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Age-related and noise-induced hearing losses in humans are multifactorial, with contributions from, and potential interactions among,
numerous variables that can shape final outcome. A recent retrospective clinical study suggests an age-noise interaction that exacerbates
age-related hearing loss in previously noise-damaged ears (Gates et al., 2000). Here, we address the issue in an animal model by compar-
ing noise-induced and age-related hearing loss (NIHL; AHL) in groups of CBA/CaJ mice exposed identically (8 -16 kHz noise band at 100
dB sound pressure level for 2 h) but at different ages (4 -124 weeks) and held with unexposed cohorts for different postexposure times
(2-96 weeks). When evaluated 2 weeks after exposure, maximum threshold shifts in young-exposed animals (4 - 8 weeks) were 40 -50 dB;
older-exposed animals (=16 weeks) showed essentially no shift at the same postexposure time. However, when held for long postexpo-
sure times, animals with previous exposure demonstrated AHL and histopathology fundamentally unlike unexposed, aging animals or
old-exposed animals held for 2 weeks only. Specifically, they showed substantial, ongoing deterioration of cochlear neural responses,
without additional change in preneural responses, and corresponding histologic evidence of primary neural degeneration throughout the
cochlea. This was true particularly for young-exposed animals; however, delayed neuropathy was observed in all noise-exposed animals
held 96 weeks after exposure, even those that showed no NIHL 2 weeks after exposure. Data suggest that pathologic but sublethal changes

initiated by early noise exposure render the inner ears significantly more vulnerable to aging.
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Introduction

Hearing losses that accumulate with chronic exposure to high-
level sound [noise-induced hearing loss (NIHL)] and those we
attribute to age [age-related hearing loss (AHL) or presbycusis]
are major health problems. They are common, their conse-
quences are permanent, and their impact on human communi-
cation and quality of life is significant. NIHL and AHL often
coexist in the same ear; however, the conditions under which
these forms of hearing loss interact and the mechanisms by which
they do so remain poorly understood.

In a recent review of longitudinal hearing loss data from a
large cohort of men in the Framingham Heart Study, Gates et al.
(2000) observed that, in ears with presumed cochlear damage
from previous noise exposure, subsequent hearing loss progres-
sion with age was exacerbated at frequencies outside the original
NIHL. This observation suggests that ears with noise damage age
differently from those without.

This issue of AHL/NIHL interaction has obvious public health
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significance (Gates et al., 2000; Rosenhall, 2003; Lee et al., 2005)
given the high prevalence of noise exposure in and the aging of
our society. Concern about long-term effects of noise exposure in
young ears is heightened by reports of increasing NIHL preva-
lence earlier in life (Wallhagen et al., 1997; National Institutes of
Health, 2000; Folmer et al., 2002). However, addressing the ques-
tion in human studies is difficult. Hearing losses in noise-exposed
and/or aging ears are highly variable (Gates and Mills, 2005). This
variability may arise from underlying differences in actual noise
exposures, as well as the influence of other intrinsic and environ-
mental variables that produce hearing loss on their own or alter
NIHL vulnerability (Henderson et al., 1993). Such variables do
not lend themselves easily to retrospective quantification. Simi-
larly, variability in age of onset, progression, and severity of AHL
may be influenced by genetic factors (Gates et al., 1999;
DeStefano et al., 2003) and heterogeneity in underlying pathol-
ogy (Schuknecht and Gacek, 1993), as well as the variable contri-
bution of other insults accumulated over the course of a lifetime
(Lutman and Spencer, 1990; Karlsson et al., 1997). This variabil-
ity has complicated our conduct and interpretation of investiga-
tions of NIHL and AHL in humans.

Many of these sources of variability can be eliminated in a
laboratory setting using mouse models, in which rigorous genetic
and experimental control can be achieved. Indeed, intersubject
variability in NIHL within genetically inbred mouse strains is
significantly lower than that seen in outbred laboratory animals
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Table 1. Matrix showing the numbers of animals in each of the groups in the
present study

Unexposed
29111816 !11! 6:20'5 15! 6

4 6 8 16 32 48 64 80 96 124

Age (Wks)

Exposed
= 4]201411.5 16
£ b
= 15, 151815
@ i A S R T

5 8}f13) ! P50
3 pont Satee-dntet el e
Q. 16 13' S : 1 6 ] 4
> e e b Lo
C 32119 4t 912
< P Ta Tl

& 64l 23 8 51
< ___+___:__-1I.___:’___

9] 11! ! ; !
e

124 6E S

2 16 32 64 96
Post-Exposure Time (Wks)

For the “Unexposed” groups, the age indicates the age at final test. For the “Exposed” groups,
the row number indicates the age at noise exposure, and the column number indicates the
postexposure survival.

(Yoshida et al., 2000; Wang et al., 2002) and humans. Further-
more, important between-strain differences in vulnerability to
NIHL and AHL have been identified (Li, 1992; Erway et al., 1993;
Johnson et al., 1997; Yoshida et al., 2000; Davis et al., 2003; Can-
dreia et al., 2004). Here, we address the issue of AHL/NIHL in-
teractions directly by comparing NIHL and AHL in groups of
CBA/CaJ mice exposed identically but at different ages and held
without additional exposure with unexposed cohorts for differ-
ent postexposure times. Our results suggest that previous noise
exposure has significant, deleterious effects on the nature and
progression of an age-related hearing loss.

Materials and Methods

Animals and groups. Mice (CBA/CaJ) of either sex were entered into the
protocol at various target ages (4, 6, 8, 16, 32, 64, 96, and 124 weeks; £5%
deviations from targets allowed). Noise exposures were delivered to sub-
sets of animals from each group, and they, along with their unexposed
age-matched controls, were held without additional treatment for vari-
ous postexposure times (2, 16, 32, 64, and 96 weeks). Using this strategy,
threshold shifts can be compared for animals (1) exposed at the same age
but held for different postexposure times, (2) exposed at different ages
but held for identical postexposure times, and (3) tested at nominally the
same age but exposed and held for different times.

Sound levels in the animal care facility room in which the animals were
held were monitored periodically using a data-logging noise dosimeter
(NoisePro DLX; Quest Technologies, Oconomowoc, WI). In the periods
of monitoring, 24 h Leq [the equivalent continuous sound level (Leq) is
alogarithmic average of noise levels in a given area over a stated period of
time (e.g., 24 h, 1 year, etc.)] values ranged between ~50 and 60 dB sound
pressure level (SPL) at the level of the cages. In a final experiment, thresh-
old shifts (NIHL, AHL, and aggregate) were quantified by auditory
brainstem responses (ABRs) and distortion product otoacoustic emis-
sions (DPOAEs), and cochlear tissues were recovered from representa-
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tive animals to characterize the histopathology. The numbers of animals
in each group are provided in Table 1. All procedures were approved by
the Animal Care Committee of the Massachusetts Eye and Ear Infirmary.

Acoustic overexposures. Exposures (8—16 kHz octave-band noise, 100
dB SPL, 2 h) were delivered to awake animals held unrestrained within
small cells in a subdivided cage (one animal per cell). The noise was
generated by a waveform generator (model WG1; Tucker-Davis Tech-
nologies, Alachua, FL), filtered (8—16 kHz bandpass, >60 dB/octave
slope; Frequency Devices, Haverhill, MA), amplified (D-75 power am-
plifier; Crown Audio, Elkhart, IN), and delivered (compression driver;
JBL, Northridge, CA) through an exponential horn extending into a
small, reverberant exposure chamber. The subdivided cage was sus-
pended directly below the horn of the sound-delivery loudspeaker. Noise
calibration to target SPL was performed immediately before each expo-
sure session. Sound pressure levels, measured by placing a quarter-inch
condenser microphone within each of the four subdivisions of the cage,
varied by <1 dB. Typically, one young (4—8 weeks) animal was included in
each exposure session as an additional control for the noise-exposed groups
over the many months necessary to accomplish these experiments.

Functional assays. Physiologic tests were conducted in an acoustically
and electrically shielded chamber. Animals were anesthetized (ketamine,
100 mg/kg, i.p.; xylazine, 10 mg/kg, i.p.), with booster injections (half of
the original dose) given as needed. Temperature was maintained near
37°C by heating the air in the experimental chamber. A small V-shaped
incision was made in the cartilaginous external canal, widening its open-
ing to facilitate unobstructed viewing of the tympanic membrane and
optimum placement of the sound-delivery system.

Stimuli were created and responses were monitored using 16-bit
analog-to-digital and digital-to-analog boards (model 6102; National
Instruments, Austin, TX) controlled in a LabVIEW environment by a
personal computer workstation. Signals used to elicit ABRs and DPOAEs
were delivered to the ear using the same custom coupler. The coupler
accommodates two transducers (model EC1; Tucker-Davis Technolo-
gies) and an EK3103 electret microphone (Knowles Electronics, Itasca,
IL) to measure ear-canal sound pressure via a probe tube concentric with
the sound-delivery tube. Calibration curves for the probe microphone
enabled conversion from voltage to decibel SPL at the probe tip (in
decibels relative to 20 wPa).

ABRs were recorded via subdermal needle electrodes (vertex, ventro-
lateral to left pinna). Stimuli were 5 ms tone pips (0.5 ms rise/fall), at
frequencies between 5.6 and 45.2 kHz (half-octave steps) delivered at
levels below threshold to 80 dB SPL in 5 dB steps. Responses were ampli-
fied (10,000X), filtered (0.3-3 kHz), digitized, and averaged (across 1024
responses at each frequency-level combination; artifact reject, 15 uV
peak-to-peak). On visual inspection of stacked waveforms, threshold was
defined as the lowest stimulus level at which response peaks were repeat-
ably present. Responses absent at the highest level of stimulation (80 dB
SPL) were assigned a threshold value 5 dB higher. Response values
(thresholds, peak-to-peak amplitudes, and N1 latencies) and waveforms
were stored to disk for off-line analysis.

DPOAE:s were recorded as amplitude versus level functions (L, 20-75
or 80 dB SPL in 5 dB steps; L,, L, — 10) at f, frequencies (f,/f, = 1.2)
between 5.6 and 45.2 kHz (half-octave spacing). Ear-canal sound pres-
sure was amplified and digitally sampled at 4 us intervals. DPOAE am-
plitude at 2f; — £, and surrounding noise floor =50 Hz of the DPOAE
were extracted from the averaged waveforms of ear-canal sound pres-
sure. DPOAE and noise floor values and averaged waveforms were stored
to disk. Responses were analyzed as iso-response functions relative to L2
levels required to generate DPOAEs of —5 dB SPL (Kujawa and Liber-
man, 1999). Stimulus levels were kept below 80 dB SPL to avoid system-
generated distortion. When responses were absent at the maximum lev-
els presented, a threshold value 5 dB higher was again assigned. The ABR
stimulus-level maximum was set to 80 dB SPL for consistency.

Histologic preparation and analyses. After final physiological testing,
selected animals were deeply anesthetized, and cochlear tissues were re-
trieved for histologic processing and evaluation. Ears were prepared by a
thick-sectioning technique allowing thorough light microscopic evalua-
tion of all structures of the murine cochlea (Hequembourg and Liber-
man, 2001). In brief, animals were perfused intracardially with 2.5%
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glutaraldehyde and 1.5% paraformaldehyde in phosphate buffer. Both
cochleas were extracted, and the round and oval windows were opened to
allow intra-labyrinthine perfusion of the same fixative. After overnight
postfixation in the same fixative at 4°C, the cochleas were osmicated (1%
050, in dH,0) for 1 h and then decalcified (0.1 M EDTA with 0.4%
glutaraldehyde) for 2-3 d. Decalcified cochleas were dehydrated in eth-
anol and propylene oxide, embedded in Araldite resins, and sectioned at
40 wm on a Historange with a carbide steel knife. Sections were mounted
in Permount on microscope slides and coverslipped.

Cochlear structures were assessed at the light microscopic level for
signs of histopathology. We used a semiquantitative rating scale for as-
sessment of fractional cellular survival of the sensory cells and their af-
ferent innervation (spiral ganglion cells), as well as for cellular elements
within three critical accessory structures of the cochlear duct: the stria
vascularis, spiral ligament, and spiral limbus. The examiner was blind to
age-exposure status.

Results

The CBA/CaJ mouse was chosen for this study because, in con-
trast to many other inbred strains (Zheng et al., 1999), it main-
tains good threshold sensitivity well into old age (Henry and
Chole, 1980; Hunter and Willott, 1987; Jimenez et al., 1999). Two
metrics of auditory function were used to measure threshold sen-
sitivity: DPOAEs and ABRs. DPOAEs arise from normal cochlear
nonlinearities generated by transduction in outer hair cells and
are not affected by damage to inner hair cells or cochlear neurons
(Liberman et al., 1997). ABRs represent the summed activity of
auditory neurons and thus require functional integrity of all pre-
neural elements (including both outer and inner hair cells), as
well as their afferent innervation. Comparison of threshold shifts
seen via the two measures thus provides important clues as to the
site(s) of dysfunction. Young adult animals tested here had base-
line thresholds similar to those reported previously (Henry,
2004).

NIHL vulnerability varies with age at exposure

Effects of noise exposure include reversible and irreversible com-
ponents. After exposures that are intense enough to produce per-
manent effects, thresholds recover exponentially with increasing
postexposure time and reach steady state within ~2 weeks
(Miller et al., 1963). Thus, to evaluate vulnerability to permanent
NIHL, threshold shifts were initially measured at 2 weeks after
exposure.

Age at exposure was varied systematically while holding all
other exposure parameters (sound pressure, duration, band-
width, etc.) constant, to examine its influence on NIHL. Figure 1
shows mean threshold shifts for animals at two extremes of our
exposure-age range (4 vs 96 weeks). Young-exposed animals
show a maximum threshold shift of ~40 dB at the frequency (16
kHz) corresponding to the upper edge of the exposure band
(8—16 kHz). In contrast, old-exposed ears show no threshold
elevation. Similar results were obtained with ABR and DPOAE
measures, consistent with the notion that the functionally impor-
tant changes in these ears involve the outer hair cells, which are
among the most vulnerable structures in the inner ear (Hamernik
et al., 1989; Saunders et al., 1991; Dallos, 1992).

A more detailed look at the relationship between age and noise
vulnerability is offered in Figure 2. Here, maximum threshold
shift at 2 weeks (i.e., shift at 16 kHz) is plotted versus age at
exposure for all groups in the present study (Fig. 2A, B). The data
show a dramatic shift in vulnerability between 8 and 16 weeks:
there is little difference among the young-exposed groups (4, 6,
and 8 weeks) and little difference among the older-exposed
groups (16, 32, 64, and 124 weeks) at this 2 week postexposure
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Figure 1. Young (4—8 weeks) mice are more vulnerable to noise damage than old (96

weeks) mice. Each age group was exposed to high-level noise, and threshold shifts were mea-
sured by ABR and DPOAE 2 weeks later. Threshold shifts (calculated relative to age-matched,
unexposed cohorts) are greater in young-exposed ears by both measures. Data are expressed as
means == SE. For the numbers of animals in each group, see Table 1. The gray bar denotes the
pass band of the noise-exposure stimulus.
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Figure2. Vulnerability to noise decreases dramatically between 8 and 16 weeks of age. 4, B,
Maximum threshold shifts (i.e., shifts at 16 kHz) seen at 2 weeks after exposure by ABR (4) and
DPOAE (B) for all ages at exposure. €, D, In unexposed control ears, thresholds at 16 kHz do not
show large change between 8 and 16 weeks. Data are means == SEand are plotted as a function
of age on a logarithmic scale. For the numbers of animals in each group, see Table 1.

time. DPOAE and ABR data are virtually identical, and there were
no statistically significant gender differences in NIHL.

It is important to consider the age-related progression in pre-
exposure thresholds over the same timespan, shown in Figure 2,
C and D. The precipitous drop in maximum noise-induced
threshold shift between 8 and 16 weeks has no obvious counter-
part in a change in baseline sensitivity: our data from unexposed
groups show that sensitivity at 16 kHz changes <5 and <10 dB
across the entire frequency range of test over the same period of
time.

AHL is exacerbated by previous noise exposure
To evaluate interactions between NIHL and subsequent AHL, we
tracked thresholds in noise-exposed versus unexposed ears with
increasing postexposure survival, out to the lifespan of the mouse
(~2.5 years).

First, consider animals exposed to noise at 4 weeks. When
measured 2 weeks later, threshold shifts by both ABR and
DPOAE peaked at 40 dB at 16 kHz (open circles in Fig. 3A, B are
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Figure3. Early NIHL exacerbates AHL when measured by ABR (4, €) but not by DPOAE (B, D).

A, B, NIHL in animals exposed at 6 weeks (white circles; replotted from Fig. 1) is defined as
thresholds at 2 weeks after exposure relative to unexposed 6 week controls; 96 weeks later,
aggregate NIHL/AHL in animals exposed at 6 weeks is also calculated relative to unexposed 6
week controls. C, D, AHL in unexposed animals (white squares) is simply the difference between
thresholds at 102 versus 6 weeks; AHL for the noise-exposed group (gray diamonds) removes
the initial NIHL component, i.e., it is the difference between thresholds at 96 versus 2 weeks
after exposure (the difference between the curves in A and B). Data are means = SE. For the
numbers of animalsin each group, see Table 1. The arrows above the pointsindicate that at least
50% of animals from this group at this frequency lacked responses at the highest SPLs pre-
sented; thus, the threshold shift may be underestimated. For additional explanation, see Ma-
terials and Methods.

replotted from Fig. 1 A, B). When reexamined 96 weeks later, ABR
threshold shifts had grown dramatically across the entire range of
test frequencies, whereas DPOAE thresholds changed only
slightly (Fig. 3A, B). This striking discrepancy between ABR and
DPOAE shifts suggests that progressive age-related changes in the
noise-damaged ear involve the inner hair cell and/or the auditory
nerve to a greater degree than the outer hair cells or other struc-
tures contributing to the cochlear amplifier. The difference be-
tween threshold curves at 2 versus 96 weeks after exposure is a
measure of the AHL in these young-exposed ears. As seen in
Figure 3C, this AHL (filled squares) is significantly larger than
that seen in unexposed ears (open squares) when evaluated by
ABR. Thus, early noise exposure increases AHL, especially at fre-
quencies below the region of maximum damage (e.g., 5.6 and 8.0
kHz), in which initial postexposure threshold shift was minimal.
Note that the exacerbation of AHL at high frequencies may be
even greater than suggested, given that both ABR and DPOAE
measures of threshold shift “saturate” as the sound pressures
required to elicit a response (in the noise-exposed groups) reach
the maximum sound pressures tested (Fig. 3, upward arrows)
(for additional explanation, see Materials and Methods). With
respect to possible gender effects of AHL/NIHL interactions, the
number of males in the unexposed, old group was too small (n =
2) to calculate meaningful threshold shifts.

To evaluate how the interaction between AHL and NIHL var-
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Figure 4.  Progressive threshold shifts as a function of age in animals initially exposed to

noise at different ages: 6 weeks (white circles), 16 weeks (gray squares), 32 weeks (gray dia-
monds), 64 weeks (gray triangles), or 96 weeks (black triangles). Shifts are shown at 16 kHz
(right), the frequency of maximum initial shift, and 8 kHz (left), a frequency showing minimal
initial shift. Age-corrected shifts are defined as the difference between the measured threshold
and the thresholds of unexposed animals of similar age. Data are plotted as a function of age at
test; thus, an animal exposed at 16 weeks and held for 32 weeks will be plotted at 48 weeks of
age. The numbers of animals in each group are given in Table 1.

ies with age-of-exposure, we extract the ABR-based threshold
shifts at 8 and 16 kHz from each exposed group at each postex-
posure age and “correct” for age by subtracting the correspond-
ing threshold shift seen in age-matched, unexposed controls (Fig.
4). By this procedure, the “age-corrected shift” is a measure of the
original noise-induced shift plus any additional hearing loss seen
in the ABR response, above and beyond that expected attribut-
able to aging alone. Consider first the data at 8 kHz. For the group
exposed at 4 weeks (open circles), the age-corrected shift grows
steadily with postexposure time to a maximum of ~25 dB at 96
weeks (the same value shown in Fig. 3C at 8 kHz), suggesting a
strong interaction between NIHL and subsequent AHL. Data
from the groups exposed at 16 and 32 weeks (Fig. 4 A, squares and
diamonds, respectively) also show interactions between NIHL
and AHL at the longest postexposure holding times: the thresh-
olds deteriorate after noise exposure more dramatically than in
age-matched, unexposed counterparts. Thus, the long-term se-
quelae of noise exposure are visible regardless of whether the
exposure occurred before or after the dramatic drop in vulnera-
bility (at 8 vs 16 weeks) and even when the initial exposure led to
threshold shifts, which were completely reversible in the short
term (Fig. 1). Similar AHL/NIHL interactions are seen in the data
at 16 kHz, except for the group exposed at 4 weeks wherein the
threshold shifts may saturate, thus leading to an underestimate of
the “additional” threshold shifts as these animals age.

AHL/NIHL interactions produce primary
neural degeneration
When cochleae from young- or old-exposed animals were har-
vested 2 weeks after exposure and examined with age-matched,
unexposed counterparts, the organ of Corti was intact; there was
virtually no hair cell loss outside of the extreme high-frequency
end of the cochlear spiral. Other cochlear structures, including
the stria vascularis, spiral limbus, tectorial membrane, etc., did
not appear pathologic in any systematic way (Figs. 54, 6A-C).
Such results are consistent with previous work (Liberman and
Beil, 1979) demonstrating that noise-induced permanent thresh-
old shifts on the order of 40 dB do not require hair cell loss but
can occur with stereocilia damage alone (which was not evaluated
in the present study).

Many of the noise-exposed ears showed cell loss among a small
spatially distinct class of fibrocytes (type IV) within the spiral liga-
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Figure5.
fibrocytes: compare circled regions of B and C. A and B show the upper basal turn of an ear
exposed at 6 weeks and tissues processed at 8 weeks. The region of the high-power view in Bis
indicated by the box in A. € shows the normal appearance of the type IV fibrocytes at the same
cochlear region.

When examined 2 weeks after exposure, the only histopathology is loss of type IV

ment (Fig. 5, compare B, C). The presence or absence of type IV cells
was not well correlated with the degree of threshold shift: as shown in
Figure 8, estimated type IV loss was greater in ears exposed at 2 years
than in those exposed at 6 weeks, although the former had no per-
manent NIHL, whereas the latter had a 40 dB shift. Previous studies
have noted the vulnerability of the type IV cells and the lack of cor-
relation with threshold shifts (Wang et al., 2002).

The most striking histopathologic change was a widespread
loss of spiral ganglion cells, the cell bodies of cochlear nerve af-
ferents, most of which make synaptic contact with inner hair
cells. As illustrated by the micrographs in Figure 6, such neuronal
loss was seen only in aged ears that were noise-exposed earlier in
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life; it was not seen in unexposed groups, regardless of age, nor in
noise-exposed groups evaluated at short postexposure times. Be-
cause the neuronal loss was not associated with hair cell loss, it is
considered a “primary” neural degeneration rather than occur-
ring secondary to the hair cell degeneration. Even at the limits of
resolution of the light microscope, the hair cells and supporting
cells of the organ of Corti looked completely normal in most
cochlear regions of all exposure groups: representative high-
power differential interference contrast (DIC) images are shown
in Figure 7. Based on previous studies at both the light and elec-
tron microscopic levels (Liberman and Dodds, 1984), it is likely that
initial noise-induced threshold shift in our mice was attributable to
stereocilia damage, especially on outer hair cells, which is not well
resolved in the type of histological material used in this study.

These qualitative observations were quantified and systemat-
ically evaluated in an analysis by an observer blind to the age and
exposure history of the tissue. Results of this analysis are shown in
Figure 8, in which means and SEs are shown for fractional sur-
vival of inner and outer hair cells, spiral ganglion cells, and type
IV fibrocytes in ears from representative groups in the present
study. None of the groups showed significant loss of inner hair
cells, and variable amounts of outer hair cell loss were seen but
only in the more apical regions (primarily 6 and 14 kHz) and only
in the older animals (regardless of exposure history). Apical outer
hair cell loss has been reported previously in aging CBA/CaJ
(Henry and Chole, 1980; Spongr et al., 1997) and CBA/]J (Ohle-
miller and Gagnon, 2004). Type IV fibrocyte loss was seen pri-
marily in the high-frequency region (30 kHz) and only in the
noise-exposed ears, with severity of loss greatest in ears surviving
for longer postexposure times. Widespread loss of spiral ganglion
cells was seen only in noise-exposed animals held for long post-
exposure times. In unexposed animals, there was modest loss
(<20% on average) but only in the apex and only in old animals,
consistent with previous studies of aging mice and rats (Keithley
and Feldman, 1979, 1982; Dazert et al., 1996). In exposed animals,
ganglion cell loss was not seen in the short-surviving ears, whether
the age at exposure was 6 weeks (“Expose Young Test Young”) or
124 weeks (“Expose Old Test Old”). In the long-surviving ears, the
neuronal loss could be seen throughout the cochlea and was signifi-
cant regardless of whether the ears were exposed at 6 weeks (“Expose
Young Test Old”) or at 16—32 weeks (data not shown).

Discussion

Critical period for noise vulnerability

Numerous studies of cochlear function have suggested a period of
heightened sensitivity to insult from noise or ototoxic drugs during
(Bock and Saunders, 1977; Bock and Seifter, 1978; Lenoir et al., 1979;
Henley and Rybak, 1993) and beyond (Henry, 1982, 1983; Pujol,
1992) periods of obvious structural and functional maturation of the
cochlea. In mouse, age-related shifts in NIHL vulnerability are well
documented. In commonly used variants of CBA (CBA/J, CBA/Ca,
and CBA/CaJ), noise vulnerability decreases with age (Henry, 1982,
1983; Li and Borg, 1993; Ohlemiller et al., 2000). Henry (1982) ex-
posed CBA mice at 60, 90, 120, and 360 d and found a reduction in
vulnerability as exposure age increased from 60 to 120 d (nominally
8 and 17 weeks). Present results are in good agreement with this
observation.

Middle ear motion decreases with age (Doan et al., 1996;
Rosowski et al., 2003), and less efficient transfer through the middle
ear could decrease NIHL vulnerability. Direct measurements of
sound transmission through the aging middle ear in CBA/Ca]
(Rosowski et al., 2003) show that transmission losses may account
for part of the sensitivity reduction (<6 dB) at frequencies above 16
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kHz in old, unexposed ears. However, in
the noise-exposure band used here
(8—16 kHz), middle ear transmission
changes by <2 dB between 8 and 96
weeks. Middle ear changes between 8
and 16 weeks must be significantly
smaller and cannot underlie the dra-
matic change in noise vulnerability.
Even a 2 dB transmission decrease could
cause a 12 dB decrease in NIHL (Yoshida
et al., 2000), i.e., much smaller than the
40 dB differences observed between 8
and 16 week animals (Fig. 1). Thus, the
age-related shift in vulnerability must
arise in the inner ear.

The inner ear is mature morphologically,
and electrophysiologic properties of hair
cells and gross cochlear response thresholds
have stabilized by 4 weeks, the youngest ani-
mals studied here (Mikaelian et al., 1965;
Lim and Anniko, 1985; Marcotti et al., 2003;
Hafidi et al., 2005). Thresholds in the 8-16
kHz range are almost identical in 4- versus
16-week-old animals (Fig. 2); thus, the vul-
nerability shift has no obvious correlate in
cochlear sensitivity. Indeed, apart from the
dramatic shift in noise vulnerability, there is
no reported change in cochlear structure or
function over the critical time period from 8
to 16 weeks. It may be significant that mice
reach sexual maturity ~6—8 weeks (first
in females and then males); thus, endo-
crine changes may produce previously
undetected changes in cochlear function
that influence noise vulnerability. In the
present series, no difference in preexpo-
sure thresholds was seen for young males
versus females. Two studies, those of Guima-
raes et al. (2004) and Henry (2004), report
that, among older CBA mice, males show
higher thresholds (i.e., more AHL) than fe-
males. Although no gender difference in
noise vulnerability was observed here for
short postexposure times, evaluation of pos-
sible gender influences on the progressive
neuropathy of long-surviving animals is
underway.

Interactions between noise and age in
animal models

Studies of acoustic trauma (Miller et al.,
1963) suggest the following: (1) noise-
induced threshold shift increases only as
long as the noise exposure continues, (2)
threshold recovery begins soon after expo-
sure termination, and (3) noise-induced
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Figure 6.  Primary neuronal degeneration was seen in mice that were exposed and allowed to survive for many months. The
degeneration, seen as decreased density of spiral ganglion cells (heavy black circles), although inner and outer hair cells (light
black circles) are still present, is visible in cases exposed at 6 weeks and aged to 96 weeks (D) but not in cases exposed at 96 weeks
and evaluated at 98 weeks (B) or in unexposed animals tested at 96 weeks (C) orin cases exposed at 6 weeks and tested at 8 weeks
(A). Allimages are from the upper basal turn. Scale bar in B applies to A-D.
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Figure 7. The sensory epithelium appears normal in animals from all exposure groups, even with high-power DIC optics.
Images are from the same four cases shown in Figure 6. Eachimage is focused on an inner hair cell nucleus (e.g., white arrow in B).
Stereocilia on inner hair cells are also in focus (e.g., black arrow in B), and, in some cases, the basolateral membrane of the inner
hair cell is visible (e.g., white arrowhead in B). Three rows of outer hair cells are seen in all images (e.g., white arrows in D);
however, notall rows are in focus. Outer hair cell stereociliain mouse are generally too small to be visible in this material. The scale
barin A applies to A-D.

initially measured permanent threshold shifts (Liberman and

threshold shift asymptotes to permanent and stable levels within
2—4 weeks after exposure. Findings from the present study chal-
lenge the universality of these notions. Specifically, we show that
noise exposure can lead to threshold shifts that progress for years
after the exposure and are associated with primary degeneration
of the cochlear nerve. This neural etiology contrasts with the
noise-induced hair cell (or stereocilia) damage that underlies the

Dodds, 1984) and contrasts with the aging process in unexposed
mice, as shown here and by other studies reporting that cochlear
neuronal loss is minimal in unexposed mice, even beyond 2 years of
age (Lambert and Schwartz, 1982; Willott et al., 1988; Ohlemiller
and Gagnon, 2004).

The present study does not address mechanisms underlying
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Unexposed Expose Young Expose Young Expose Old Unexposed may arise from several sources. In the ger-

Test Young Test Young Test Old Test Old Test Old . . .
10 - _ _ - - bil study, animals were exposed at middle
] ; ] ] 5 age: in the present study, middle-aged an-
0.5 J ] ] = §. imals held to old age also showed little ad-
B ditional threshold shift. Ip the mouse
s = = - = study, the short-duration, high-level, low-
2 "I I Elm Bl Elm o [ InnerHairCells frequency exposure stimulus may initiate
T os ] ] ] ] 3 E‘;L{teiza"f?"sc . different pathologic processes than those
% 1 1 1 S = Fﬂ,'::cy[aezgmn i produced here. For example, the loss of
S 00 3| | 0 L 3L 4L spiral ligament fibrocytes seen by 2 weeks
10 4 — - - o - after exposure in our animals may not oc-
£ ] ] ] ] i cur after a 5 min exposure such as that
0.5 . J - - § used by Li and Borg (1993). Given that spi-
i ] - ] ] ral ligament fibrocytes may be involved in
T [n=6] - T Tin=131 [n=10] T n=11] cytokine signaling pathways and thereby in
the stress response of the ear (Adams, 2002),
Figure8.  Semiquantitative analysis of cochlear histopathology in groups of exposed and unexposed animals performedbyan  the loss of fibrocytes in our animals may be

observer blind to the exposure history and threshold measures. Analysis included estimates of inner and outer hair cell loss, spiral
ganglion cell loss, and loss of type IV fibrocytes. Each histogram shows means and SEs or the estimates of fractional cell survival.
Estimates were made in three cochlear regions, as indicated, corresponding to the three regions seen in a midcochlear section. The
numbers of animals in each group are given under each column letter. “Unexposed Test Young” animals were tested at 7.5 weeks;
“Expose Young Test Young” were exposed at 5.5 weeks and tested at 7.5 weeks; “Expose Young Test Old” animals were exposed
at 5 weeks and tested at 100 weeks; “Expose Old Test Old” animals were exposed at 124 weeks and tested at 126 weeks; and

“Unexposed Test Old” animals were tested at 105 weeks.

the progressive neuropathy; however, it may be important in this
regard that the acute response to noise often includes not only
temporary threshold shifts but evidence of glutamate excitotox-
icity [swelling of afferent nerve terminals under inner hair cells
(Pujol et al., 1993)]. Indeed, exposures identical to those used
here, delivered at 10 weeks to mice of the same strain, caused
temporary threshold shifts that extended across the entire range
of frequencies monitored (5.6—45.2 kHz) and obvious swelling
of dendrites and cell bodies of cochlear neurons along a broad
extent of the cochlear epithelium when evaluated 24 h after ex-
posure (Wang et al., 2002). Although the swelling subsides by 1
week after exposure and synaptic function can return to normal,
as evidenced by recovery of ABR thresholds, present results sug-
gest that long-term changes are set in motion that can lead to
degeneration on a timescale of months to years.

Progressive threshold deterioration was worst for animals ex-
posed during the “critical period,” although some threshold de-
terioration (and significant associated neuropathy) beyond that
expected by aging alone also was seen in animals exposed at older
ages and held many months after exposure. This is remarkable
because the older animals showed virtually no threshold shift 2
weeks after exposure. Thus, long-term effects of noise exposure
can be documented even after an exposure that initially appears
to be fully reversible.

Few other studies have followed animals for long postexpo-
sure times. However, the two most relevant previous studies,
including one in mouse (Li and Borg, 1993) and one in gerbil
(Mills et al., 1997), found no evidence for progressive threshold
shifts in noise-exposed animals above and beyond those seen in
age-matched controls. Histopathology was not evaluated in ei-
ther case. In the earlier mouse study, CBA/CaJ at 1-12 months
were exposed to a 5 min, 120 dB SPL, 2—7 kHz noise band that
caused an initial permanent shift of ~20 dB and were held to
23-27 months of age for final ABR testing. In the gerbil study,
animals were exposed at 18 months to a 3.5 kHz pure tone for 1 h
at 113 dB SPL that caused an initial permanent shift of ~20 dB
and were allowed to survive for an additional 18 months before
final ABR testing. Apparent discrepancies with current findings

key in the initiation of long-term neural
degeneration.

The magnitude of the ABR shifts in the
long-surviving noise-exposed animals is
too large to be accounted for by the spiral
ganglion cell loss alone. Good thresholds
for tones can be maintained after primary
neural lesion (Schuknecht, 1993; Parkin-
son et al., 2001) or neural loss to selective inner hair cell degen-
eration (Schrott et al., 1989; Wake et al., 1993; Liberman et al.,
1997; Hamernik et al., 1998). In addition to the ganglion cells that
are frankly missing in these ears, there may be large numbers of
unresponsive neurons, perhaps because of degeneration of their
peripheral terminals on inner hair cells, as suggested from ultra-
structural studies of human temporal bones (Nadol, 1988).

Implications for presbycusis and hearing loss allocation

in humans

Aging humans lose threshold sensitivity, especially at high fre-
quencies, and show increasing difficulties discriminating speech
in noisy environments. This syndrome of age-related decrements
in auditory performance is called presbycusis. For a significant
subset of aging individuals, performance on these two func-
tional metrics diverges, with speech intelligibility losses
outweighing those expected from threshold sensitivity de-
clines (Pauler et al., 1986). Such performance deficits, to-
gether with histologic evidence of primary neural degenera-
tion in some aging ears, have suggested a “neural presbycusis”
(Schuknecht, 1993; Schuknecht and Gacek, 1993). Thus, pri-
mary neural degeneration of the type seen in the present study
could have important consequences in the human, even if the
changes in pure tone thresholds are not large.

Current clinical practice and medico-legal procedures often
require allocation of noise-induced versus age-related compo-
nents of hearing losses in aging ears (Dobie, 1992). Methods
commonly used to aid such allocations treat these components as
though they add simply (with some compression for large shifts)
in their contribution to the aggregate hearing loss recorded in a
given ear (International Organization for Standardization, 1990,
1999) (see also American College of Occupational Medicine,
1989). This notion has found support in a recent longitudinal
study (Lee et al., 2005) reporting that threshold shifts over 3-11.5
year timespans were not significantly different for individuals
with and without reported noise-exposure histories. However,
two recent studies have yielded data that contradict this view
(Gates et al., 2000; Rosenhall, 2003). In the Gates et al. study, ears
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with large 3—6 kHz reductions in threshold sensitivity [taken as
evidence of previous noise damage (Cooper and Owen, 1976;
Kryter, 1985)] demonstrated age-noise interactions resulting in
additional hearing loss progression primarily in frequency re-
gions below the original noise-induced threshold shift. Similar
changes with age were not seen in ears without these noise
notches. This finding was subsequently confirmed by Rosenhall
(2003) in analysis of the annual decline of pure tone thresholds in
aging men with versus without reported histories of occupational
noise exposure. Such observations and those tested more directly
here suggest that ears with noise-exposure histories age differently
from those without and that the mouse may be a useful animal
model in which to systematically study these important issues.
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