hexagonal mosaic of the hair cell
field never completely returns in the repaired ear (Cotanche
1987a; Henry et al. 1988).

Changes in the innervation patterns of the patch and stripe
lesion are not well understood in the chick, but have been
studied in greater detail in the quail. The innervation of quail
hair cells that survive the exposure appears normal (Ryals
et al. 1992). There is also evidence that the afferent and
efferent synaptic endings return on regenerated tall and short
hair cells within 10 days postexposure (Ryals and Westbrook
1994). It also appears that the quail undergoes a progressive
loss for many months after the exposure in the number of
cochlear ganglion cells and nerve fibers (Ryals et al. 1989).

Field-evoked potentials or single-cell recordings from
chick nucleus magnocellularis at 0 days of recovery showed
a 50- to 55-dB threshold shift and a 45-55% reduction
in the frequency selectivity of tuning curves (Cohen and
Saunders 1993; McFadden and Saunders 1989; Saunders et
al. 1993). In addition, the neural representation of stimulus
intensity for frequencies coded within the boundaries of the
patch lesion exhibited abnormally rapid growth in activity
as the stimulus level rose (Cohen and Saunders 1993; Pugli-
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ano et al. 1993a). Within 3 days postexposure, there was a
significant degree of functional recovery that was nearly
complete by 12-24 days postexposure (Adler et al. 1993;
McFadden and Saunders 1989; Pugliano et al. 1993a,b).
Finally, the endocochlear potential also showed severe loss
immediately after the exposure, and then complete recovery
within 3 days postexposure (Poje et al. 1995).

In the present study we examine the effects of intense
sound exposure on the chick ear at the level of the cochlear
nerve. We report changes in neuron activity that exhibit both
frequency-dependent and frequency-independent behavior.
Moreover, most of the changes in activity immediately after
removal from the exposure recovered within 12 days. This
recovery occurs in an ear that retains a major structural
defect in the partially regenerated tectorial membrane. De-
spite the recovery of most neuron activity, the coding of
stimulus intensity for cells with characteristic frequencies
(CFs) between 0.8 and 1.0 kHz continued to show abnormal
behavior at 12 days. These unusual rate-intensity functions
may be related to various factors including the tectorial
membrane defect and/or abnormal function in the short hair
cell system of the chick cochlea.

METHODS
Subjects and groups

Chicks (Gallus domesticus) were obtained as 1-day-old
hatchlings from a commercial breeder (Truslow Farms, Cumber-
land, MD). When the animals were between 24 and 36 h old (1
day old) they were divided into exposed and control groups. The
exposed chicks were placed individually in a wire mesh compart-
ment suspended below a 30-cm speaker located in a sound-attenu-
ated chamber. Six chicks at a time were exposed to an 0.9-kHz
tone at 120 dB for 48 h. The second and third harmonics in this
signal were 45 dB below the fundamental. The intensity of the
stimulus was calibrated in the open field with a 12.5-mm condenser
microphone (Briiel and Kjaer, Model 4125) and expressed as dB
SPL relative to 20 pPa. Variability in the sound field was about
+1.0 dB.

The exposed animals were further divided into a 0-day and a
12-day recovery group. Chicks in the 0-day recovery group were
removed at the end of the 48-h exposure and immediately prepared
for cochlear nerve testing. Given that it took ~1 h of preparation
before the first cell was impaled and that testing might continue
for a maximum of 6-7 h, the cells in the 0-day recovery group
represented responses measured over a 1- to 7-h postexposure inter-
val, and some degree of recovery will take place during this time.
The accuracy in specifying the 12-day recovery groups varied be-
tween +18 h. The age-matched control animals were tested at 3
or 15 days of age, and these two age groups are referred to as 0-
day or 12-day control animals to keep the nomenclature consistent.

Surgical preparation

Each animal was anesthetized with an intramuscular injection
of a 25% solution of ethyl carbamate (urethane) at a dose of
~0.1 ml per day of age. When the animal was anesthetized, a
tracheotomy was performed to maintain free breathing. The left
ear canal was excised to expose the tympanic membrane. The tissue
over the calvarium was removed, and the dissection was expanded
to reveal much of the posterior-lateral skull surface. The skull was
cleaned, and a thin layer of cyanoacrylate glue was applied to the
ventral surface and allowed to dry. The chick was mounted in a
head holder, and dental cement was applied to this region and the
securing bracket of the holder. A hole ~5 mm diam was made

771

through the left posterior-lateral portion of the skull above the
temporal bone. This hole in the outer skull revealed the air-filled
sinuses below. A 1.0- to 1.5-mm-diam hole was opened in the
inner bony layer to reveal the endothelial lining of the lateral
cochlear wall at the recussus tympani (Schwartzkopff and Brem-
ond 1963). The lining was then gently pierced with a microdissect-
ing pin and carefully retracted to the limits of the hole. With 1.0-
mm holes, there was little if any perylimphatic fluid loss. Viewing
through this fistula into scala tympani revealed a ‘‘whitish’’> band
on the far or medial cochlear wall. This wall formed the cochlear
limit of the superior fibrocartilagenous plate, and the cells of the
cochlear nerve lay beneath its surface. Body temperature was main-
tained at 41°C with the use of a rectal probe and heating pad.

Acoustic calibration and recordings

A programmable frequency synthesizer (Audio Precision, Model
“‘System One’’) was used to generate 1,767 discrete tone bursts
(rise/decay time 5 ms, plateau 30 ms). These tone bursts covered
the range of auditory space from 0.1 to 4.5 kHz (in 57 equally
spaced logarithmic frequencies), with intensities from 0 to 100 dB
SPL (in 31 intensity steps spaced 3.33 dB apart). A random se-
quence of these 1,767 stimuli was presented once during a test run,
and the same sequence was used with every cell. The tone bursts
were presented at a rate of nine per second, and it took 3.3 min to
complete the series. A burst of band-limited noise (0.1-5.0 kHz)
served as a search stimulus, and in control animals or 12-day
recovered chicks, it was presented at a level of 80 dB SPL. In the
0-day recovered animals the noise burst was set to 100 dB SPL.

Stimuli were presented through a Beyer Dynamic DT-48 ear-
phone. A sound tube (6.25 mm diam and 63 mm long) was sealed
to the orifice of the earphone. A fitting at the end of the tube
allowed an 0.5-mm probe-tube microphone (Entymotic, Model
ER-7) to be positioned in the center of this tube. The probe tube
extended 3.0 mm beyond the end of the sound tube, and when this
assembly was sealed against the ear canal, the probe tube came to
lie ~2.0 mm from the tympanic membrane surface. The electrical
output of the probe microphone was connected to the signal ana-
lyzer side of System One. The second harmonic of the earphone
and closed-tube sound delivery system was ~70-74 dB below the
fundamental at frequencies >0.7 kHz, and 60—65 dB at frequencies
<0.7 kHz. An automated calibration routine adjusted the voltage
output of the synthesizer at the 57 test frequencies to achieve a
constant stimulus of 100 dB SPL at the tympanic membrane. The
stimuli were linear with regard to decibels of attenuation over a
measured range of 70 dB. ‘‘System One’’ was programmed to
change the signal voltage to produce the various SPLs at each test
frequency. The stimulus conditions were calibrated for each animal
at the start of the experiment.

Borosilicate capillary glass was pulled to achieve an impedance
between 15 and 20 M2 when filled with 3 M KCI. The electrode
was mounted on a remotely controlled microdriver and advanced
in 1.0-um steps. The electrode was coupled to a high-impedance
amplifier with a gain of X1,000 (bandwidth 0.1-3.0 kHz). The
amplifier output was monitored on an oscilloscope and connected
to a level detector (Schmidt trigger) that converted the neural
discharge to a 0.1-ms square-wave pulse. The interval between
nerve spikes was measured by a double-buffered transient register
(Modular Instruments, model M160 with a resolution of 0.1 ms).
The register was triggered at the onset of each stimulus and spike
counting was sampled over a 40-ms interval from stimulus onset.
The buffer returned a spike count total to the computer, where it
was stored in conjunction with the stimulus frequency and inten-
sity. The spike analysis produced what is called a ‘‘spectral re-
sponse plot’’ (Evans and Nelson 1973; Kaltenbach and Saunders
1987). This plot was constructed by representing the number of
neural discharges associated with each stimulus presentation as a
vertical bar whose height was proportional to the number of spikes.
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This bar was appropriately positioned on a computer display in
which the ordinate represented dB SPL and the abscissa was log
frequency.

In ~10% of the animals tested, the exposed end of a Teflon-
insulated silver wire (0.1 mm diam) was inserted through the hole
in the cochlea. Compound action potentials detected by this elec-
trode to a standard stimulus (a 1.0-kHz tone burst at 80 dB SPL)
were periodically checked throughout the experiment to verify
preparation stability. In the animals sampled, the response re-
mained constant until the animal expired or the experiment was
terminated.

Procedure

Each chick was anesthetized, surgically prepared, and tested in
a double-walled acoustically shielded chamber. The sound tube
was sealed over the ear canal and the stimuli were calibrated. The
microelectrode was inserted into scala tympani, and then remotely
advanced as the ear was stimulated with the search stimulus. Each
cell was uniquely isolated, and extracellular responses typically
had peak-to-peak levels between 0.4 and 1.5 mV. Once a cell was
encountered, it was observed for 1 —2 min to assure stable behavior.
The spontaneous discharge was then sampled for 6.0 s in the ab-
sence of stimulation. The number of spikes sampled was converted
to a rate per second and stored in a data file. The spectral response
plot program was initiated and occasionally the level detector had
to be readjusted to assure the proper counting of spikes. The plot
was then labeled with a cell code and the data were stored on hard
disk. The electrode was then advanced and the process was re-
peated when another cell was encountered. At the end of a track,
the electrode was retracted, reoriented, and driven into the nerve
trunk again, and this could be repeated many times. Occasionally,
the electrode would rupture a blood capillary on the surface or
within the fibrocartilagenous plate, which would inadvertently ruin
the preparation (Manley et al. 1991).

Analysis of the spectral response plot

The spectral response plot has advantages and disadvantages.
The major advantage is that much of the information contained in
the neuron’s behavior to sound can be obtained in a single test
run. The resulting plot reveals the tuning curve clearly, and by
slicing through the plot vertically or horizontally, isofrequency or
isointensity contours can be obtained. The principle disadvantage
is associated with the fact that avian cochlear nerve fibers exhibit
high rates of spontaneous activity (Manley et al. 1991; Salvi et al.
1992, 1994), and this often makes the plot quite noisy. We have
improved the signal-to-noise ratio in two ways.

First, the raw data were subject to a smoothing algorithm that
calculated a running average on each data point (from low to high
frequency along each isointensity condition) with the use of a
three-point window. The smoothing procedure did not intrinsically
alter the results. The spectral response plot for individual cells was
evaluated from the smoothed data. The CF was determined by
identifying the frequency that showed the lowest SPL at which a
sound-driven response could be identified. Sometimes, a *‘best-
guess’’ estimate was used when the CF appeared to fall between
the discrete stimulus conditions that defined the spectral plot. The
SPL at CF was also noted, and this is referred to as the CF thresh-
old. The frequency selectivity of the receptive field (the tuning
curve) was then ascertained with the Q) 4g metric. With the use
of the CF as a reference point, the frequency limits on the high-
and low-frequency side of the tuning curve were determined at a
point 10 dB above the CF threshold. The bandwidth at this 10-dB
reference was determined, and the CF was then divided by the
bandwidth to obtain the Q. The higher the value of Q, the sharper
or more frequency selective was the receptive field of the cell. The
spectral response plot was then sliced vertically at the CF to pro-
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duce an isofrequency contour, more commonly called a rate-inten-
sity function. Horizontal slices through the spectral response plot
at 100, 80, 60, and 40 dB SPL yielded isointensity contours or
frequency response—area functions (Rose et al. 1971).

The second procedure for improving the signal-to-noise ratio
synthesized the results from a number of cells by averaging the
raw discharge counts at each frequency-intensity combination
within the spectral response plot. This is a rather unorthodox proce-
dure, but well-defined criteria were used in selecting cells for these
averages. The averaged tuning curve was constructed by choosing
individual spectral response plots from cells within a narrowly
defined range of CFs and CF thresholds. The window about each
of these variables was typically less than *75 Hz and *2 dB.
When an averaged rate-intensity function was plotted, the fre-
quency window might be wider, but the CF thresholds were kept
to =2 dB. Generally, all the cells lying within the defined window
were used in the averaged function, but if the number became
excessively large, the sample was reduced to a maximum of 10 or
11 cells by random selection. The averaged data (derived from the
raw spike counts) was then subjected to the smoothing routine
described above. These averaged spectral plots were, of course,
derived from cells within the same group.

RESULTS

Data were obtained from 903 cells (268 in 0-day controls,
223 in 12-day controls, 213 in 0-day recovered animals, and
199 in 12-day recovered animals). A total of 82 animals
were tested, with an average return of ~11 cells per animal.
In >50% of the chicks, between 18 and 37 cells were logged.
Testing never exceeded 6.5 h (from anesthetization) and
averaged 4.75 h over all chicks. There were no identifiable
testing differences between the two age groups; however,
the older animals (15 days old) were obviously larger and
appropriate changes in head and electrode orientation were
required.

Control cells

The cochlear nerve responses were essentially the same
in the 0-day and 12-day control chicks in terms of CF thresh-
old, Qo 48, and spontaneous rate. Figure 1 plots the CF
threshold for control cells in the two age groups, and the
appearance of the scatter plots on the left and right is very
similar. However, there was an absence of cells at <0.2 kHz
in the older chicks (right) because the electrode could no
longer be oriented toward the extreme apical region of the
nerve (Manley et al. 1991).

The frequency region from 0.2 to 4.5 kHz was divided
into seven equal intervals (on the logarithmic frequency
axis), and CF thresholds for all control cells within each
interval were averaged. The average threshold value (Fig.
1, filled circles) was placed at the center frequency for each
interval and the resulting plots in the two panels provided a
summary of the CF thresholds for each age group. The data
contained in these seven intervals, for the two control groups,
were analyzed with a two-way analysis of variance for age
and frequency. This analysis revealed a significant frequency
effect (as expected by the U-shaped curves) (F = 62.3,
df = 6,462; P < 0.01), but no difference by age (F = 0.6;
df = 1,462; P > 0.05). Thus the scatter of data in each
group was due to chance sampling. Interaction between age
and frequency was also insignificant (F = 1.87; df = 6,462;
P > 0.05).
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The results in Fig. 2 illustrate the values of Q4 (A and
B), and spontaneous activity (C and D), plotted against the
CF of cells examined in the 0-day and 12-day control chicks.
The Q)0 4p values in both age groups showed that frequency
selectivity increased above 0.2 kHz in an orderly way. Re-
gression lines were fit to the data above 0.2 kHz, and their
slopes were similar (7.81 for the 0-day and 7.34 for the 12-
day control cells).

Figure 2, C and D, show spontaneous activity, and these
data ranged from 8 spikes/s to near 100 spikes/s. Regression
lines fit to both age groups showed only a slight downward
tilt toward the high frequencies, indicating that the level
of this activity was largely independent of frequency. The
average spontaneous activity in the younger chicks was
slightly lower than in the older animals (mean for younger
chicks: 25.0 spikes/s; mean for older chicks: 27.0 spikes/
s), but this 2-spike difference, when examined with an inde-
pendent samples #-test, was due to chance sampling (¢t =
1.71, df = 489, P > 0.05).

The results in Figs. 1 and 2 indicate that CF threshold,
0104, and spontaneous activity were the same in both control
groups. Thus we feel justified in combining these data into a
single control condition for some of the comparisons that follow.

Two averaged spectral response plots appear in Fig. 3, A
and C. These plots were constructed from a sample of O-
day control cells that were within =5% of the mean CFs
indicated on the figure. The two CFs were selected somewhat
arbitrarily, but with the provision that they were well sepa-
rated from each other. The CF threshold levels, however,
were within 5 dB of the lowest CF thresholds seen in Fig.
1, left (for the respective frequencies). Figure 3A is the
average of all the cells meeting this frequency and threshold
criteria; they had a mean CF and CF threshold of 0.57
kHz * 10.9 (SE) Hz and 32 *+ 0.84 (SE) dB. Figure 3B

shows response-area functions (in 20-dB steps) for the spec-
tral plot in Fig. 3A. The low-frequency slopes of the four
contours at 100, 80, 60, and 40 dB, were 0.25, 0.26, 0.27,
and 0.32 spikes/Hz, whereas on the high-frequency side they
were somewhat steeper, but also similar to each other (0.67,
0.54, 0.48, and 0.52, spikes/Hz, respectively).

A second tuning curve (derived from 6 cells) is presented
in Fig. 3C. The average CF and CF threshold was 1.53
kHz + 11.2 (SE) Hz and 28 dB SPL =+ 1.06 (SE) dB. The
response-area functions for this tuning curve appear in Fig.
3D, and the contours plotted at 100, 80, 60, and 40 dB were
nearly symmetrical on both the high- and low-frequency
side. The slopes on the low-frequency side of the contours
were 0.15, 0.19, 0.21, and 0.17 spikes/Hz, respectively,
whereas on the high-frequency side they were 0.19, 0.23,
0.24, and 0.16 spikes/Hz. Finally, the Q)¢ 4s value for this
tuning curve was 7.38, whereas in Fig. 3A it was only 3.61.
The averaged values of Qo 4 derived from the Q values
of individual cells in these samples were 7.27 and 3.52,
respectively, and this was very similar to the Q,,4p obtained
from the averaged spectral response plot. The close corre-
spondence between these two measures of Q provided a
measure of validation for the averaging procedure.

Figure 4 offers three pairs of spectral response plots ob-
tained from single cells with the data smoothed by the three-
point running average. Cells in A and B, C and D, and E
and F had the same approximate CF and CF threshold. The
interesting aspect of these tuning curves was the fact that
their sharpness of tuning was very different. The values of
Qo a for A, C, and E were 4.15, 3.87, and 4.29, whereas
for B, D, and F they were 6.95, 7.98, and 8.15, respectively.
These examples are representative of many cases in which
cells with a common CF and CF threshold had dramatically
different levels of frequency selectivity.
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This aspect of the data is further considered in Fig. 5. The
CF thresholds from control cells in both age groups were
subdivided into two compartments. Figure 5A represents a
group of cells with the most sensitive CF thresholds. Sensi-
tivity was defined as all those cells within 5—-8 dB of the
“‘best”” CF thresholds in the O-day and 12-day control
groups. A second sample of cells (Fig. SC) was identified
with CF thresholds within 5—8 dB of the ‘‘poorest’’ thresh-
olds. This parceling of the control cells produced two dis-
crete samples of CF thresholds completely independent of
each other. The threshold average between 1.2 and 1.5 kHz,
for example, was 27.5 dB (Fig. 5A) and 45.0 dB (Fig. 5B).

The Q)04 for these two sets of cells are plotted in Fig.
5, B and D. The frequency axes of these plots were divided
into equal (logarithmic) intervals and the average and stan-
dard deviation of the Q value for the cells in each interval
were calculated. The gray dots and standard deviation ( verti-
cal) bars show the result of this analysis. The variability in

Q1048 Was greatest between 0.8 and 2.0 kHz for both groups
of cells, and frequency selectivity for the better threshold
cells was sharper (had larger Q values) than for the poorer
threshold cells. A two-way analysis of variance on the five
overlapping points between 0.37 and 3.3 kHz in Fig. 5, B
and D, showed a significant difference in Q) 4p between
groups (F = 34.4; df = 1, 255; P < 0.01). As might be
expected, a significant frequency effect was noted (F = 95.7;
df = 4, 255; P < 0.01). The interaction between Q and
frequency was also significant (F= 2.77; df = 4,255; P <
0.05). This analysis indicated that Q,, 4z depended on the
CF threshold of the cell.

A comparison between rate-intensity functions in cells
with better or poorer CF thresholds, using the data identified
in Fig. 5, A and C, was undertaken to determine whether
sensitivity had any influence on the coding of stimulus inten-
sity. Figure 6 A shows rate-intensity functions for groups of
cells over the indicated frequency range. The cells in each
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A and C: examples of averaged tuning curves in 0-day control cells. B and D: response-area functions for the

respective tuning curves. The shape of the tuning curve in both these examples remained fairly symmetrical about the CF

at all stimulus levels.

plot were nearly equally divided between the O-day or 12-day
control animals to eliminate any age effect. The frequency of
the sample in each plot varied over the indicated range,
whereas the CF thresholds had a more restricted range that
was *+1.6 dB at most. Three additional frequency ranges
were plotted (results not presented) for cells with CFs in
the 0.1- to 0.18-kHz, 0.19- to 0.34-kHz, and 2.08- to 3.81-
kHz ranges. Several interesting things emerge. First, the shift
to the right in the rate-intensity function of the poorest cells
represents the difference in CF threshold sensitivity.
Second, the cells in both samples showed response satura-
tion at a level of ~200 spikes/s. The slopes of the rate-
intensity functions in the best-CF-threshold group, over
all six frequency ranges analyzed, averaged 4.30 =+
0.25 (SE) spikes:s™'-dB~'. It was 4.95 * 0.20 (SE)
spikes+s~'+dB ' for the poor-CF-threshold group. A r-test
for independent samples revealed that the slopes in these
two groups were due to chance sampling (¢ = -2.11, df =
10, P > 0.05). It thus appears that the coding of stimulus
intensity was independent of CF threshold.

Figure 6 B compares rate-intensity functions in O-day and

12-day control cells over the indicated range of frequencies.
The analysis was also expanded to include three additional
frequency ranges, as noted above (results not reported). The
cells sampled within each rate-intensity plot all had the same
approximate CF threshold (maximum range =1.4 dB). The
important point to be gleaned from Fig. 6 B is that the coding
of stimulus intensity was different at the two ages. Over all
frequencies, older chicks had a steeper growth rate (5.73
spikes+s~'-dB "), and a higher plateau of driven activity
(259 spikes/s), than observed in the younger animals (3.62
spikes-s~'+dB ™' and 201 spikes/s, respectively). In addi-
tion, the dynamic range (i.e., the dB change from threshold
to saturation) averaged 49.6 dB in the 0-day controls but
was only 39.9 dB in the older animals. Thus there was an
8.8-dB compression in the rate-intensity functions from 3 to
15 days of age. This age difference was first reported by
Manley et al. (1991), and the results above suggest that it
occurs at all frequencies. The compressive dynamic range
is interesting because it is opposite that reported in the kitten
(Dolan et al. 1985; Kettner et al. 1985; Romand 1984; Walsh
and McGee 1987). Older kittens showed a larger dynamic
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range than younger animals. The mechanism of this species
difference remains to be identified.

The relation between spontaneous activity and CF sensi-
tivity is considered in Fig. 7. All control cells were organized
into three groupings on the basis of arbitrarily chosen ranges
of spontaneous activity (0—12, 20-32, and 40-52 spikes/
s). The solid lines show the running averages (with the
use of a window of 9 adjacent data points) for the low-
spontaneous-activity cells (0—12 spikes/s) and the highly
active cells (40-52 spikes/s). Below 1.0 kHz the low-spon-
taneous cells had the poorest CF thresholds, whereas the
highly active cells exhibited better threshold sensitivity.
Above 1.0 kHz this relationship becomes less clear as the
running average lines converge.

Finally, it is important to consider the stability of CF

thresholds within a test session. Figure 8, left, describes the
CF thresholds in two groups of control cells. The early group
were the first three to five cells and the late group were the
last three to five cells measured within a session. The esti-
mated time over which the early cells were sampled was 38
min (after the 1st cell was encountered). The late cells were
obtained between 175 and 223 min after the first cell. The
results showed that the distribution of CF thresholds was the
same despite the 3-h difference between the two groups.
These data indicate that cochlear nerve activity was stable
throughout testing.

Zero-day recovered cells

The preparation of 0-day recovered animals was identical
to that of control animals, and the likelihood of recording
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from cells was also the same. The search stimuli, however,
had to be made more intense in order to identify cells, and
the overall identification was made more difficult because
of a substantial reduction in spontaneous activity.

Figure 8, right, shows CF thresholds in 0-day recovered
cells examined early or late within a test session. A differ-
ence of approximately 3 h also separated these two samples,
and the fact that the two groups overlapped each other indi-
cated stable measurement conditions. Some recovery of
threshold might be expected during this 3-h interval, and it
has been reported that threshold shift recovers at a rate of
~1 dB/h during the first 24 h postexposure (McFadden and
Saunders 1989; Pugliano et al. 1993b). Thus 3 dB of recov-
ery would be expected in the 3-h interval for the data in Fig.
8, right. The results in Fig. 8, right, extend over a 40-dB
range, and a 3-dB change may be masked by the variance
in CF thresholds.

A comparison between control and exposed CF thresholds
is seen in Fig. 9. Between 1.1 and 1.3 kHz, the most sensitive
control thresholds were at ~24 dB, whereas the least sensi-
tive thresholds in the exposed cells were as high as 93 dB.
This represents a maximum threshold shift of 69 dB. A
comparison between the most sensitive control and exposed
cells revealed a threshold shift of only 49 dB at these same
frequencies. Figure 9 also shows that threshold shift was
smallest in the lowest (0.1-0.3 kHz) and highest (2.7-3.5
kHz) CFs. Indeed, there was overlap in the exposed and
control CF thresholds between 0.1 and 0.5 kHz. Neverthe-
less, the best control thresholds in this frequency range were
better than the most sensitive thresholds in the exposed cells.
At the highest frequencies, the control and exposed data also
converged on each other, but the thresholds did not overlap.

Figure 10, top, illustrates the difference between 0-day
control and 0-day recovered Q)¢ 4s. The frequency selectivity

for cells with CFs between 0.1 and 0.5 kHz showed the same
Q104s in both groups. The average Qo 4p for the control cells
within this frequency range was 1.78 = 0.11 (SE), whereas
in the 0-day recovered cells it was 1.82 * 0.12 (SE). An
independent samples r-test revealed that the mean difference
between these groups was due to random sampling. The
frequency selectivity of control and exposed cells increas-
ingly diverged as the CF rose above 0.5 kHz. By way of
example, the Q value for control cells between 1.0 and 2.0
kHz averaged 7.18 = 0.28 (SE), but it was only 2.23 =*
0.15 (SE) in the 0-day recovered cells. The difference be-
tween these mean values was statistically reliable (¢ = 15.5,
df = 117, P < 0.01). The solid lines in Fig. 10, top, represent
the regression on the data (>0.5 kHz), and are only pre-
sented to emphasize differences between the groups. The
conclusion from these data is that sound exposure caused a
severe deterioration in frequency selectivity, but only at
>(0.5 kHz.

Figure 10, bottom, shows the changes in spontaneous ac-
tivity. The control and exposed data were also fit with regres-
sion lines, both of which showed a slight downward tilt
toward the high frequencies. The horizontal orientation of
these lines indicated that the distribution of spontaneous ac-
tivity was largely independent of frequency. Spontaneous
activity in the 0-day recovered cells, however, was greatly
suppressed and averaged only 9.7 + 0.62 (SE) spikes/s.
The highest discharge rate was 38 spikes/s, with many cells
showing no spontaneous activity at all. The spontaneous
activity in control cells, in contrast, averaged 25 = 1.11 (SE)
spikes/s, with a maximum of 98 spikes/s and minimum
of 3 spikes/s. The difference in mean spontaneous activity
between these conditions was statistically reliable (¢ = 9.48,
df = 479, P < 0.01).

Examples of tuning curves, response-area functions, and
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FIG. 6. Rate-intensity functions averaged from the indicated number of control cells over the respective frequency range.
A: cells with the best and worst CF thresholds as defined in Fig. 5. About half the cells in each of these plots come from
the 2 age groups. B: functions from samples of cells from the 2 ages. Plots have the same threshold, but the 12-day cells

have a steeper growth curve and saturate at a higher spike level.

rate-intensity functions are given for 0-day exposed cells in
Fig. 11. The tuning curves in Fig. 11, A and B, were averaged
from six cells each, and the CF in Fig. 11A was 1.17 kHz,
whereas in Fig. 11B it was 2.16 kHz. A severe loss in the
sensitivity of the tip region cells was apparent. Figure 11,
C and D, shows response-area functions for the respective
tuning curves. The tuning curve appeared symmetrical on
the high- and low-frequency sides, but had a pronounced
loss of sensitivity in the tip region. Finally, Fig. 11, E and
F, shows rate-intensity functions (at CF) for these tuning
curves. Compared with the control rate-intensity functions
(see Fig. 6B), the growth portions of these curves were
shifted to the right. This, of course, is expected from the
threshold shift in these cells. In addition, the spike growth
rate was much steeper than in control cells, and the dynamic
range from threshold to saturation was only ~20 dB.
Rate-intensity functions in samples of 0-day control and
exposed cells appear in Fig. 12 for frequencies between 0.24
and 2.53 kHz. The average CF of the sample is given in
each panel, and although the range of CFs could be as great
as 10% of the mean, the CF thresholds were tightly con-
trolled and had a range between 1 and 2 dB. The control
and exposed cell thresholds in each frequency range were
within 5 dB of the best CF thresholds for each group (see

Fig. 9). The exposed cells showed a threshold shift relative
to the control cells that was between 30 and 50 dB for the
0.88-, 1.44-, and 2.53-kHz functions. In addition, the growth
rate of the exposed cells (between 8.8 and 2.53 kHz) was
quite steep, being on the order of 9.1 spikes:s™'-dB~'.
The control cells showed a much shallower growth of ~4.2
spikes*s~'-dB~'. The saturation level of the control and
exposed cells were about the same. The dynamic range of
the control functions averaged 45.6 dB, whereas in the ex-
posed cells it was only 18.3 dB. The results for control and
exposed cells with CFs at 0.24 and 0.28 kHz are consistent
with the small threshold shift seen at these frequencies (see
Fig. 9).

Twelve-day recovered cells

All the birds assigned to the 12-day recovered group sur-
vived, and the ability to encounter cells was identical to that
in control animals. Figure 13 compares CF thresholds in 12-
day control and 12-day recovered cells. The two sets of data
overlap each other, and it was obvious that the CF thresholds
recovered completely.

The same conclusion can be made for (Q,04s) and sponta-
neous activity (Fig. 14, top and bottom). The results in Fig.
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FIG. 7. All the control cells shown here are differentiated by spontane-
ous activity. Solid lines: running averages for the groups of cells with the
lowest (0—12 spikes/s) and highest (40-52 spikes/s) spontaneous rates.
Below ~1.0 kHz the cells with higher spontaneous activity have better CF
thresholds. Above 1.0 kHz spontaneous rate does not appear related to CF
threshold.

14, top, show that tuning curve sharpness returned to normal,
as shown by the regression lines and correlation coefficients
(r), which were nearly the same. Similarly, regression lines
for spontaneous activity in Fig. 14, bottom, were nearly iden-
tical to each other. The horizontal orientation of the regres-
sion lines further indicated that spontaneous activity was
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FIG.9. CF thresholds for the 0-day control and the 0-day recovered
cells. The effect of intense sound on CF threshold is apparent.

independent of frequency. The averaged spontaneous activ-
ity in the control and exposed cells was 28.2 and 28.7 spikes/
s, respectively, and this difference was due to chance sam-
pling (¢t = 0.24, df = 422, P > 0.05).

Figure 15 shows a rate-intensity function for samples of
12-day recovered and control cells. The range of CFs was
less than +40 Hz for each sample, and CF thresholds were
within 2.8 dB of each other. The cells chosen at each
frequency were within 5 dB of the lowest CF thresholds
found in Fig. 13. The 12-day recovered cells had about the
same spontaneous activity and CF threshold levels as the
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controls. The most startling observation, however, was the
abnormally high spike growth rate and excessive response
level at saturation for recovered cells with CFs at 0.81 and
1.02 kHz. A hint of excessive response rate was seen at 0.4
kHz, whereas the rate-intensity functions at 1.42 and 2.0
kHz were the same for both groups. These abnormal rate-
intensity functions may represent a long-lasting consequence
of acoustic injury to the chick ear.

DISCUSSION
Control cells

Discharge patterns for cochlear nerve cells have been re-
ported in a number of avian species including adult and
young chickens (Manley et al. 1991; Salvi et al. 1992,
1994). The results reported here for control animals were,
for the most part, similar to these earlier data, and to observa-
tions from the nucleus magnocellularis (Cohen and Saunders
1993; Warchol and Dallos 1990). Nevertheless, the current
CF thresholds were 10—15 dB poorer than those in adults
(Salvi et al. 1992, 1994), but nearly identical to those re-
ported for younger animals (Manley et al. 1991). These age
effects may be due to middle-ear maturation rather than
intrinsic changes in the cochlea or cochlear nerve. The chick
skull continues to expand for >70 days posthatching and is
accompanied by a steady increase in the size of all middle-
ear components (Cohen et al. 1992a). In addition, admit-
tance magnitude or velocity transfer functions, measured at
the tympanic membrane, reveal functional improvements in
sound conduction over a similar time interval (Cohen et al.
1992b; Saunders et al. 1986). Improvements in middle-ear

function over the 12-day interval between the two control
groups used here would be expected to cause a 2- to 4-dB
improvement in sensitivity, and this is much less than the
variability in CF thresholds (Fig. 1).

The fact that our control cells replicated the observations
of others, that there were no age differences (with exception
of the rate-intensity functions), and that the responses were
stable over time (see Fig. 8), leads to the conclusion that
the neuron activity reported here was a valid indication of
cochlear nerve behavior.

Effects of intense sound exposure

The consequences of overstimulation in the 0-day recov-
ered chicks were pronounced, and all aspects of cochlear
nerve activity showed a loss in function. Moreover, the mag-
nitude of functional recovery in the cochlear nerve at 12 days
of recovery was as remarkable as the degree of impairment at
0 days. These observations parallel previously reported re-
sults for evoked potential or single-cell activity recorded
from the nucleus magnocellularis of sound-exposed chicks
(Adler et al. 1992, 1993; Cohen and Saunders 1993; McFad-
den and Saunders 1989; Pugliano et al. 1993a,b; Saunders
et al. 1993).

The most important question posed by these observations
is whether or not they tell us anything about the mechanisms
that lead to the loss and recovery of function. To identify
potential mechanisms, it is necessary to consider the organi-
zation of the avian basilar papilla and the changes in that
organization caused by overstimulation. The papilla contains
tall and short hair cells (Smith 1985; Takasaka and Smith
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1971; Tanaka and Smith 1978) differentiated by the lengths
of their cell bodies, their patterns of innervation, and their
locations on the papilla surface. The short hair cells are found
above the basilar membrane on the ‘‘mobile,”” ‘‘inferior,”’ or
‘‘abneural’’ side of the papilla. The tall hair cells are located
on the ‘‘immobile,”” ‘‘superior,”” or ‘‘neural’’ portion of
the papilla above the superior fibrocartilagenous plate (see
drawing in Fig. 16A). Afferent fibers dominate tall hair cell
innervation, whereas efferent fibers dominate the innervation
of short hair cells. Transitional or so-called ‘‘intermediate’’
hair cells, innervated by approximately one afferent and one
efferent neuron (Fisher 1992, 1994), are found along the
limbic border at the junction between the fibrocartilagenous
plate and basilar membrane (Takasaka and Smith 1971).
The patch lesion destroys primarily short hair cells, al-
though Cotanche (1987a) suggested that the superior or neu-
ral edge of this lesion may encroach on the tall hair cell
field. Research from our laboratory, with the use of the 0.9-

60

kHz exposure, indicated that the patch and stripe lesions
extended minimally beyond the limbic border (Saunders,
unpublished observations). Although some of the transi-
tional cells were destroyed by the exposure, it appears that
the tall hair cell field remained largely intact (Henry et al.
1988; Marsh et al. 1990). Indeed, the recent review by Co-
tanche et al. (1994) noted that tall hair cells were ‘‘rarely
lost’” at exposure levels <125 dB. This observation may be
peculiar to the young chicken, because acoustic injury in the
adult quail appeared to spread into the tall hair cells (Ryals
et al. 1989).

The earliest postexposure appearance of new hair cells is
between 90 and 100 h after the onset of the exposure (Cotan-
che 1987a; Raphael 1992, 1993; Stone and Cotanche 1992).
With the exposure used here we see emergent hair cells
between 2 and 3 days postexposure (Saunders, unpublished
observations), with a substantial increase in new hair cells
on the 4th day (Marsh et al. 1990). It may take these new
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CF thresholds in 12-day control and recovered cells. The cells

FIG. 13.

in both groups overlap each other.

40 60 80 100

hair cells an additional 4—6 days to mature (Cotanche and
Sulik 1984; Tilney et al. 1986, 1988, 1992). Recent work
with adult quails suggested that the new hair cells become
reinnervated with an appropriate compliment of afferent and
efferent fibers by 10 days postexposure (Ryals and West-
brook 1994).

The nature of acoustic damage to the chick papilla pre-
sents a problem. If the primary afferent sensory cells of the
papilla remained largely intact, even in the vicinity of the
patch and stripe lesions, what then accounts for the initial
loss in auditory function and its recovery? A number of
possibilities might be considered. /) The hair cells lost at
the limbic edge of the papilla might play a more important
role in cochlear function than thought, or there might be
more extensive or subtle damage to the tall hair cells than
currently recognized. With regard to these possibilities, there
is no reason to expect that the hair cells at the limbic edge
of the papilla play a special role in the chick cochlea (Fisher
1994 ), and although the short and tall hair cells outside of the
lesions remain to be systematically explored, the available
evidence suggests that at least the sensory hair bundles of
these receptor cells appear normal (Cotanche 1987b; Cotan-
che et al. 1987, 1994; Henry et al. 1988; Marsh et al. 1990;
Raphael 1993). 2) There might be extensive damage in the
afferent nerve supply to both tall and short hair cells in the
lesion areas, and despite the apparent survival of the tall hair
cells, afferent input to the brain stem might be significantly
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CHARACTERISTIC FREQUENCY IN KHZ

curtailed. However, the innervation of surviving hair cells,
at least in the quail, appeared normal (Ryals et al. 1992),
and only after a postexposure delay of months was loss of
cochlear nerve fibers or ganglion cells demonstrated (Ryals
et al. 1989). 3) Short hair cell loss in the patch lesion might
significantly contribute directly or indirectly to cochlear
nerve afferent activity. It seems unlikely, however, that the
missing short hair cells in the patch lesion could account
directly for the massive reduction in neural activity, because
these cells provided only a small portion of the afferent
input to the brain stem (Fisher 1992, 1994). Besides, it is
important to realize that 60-70% of the short hair cells
in the patch survived the exposure (Marsh et al. 1990).
Alternatively, the short hair cells might perform some sort
of regulatory function on the tall hair cells analogous to that
ascribed to mammalian outer hair cells (Brix and Manley
1994). However, this possibility has yet to be demonstrated.
4) The cochlear ionic environment might be altered, with a
considerable impact on cochlear function. This possibility
has some empirical support, because acoustic damage to
tegmentum vasculosum in quail has been described (Ryals
et al. 1995). Moreover, the endocochlear potential was re-
duced in chick after overstimulation (Poje et al. 1995). The
endocochlear potential is thought to facilitate ion entry into
the hair cell transduction channels during stimulation (Hack-
ney and Furness 1995), and a reduction in this potential
might impair hair cell depolarization and diminish sound-
driven activity in the cochlear nerve (Sewell 1984; Vossieck
et al. 1991). The loss and recovery of damage to the (quail)
tegmentum vasculosum and (chick) endocochlear potential

were well correlated with the loss and recovery (within 3
days) of auditory function (Poje et al. 1995; Ryals et al.
1995). 5) Finally, the lesion may change cochlear mechanics
in such a way that input to the tall hair cell stereocilia is
reduced. Saunders and colleagues (Saunders et al. 1992,
1996) have speculated that up-and-down motion of the ba-
silar membrane may be transmitted through the short hair
cell stereocilia to the tectorial membrane. This motion is
then translated into radial movements of the tectorial mem-
brane over the superior fibrocartilagenous plate. The drawing
in Fig. 16B suggests that this radial motion would cause
a shearing action between the tectorial membrane and the
reticular surface of the papilla, thus stimulating tall hair
cell stereocilia. This proposed mechanism of tall hair cell
stimulation is purely hypothetical, but gains credence when
the details of acoustic damage to the basilar papilla are con-
sidered.

Tectorial membrane destruction in the patch lesion (Co-
tanche 1987b, 1992; Cotanche and Dopyera 1990; Cotanche
and Picard 1992) occurs over the mobile portion of the
papilla and may disrupt the mechanical pathway that stimu-
lates the stereocilia on tall hair cells. This possibility is illus-
trated in Fig. 16C.

There are several pieces of experimental evidence sup-
porting this idea, and admittedly they are indirect. First,
significant functional recovery occurs within 3 days postex-
posure (McFadden and Saunders 1989; Pugliano et al.
1993a,b), which is before the appearance, maturation, or
reinnervation of the newly emerging short hair cells (as
noted above). The major structural change on the papilla
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surface during these first 3 days is the reappearance of the
lower layer of the tectorial membrane and its rearticulation
with the remnant of the surviving tectorial membrane (Co-
tanche 1992; Cotanche and Picard 1992). Figure 16D, left,
illustrates the appearance of the lower (honeycomb) layer
of the papilla at 12 days postexposure, whereas the drawing
in Fig. 16D, right, shows a cross section of the papilla.

Second, the rate of threshold shift recovery was the same
after a 48- or 200-h exposure (McFadden and Saunders
1989; Pugliano et al. 1993b; Saunders et al. 1996). Surpris-
ingly, the papilla after the longer exposure appears to be in
a lesser state of damage than the papilla after 48 h. There
were new short hair cells already repopulating the patch
lesion, and the general organization of the sensory surface
had a more normal appearance (Pugliano et al. 1993b). The
tectorial membrane at the end of both exposures was de-
stroyed over the patch lesion. The restoration of this mem-
brane in the 200-h exposure followed the same time course
as in the shorter exposure.

Finally, the rate-intensity functions (Fig. 12) suggested
that the tall hair cells may be physiologically normal, but

0 20 40 60 80 100

All the panels indicate that the threshold for control
and exposed cells are the same. The functions at
0.81 and 1.02 kHz indicate an abnormally rapid
rate of response growth, with the spike rate ex-
ceeding the saturation level of the control cells.
Outside of this frequency range the rate-intensity
functions appear to be more similar for control and
recovered conditions.

responding to abnormal input. Both 0-day recovered and 0-
day control cells showed the same discharge rate at satura-
tion, suggesting that once an adequate level of input stimula-
tion was achieved, the physiology of the hair cell and its
attached cochlear nerve behaved normally. The threshold
shift and abnormal spike rate are reminiscent of abnormal
mechanical input to the hair cell, as proposed by Tonndorf
(1980).

All the processes suggested above need to be explored
further, and it is premature to dismiss or accept any of them
as the only mechanism contributing to changes in cochlear
nerve activity. Indeed, it is likely that the lost function arises
from the interplay of several or all of these possibilities.

Frequency-dependent and -independent loss

The 0-day recovered data show a distinction between fre-
quency-dependent and -independent changes in function. It
is logical to expect that functional loss should be related to
the frequencies coded by the damaged papilla areas. This is
certainly true for much of the data reported here. The loss
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of CF threshold in Fig. 9 was greatest in the frequencies
coded by the patch, and the asymmetric loss of CF threshold
into the high frequencies could be due to the added effect
of the stripe lesion. Similarly, the mid- and high-frequency
deterioration in tuning (Fig. 10, top) also relates to the patch
and stripe areas. Spontaneous activity, however, was reduced
throughout the CF spectrum (see Fig. 10, bottom). The en-
docochlear potential data provided by Poje et al. (1995)
suggested that the postexposure decrement in this potential
was widely distributed throughout scala media. It is worth
considering that the altered electrochemical environment in
scala media is somehow responsible for reduced spontaneous
activity throughout the cochlea. This suggestion must be
tempered by the observation that sound-driven activity, at
saturation level in the rate-intensity functions, was the same
in control and 0-day recovered cells.

Abnormal 12-day rate-intensity functions

Twelve days after the exposure, as noted above, much of
the structural damage to the papilla was repaired and the
cochlear nerve responses largely returned to normal (Cohen
and Saunders 1993; Corwin and Cotanche 1988; Cotanche
1987a; Marsh et al. 1990; McFadden and Saunders 1989).
Nevertheless, this functional recovery is accompanied by a
glaring defect on the sensory surface in the incompletely
recovered tectorial membrane (Fig. 16 D). The abnormal
rate-intensity functions observed in 12-day recovered cells
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FIG. 16. A: regions of the basilar papilla
containing tall hair cells (THC) or short hair
cells (SHC), as well as the location of the
patch lesion and stripe lesions. B, right: draw-
ing of the normal cross-sectional appearance
of the basilar papilla. Arrows: vertical motion
of the papilla above the basilar membrane and
radial motion of the tectorial membrane above
the tall hair cells. B, left: scanning electron
microscope view of the papilla surface with
the overlying tectorial membrane intact. C:
drawing and scanning electron microscope pic-

NORMAL

O DAY tures show the papilla at 0 days of recovery,
RECOVERED  and the scattered loss of short hair cells in the
patch is apparent. D: papilla after 12 days of
recovery is illustrated. The scanning electron
microscope micrograph shows the regenerated
honeycomb layer, and the drawing indicates
that the honeycomb is reattached to the old
tectorial membrane.
12 DAY
RECOVERED

(Fig. 15) present an interesting challenge. Both the growth
rates and saturation levels were higher for the 0.8- and 1.0-
kHz functions. The fact that the cochlear location normally
coding for these frequencies is now occupied by the honey-
comb may be important. The problem posed by these func-
tions is to explain how threshold can recover with spike
growth rates and saturation levels remaining abnormal. Al-
though we do not know how to account for this peculiar
result, one intriguing possibility is that the short hair cell
system retains some long-term consequence of acoustic in-
jury beyond the mechanical effects of incomplete tectorial
membrane recovery. The short hair cells may have some
regulatory effect on tall hair cells, perhaps similar to that
between mammalian outer and inner hair cells. Short hair
cell damage in the patch area may result in some long-term
removal of an inhibitory influence on the tall hair cells. This
possibility, of course, needs to be explored further.

Ad referendum

The present results attest to the remarkable ability of the
chick ear to recover from acoustic injury. A similar exposure
in most, if not all, mammalian ears, would cause a *‘wipe-
out’’ area in the cochlea, where all hair cells would be com-
pletely and permanently destroyed. Structural recovery
would not occur, and the sustained damage would be accom-
panied by a severe or profound hearing loss. Understanding
the mechanisms of how acoustic injury is reversed in the
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chick ear may provide new insight into the consequences of
acoustic injury in the mammalian ear, and perhaps one day
may help us understand how to reverse them.
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