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Abstract
Gonadectomized and surgically intact adult C57BL/6J (B6) mice of both sexes were exposed for 12
hours nightly to a high-frequency augmented acoustic environment (AAE): repetitive bursts of a
half-octave noise band centered at 20 kHz, 70 dB SPL. The effects of sex, gonadectomy, and AAE
treatment on genetic progressive hearing loss (exhibited by B6 mice) were evaluated by obtaining
auditory brainstem response thresholds at ages 3-, 6-, and 9-months; hair cell counts
(cytocochleograms) were obtained at 9 months. A sex difference in the rate of genetic progressive
hearing loss in B6 mice (observed by earlier studies) was confirmed, with females exhibiting a faster
rate of threshold elevations and more severe loss of hair cells at age 9 months. Gonadectomy had no
consistent effects on the rate or severity of hearing loss in nonexposed mice of either sex. An
unexpected finding was that the high-frequency AAE treatment caused additional ABR threshold
elevations and hair cell loss. In an earlier study, the same high-frequency AAE treatment on DBA/
2J mice ameliorated hearing loss. The most severe AAE-induced losses occurred in surgically intact
females, suggesting a potentiating effect of ovarian hormone(s).

1. Introduction
Mice of the C57BL/6J (B6), DBA/2J (D2), and other strains exhibit genetic age-related hearing
loss (for reviews see Erway et al., 1993, 2001; Johnson et al., 1997, 2000; Li and Borg,
1991; Willott, 1996; Zheng et al., 2005). A series of studies has shown this to be ameliorated
by treatment with an augmented acoustic environment (AAE) consisting of 12-hour-nightly
exposure to noise bursts of 70 dB SPL (re: 20μPa). Earlier studies (Turner and Willott, 1998;
Willott an Turner, 1999; Willott and Bross, 2004; Willott et al., 2000; 2005) used a relatively
broad noise band as the AAE, and this affected auditory responses to a correspondingly broad
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range of frequencies, as low as 4 kHz. In the most recent study (Willott et al., 2006), D2 mice
were exposed to an AAE noise band restricted to higher frequencies (a half-octave noise band
centered at 20 kHz), and this treatment lessened auditory brainstem response (ABR) threshold
elevations only for frequencies of 16–32 kHz. The present study utilized the same high-
frequency AAE to treat B6 mice, predicting that similar, high-frequency ameliorative effects
would be observed. A related issue is that of sex differences in progressive hearing loss in B6
mice. Male and female B6 mice exhibit a similar rate and severity of hearing loss during the
early stages, but in mice over 6 months of age, females exhibit more severe threshold elevations
(Henry, 2002; Willott and Bross, 2004). It has been hypothesized that the emergence of this
sex difference during adulthood is related to gonadal hormone activity (Willott and Bross,
2004) as it affects gene(s) that cause hearing loss in B6 mice, not general hormonal effects on
the cochlea. Indeed, in CBA strains of mice that maintain good hearing as they age, older
females have better hearing than males (Guimaraes et al., 2004; Henry, 2004). Thus, the present
study included male and female mice that had been gonadectomized as young adults in order
to disrupt gonadal hormone activity.

2. Methods
2.1 Experimental animals

C57BL/6J mice were obtained from the Jackson Laboratory, Bar Harbor, ME at age 4–6 weeks.
Half of the mice received gonadectomies at age 2–3 weeks by highly experienced surgeons at
the Jackson Laboratory before being shipped. Mice served in one of 8 subject groups. Mice
exposed to the AAE were: 5 intact females, 8 ovariectomized (OVX) females, 5 intact males,
and 9 orchidectomized (ORX) males; control (non-exposed) mice were: 7 intact females, 8
OVX females, 5 intact males, and 8 ORX males. Two additional groups of 3 males and 3
females aged 14 months (never exposed to the AAE) were also tested to further examine sex
differences. The room temperature in the vivarium was maintained between 23° and 24°C and
a 12-hour light/dark schedule was used. Mice were given ad libitum access to Purina rodent
chow and tap water.

All procedures conformed to NIH guidelines for use of animals in research and were approved
by the Institutional Animal Care and Use Committee of the University of South Florida.

2.2. Exposure to the AAE
Mice were placed in a plastic cage (12 x 13 x 30 cm), 4 mice per cage. Here they received
consecutive 12-hour nights of AAE treatment through 9 months of age.

To produce the AAE, a half-octave noise band centered at 20 kHz (rise/fall = 10 ms, duration
= 200 ms, rate = 2/s) was synthesized with Tucker-Davis Technologies (TDT) equipment and
downloaded to an Apple Mini-ipod. This signal was amplified with a Radio Shack MPA-200
audio amplifier and sent to Radio Shack Supertweeters placed on the filter tops above the plastic
cages. The amplifier gain was set so that the mean SPL within the cages was 70 dB. The level
was calibrated by inserting the microphone of a Brüel and Kjær Type 2203 Precision Sound
Level Meter coupled to a Type 1613 octave band filter into holes drilled in various locations
of a calibration cage and determining the appropriate amplifier settings. The signal was
automatically timed to be on during the 12-hr dark cycle.

2.3. ABR thresholds
ABR thresholds were obtained at ages 3 months, 6 months, and 9 months with a range of ±
2weeks due to the large number of mice to be tested. Testing was performed at midday (noon
± 1.5 hours). The potential effect of the time of day / order of testing was evaluated during the
first series of tests (3 months), and there was no evidence that ABR thresholds were affected.
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Nonetheless, the order of testing was balanced among the different subject groups for all three
test sessions.

The procedures have been described elsewhere (Willott et al., 2006). Stimuli were synthesized
and produced using TDT System 3 hardware and software and an ESL electrostatic speaker
(Tucker-Davis Technologies), which has a relatively flat frequency response between 2 kHz
to 100 kHz. The speaker was mounted 20 cm in front of the mouse’s head in the free field in
a foam-padded, shielded acoustic chamber. The output was calibrated by placing the Brüel &
Kjær microphone in the space to be occupied by the mouse’s head and determining the
appropriate setting for the desired acoustic output. A maximum SPL (re: 20 μPa) of 80 dB was
employed for all stimuli. Mice were anesthetized with a cocktail of ketamine (100 mg/kg),
xylazine (20 mg/kg), and acepromazine (3 mg/kg) and kept warm with a heating pad during
ABR recordings. A subdermal (active) needle electrode was inserted at the vertex, and ground
and reference electrodes were inserted subdermally in the loose skin beneath the pinnae of
opposite ears. TDT System 3 hardware and software were used to obtain ABRs, with 500
stimulus repetitions per record. Preamplifier filters were set at 100 Hz high pass and 3000 Hz
low pass.

Mice were tested with tone pips (1 ms rise/fall; 3 ms duration; 4, 8, 12, 16, 24, and 32 kHz).
ABRs were obtained at each frequency by reducing the SPL in 5 dB steps beginning with a
maximum of 80 dB SPL. Threshold was defined as the lowest 5 dB step at which an ABR
could be recognized. Judgment of threshold was made from ABR records off-line by two
independent, experimentally blind observers. The two observers obtained the same thresholds
in the vast majority of cases and any discrepancies were rarely more than 5 dB. Minor between-
rater discrepancies in thresholds were resolved, subject to agreement by both observers. If
ABRs were not evoked by the maximum SPL of 80 dB, a nominal threshold of 85 dB was
assigned.

2.4. Cytocochleograms
Cytocochleograms were prepared at the University at Buffalo under subcontract to Dr. Richard
Salvi. The procedures for preparing and analyzing mouse inner ears have been described in
detail in previous reports (McFadden et al., 1999a; McFadden et al., 1999b: Willott et al.,
2006). Briefly, the organ of Corti was carefully microdissected out from base to apex, and
specimens stained with Ehrlich’s hematoxylin solution (Ding et al., 2001). Specimens were
mounted in glycerin on glass slides and examined with a light microscope with differential
interference contrast optics (Zeiss Standard, 400X magnification). Hair cells were counted as
present if the cell body and cuticular plate were intact. Cochleograms were constructed by
plotting the percentage of missing OHCs or IHCs as a function of percent distance from the
apex of the cochlea. Percentages were computed relative to laboratory norms for young CBA
mice (Spongr et al., 1997).

3. Results
3.1 ABR thresholds

The ABR threshold data are presented in Figures 1 and 2. Figure 1 separates the data into three
panels, one for each age, with frequency on the abscissa. In Figure 2, the same data are arranged
to more clearly show the age-related changes for each frequency. For all figures, females are
indicated by black symbols, males by green; filled symbols (connected by unbroken lines) are
controls, unfilled symbols (connected by dashed lines) are AAE-treated; squares are
gonadectomized, circles are intact.
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3.1.1 Statistical analysis—The initial a 3-way analysis of variance (ANOVA) was
performed using all data: Age (3) X Group (8) X Frequency(6), with Frequency as a repeated
factor. Age was not treated as a repeated measure because several mice were lost or used for
other procedures after the initial test session (age-related changes in individual mice were
consistent with those observed in its respective group). This ANOVA was followed up with
2-way ANOVAs (Group X Age) for each frequency, and then by Fisher’s LSD (protected t)
tests (p< 0.05) for comparisons among individual groups at each age or differences in a group
as a function of age.

The initial 3-way ANOVA obtained a number of significant effects at p < 0.0001. These
included main effects of Age [F(2,140) = 54.91], subject Group [F(7,140) = 19.42], and
Frequency [F(5,700) = 687.51], as well as interactions for Age X Frequency [F(10,700) =
36.21), Group X Frequency [F(35,700) = 13.38], and Age X Group X Frequency [F(70,700)
= 4.35). The only interaction that was not significant was Age X Group.

Results of the 2-way ANOVAs at each frequency are presented in Table 1. The following
conclusions are supported by this analysis and the Fisher’s LSD follow-up tests.

3.1.2. Sex differences in nonexposed control mice—Looking at untreated control
mice in Figure 1 (filled symbols), it is evident that thresholds for males and females are quite
similar at 3 months of age. By 6 months, however, thresholds at 32 kHz have become
significantly higher for both female control groups (intact and ovariectomized) compared to
males, although control males were also exhibiting less severe but significant threshold
elevations. Thresholds of male and female controls for 24 kHz were beginning to separate at
6 months of age, and by 9 months, female thresholds were significantly higher than those of
males at 24 kHz.

ABR thresholds for the two additional groups of 14-month-old mice revealed that the sex
differences persisted as threshold elevations became severe. As seen in Figure 3, the females
were almost deaf at this age, whereas males had relatively low thresholds for the middle
frequencies. A 2-way mixed ANOVA obtained significant effects for Group [F(1,4) = 19.88,
p = 0.011] and Group X Frequency interaction [F(5,20) = 7.20, p = 0.0005], with Fisher’s LSD
tests showing significant differences at 8, 12, and 16 kHz.

3.1.3. AAE effects—Contrary to the predicted ameliorative effect of AAE treatment, ABR
thresholds of treated mice at higher frequencies became higher than those of control mice. This
was true for both sexes and surgical conditions. At 3 months of age, thresholds for all four
AAE-treated groups (unfilled symbols) were significantly elevated for 24 and 32 kHz
compared to their respective control groups (filled symbols), and these became significantly
higher by 6 months.

3.1.3.1. Sex differences in exposed mice: Whereas both male and female exposed mice had
higher thresholds then their respective control groups, female exposed mice had higher
thresholds than male exposed mice for many data points. This appeared first at the higher
frequencies. At age 3 months, 24 and 32 kHz thresholds of female exposed mice were
significantly higher than those of the male exposed groups, although by 6 and 9 months the
males’ threshold elevations had “caught up,” and the sex differences were no longer significant.
For lower frequencies, gradually rising thresholds of AAE-treated males and females did not
differ significantly until age 9 months. At this age, thresholds for 12 and 16 kHz of female
exposed mice were higher than those of male counterparts.

3.1.4. Effects of surgical condition—As indicated already, surgery had little effect when
gonadectomized groups (square symbols) were compared with their intact counterparts (circle
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symbols). There was, however, evidence that intact females had more severe threshold
elevations than OVX females (and, of course males). Among controls, by 9 months of age,
intact females had generally higher thresholds than OVX females at the higher frequencies and
this was significant for 16 kHz. Comparing AAE-treated females, intact mice generally had
higher thresholds than OVX mice. This was especially clear at age 3 months, where thresholds
of intact female exposed mice were significantly higher than those of OVX exposed mice at
24 and 32 kHz.

3.2. Cytocochleograms
Figure 4 shows the mean cochleograms for OHCs and IHCs. ANOVAs (8 Groups X 10 cochlear
segments) showed significant main effects of both Group and Segment (p’s < 0.0001) and,
more importantly, significant Group X Segment interactions for IHCs [F(63,216) = 3.68, p <
0.0001] and OHCs [F(63,216) = 3.35, p < 0.0001 ].

The order of severity of hair cell loss comports well with that of ABR thresholds. The two male
control groups (solid green symbols) had the lowest ABR thresholds and the most surviving
hair cells. Conversely, the two female exposed groups (unfilled black symbols) had the highest
ABR thresholds and the most severe loss of hair cells. One-way ANOVAs were performed on
individual segments to confirm these observations. For IHCs, group differences were
significant for the 70th, 80th, and 90th percent distance from the apex [F’s (7,24) > 3.73, p’s <
0.0072). For OHCs, group differences were significant for the 60th and 70th percent distance
from the apex [F’s (7,24) > 4.18, p’s < 0.004). Fisher’s tests confirmed that male controls had
less severe loss than any other group and that AAE treatment was associated with more severe
hair cell loss in females as well. The AAE-induced loss of hair cells was at and above tonotopic
regions of the cochlea that would respond to the AAE spectrum. As was the case for ABR
thresholds, hair cell loss was especially severe in intact AAE-treated females. They had more
severe losses of IHCs at the 70th percentile than any other group. Whereas the ABR thresholds
of female (nonexposed) controls suggested more severe loss in intact females versus OVX
females (above), this was not evidenced in cytochleograms of these groups.

4. Discussion
The present study provides further insights into the nature of sex differences in progressive
hearing loss of B6 mice, while also obtaining a surprising finding: the high-frequency AAE
treatment that had ameliorative effects on hearing loss in D2 mice (Willott et al., 2006)
exacerbated ABR threshold elevations in B6 mice. We had predicted the opposite outcome.

4.1. Sex differences in control (non-exposed) mice and the effects of gonadectomy
Previously demonstrated sex differences in progressive hearing loss for B6 mice were clearly
observed in the present study. ABR thresholds at the higher frequencies became more severely
elevated in control females compared to control males (i.e., mice that were not exposed to the
AAE). The sex difference persisted in 14-month-olds (Fig. 3).

A hypothesis previously offered to account for the emerging sex differences in B6 mice
proposed that, during young adulthood, estrogen has a protective effect on the female cochlea
(Willott and Bross, 2004; see also Guimaraes et al., 2004). As estrogen function changes during
middle age, the protective effect wanes, and cochlear degeneration becomes more severe
Because males never “depend” on estrogen for protection, they do not suffer a similar
acceleration of hearing loss; furthermore, androgen activity persists well into the second year
of life in B6 mice (Nelson et al., 1975), so any protection that might be provided by male
hormones would not wane (Zhang et al., 2004). The present findings do not support this
hypothesis. First, the sex differences were significant in control mice at 6 months of age (earlier
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than was observed in earlier studies), and AAE-exposed females already had higher thresholds
than AAE-exposed males at 3 months of age (see below). During the first 6 months of life, the
female reproductive system of B6 mice is still functioning at a high level (Nelson et al.,
1981, 1982, 1992, 1995), so a decline in estrogen activity is unlikely at this age. Second,
ovariectomized females did not have higher ABR thresholds or more severe hair cell loss than
intact females, as would be predicted if estrogen were having a protective effect. Finally,
orchidectomy had no effect on hair cell loss or ABR thresholds in males, suggesting that
androgens are not playing a role either.

All this suggests that gonadal hormones during adulthood in B6 mice do not provide a sufficient
mechanism to account for the sex difference in progressive hearing loss that occurs in B6 mice
(although there may be a role in AAE effects, discussed below). It is, however, important to
note that the present experiments only speak to adult levels of hormones, because the
gonadectomized mice were intact prior to surgery at 2–3 weeks of age. Thus, it is possible that
early hormonal effects on hearing occurred at least in part prior to surgery. At this point we
cannot rule out the possibility that hormonal mechanisms, mostly acting at an early age, could
be both necessary and sufficient to produce the sex differences. But, a strong adult activational
effect appears unlikely.

Another caveat is the possibility that there were some hormonal effects – protective or
otherwise – but they were not revealed by ABR thresholds or hair cell counts. Degeneration
of the auditory system in B6 mice includes other cochlear tissue, spiral ganglion cells, and
central auditory neurons (Di Palma et al., 2001; Frisina and Walton, 2001; Hequembourg and
Liberman, 2001; Idrizbegovic et al., 2003; Ohlemiller and Gagnon, 2004; O’Neill et al.,
1997; Spongr et al., 1997; Willott, 1996; Willott and Bross, 1996; Willott et al., 1987; Zettel
et al., 1997). It is conceivable that protection of some cochlear or central auditory tissue was
provided by estrogen, but these effects were masked by ABR threshold elevation which was
caused by diminution of hair cell integrity. Estrogen is known to affect neural systems in a
variety of ways that can be neuroprotective/positive or (less commonly) neurotoxic/negative
(e.g., Belisle et al., 1985; Bergman et al., 1989; Bittar et al., 2001; Easton et al., 2006; Garcia-
Segura et al., 2001; Papalexi et al., 2005; Picazo et al., 2003; Toran-Allerand et al., 1999; Usui,
2006), leaving open many possibilities to be addressed by future research. Various lines of
evidence suggest that ovarian hormones may affect auditory function directly (Coleman et al.,
1994; Hultcrantz et al., 2006). Estrogen receptors have been observed in the mouse cochlea
(Stenberg et al., 1999; but see Nathan et al., 1999), although there is no indication as to what
role they might play. Estrogen may inhibit ion transport in the stria vascularis (Lee and Marcus,
2001), and cochlear blood flow may be modulated by estrogen and progesterone (Laugel et
al., 1987, 1988). Perhaps hormonal modulation of cochlear damage can act via one of these
routes.

The present findings certainly make feasible the possibility that the sex differences were
controlled by mechanisms other than gonadal hormones. There is a good deal of evidence that
sex differences in brain and behavior may be mediated by genetic mechanisms that do not
involve gonadal hormones (Arnold, 1996). An influence of nonhormonal mechanism would
be consistent with the minimal effects of gonadectomy.

4.2. AAE effects
The effects of high-frequency AAE treatment were unexpected and especially surprising. It
was hypothesized that the high-frequency AAE treatment would ameliorate age-related ABR
threshold elevations for high frequencies in B6 mice, as occurred using this AAE regimen in
D2 mice. Indeed, all previous studies of AAE treatment found amelioration of progressive
hearing loss in B6, D2, and other strains of mice that develop sensorineural damage (see Willott
et al., 2001 for a review). Several possibilities – none of which are mutually exclusive -- may
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be explored to account for these findings. 1. Research has demonstrated unusually high
susceptibility of B6 mice to noise-induced hearing loss (Davis, 2001; Davis et al., 2003;
Vasquez et al., 2004) that can be affected by the frequency of the noise and other factors
(Harding et al., 2005). Although the AAE was only 70 dB SPL, perhaps the basal half of the
B6 cochlea is especially vulnerable to damage by the high- frequency noise band, so that AAE-
induced insult overrode potential beneficial effects of treatment. If D2 mice were not similarly
vulnerable to this noise band, this might account for the strain difference. 2. Even at an early
age, D2 mice have poor sensitivity to the frequencies encompassed by the 20 kHz-centered,
half-octave AAE (Willott and Turner, 1999; Willott et al., 2006). By comparison, sensitivity
for those frequencies is near normal in B6 mice at the beginning of the treatment. Paradoxically,
the diminished performance of the D2 cochlea may have spared it from deleterious effects of
over-stimulation that may have damaged the healthier basal cochlea in B6 mice. 3. It is
conceivable that the histological or physiological effects of the AAE treatment were mixed in
B6 mice, and this was not detected by ABR thresholds or cytocochleograms. That is, the AAE
might have protected one type of cochlear or central auditory tissue even though it damaged
hair cells. The ABR thresholds may have been more heavily influenced by the “negative”
effects. Histological studies (in progress) may clarify this issue. 4. Other, unknown genetic
differences may have played a role in causing strain differences. These could involve genetic
background (e.g., Holme and Steel, 2004) or mechanisms that modulate cochlear damage.

Possible ovarian hormone effect on AAE-induced hearing loss—The present
findings do not indicate a role of hormones in the usual course of B6 progressive hearing loss,
and indeed, studies on menopausal women suggest beneficial effects of hormone replacement
on presbycusis (Hultcrantz et al, 2006). However, the findings do suggest that ovarian
hormones may increase vulnerability to noise-induced hearing loss. AAE-treated intact females
exhibited significantly higher ABR thresholds and more hair cell loss than their OVX
counterparts. This observation raises the possibility that hormonally mediated female
vulnerability to ambient noise might contribute to sex differences in B6 mice. In this respect
it is of interest that McFadden et al. (1999, 2000) showed that female chinchillas exposed to
noise exhibited more severe threshold elevations at higher frequencies than males, whereas
they showed less hearing loss than males at lower frequencies. Taken together the evidence
suggests that a sex-related factor might influence noise-induced damage in the basal cochlea.
In B6 mice which are vulnerable to noise to begin with (see below), females could be especially
affected by ambient noise, albeit of a low level in control mice.

4.4. Conclusions
The present study has perhaps raised more questions than it has answered. While confirming
the sex difference in the rate of progressive hearing loss in B6 mice, the hypothesized role of
a waning protective effect of estrogen in females was not supported. The data suggest that
ovarian hormones have little effect during adulthood, and may even potentiate noise-induced
hearing loss in B6 mice. Questions remain about the possibility of an early hormone effect or
a non-hormonal effect causing the sex differences. These issues have potentially important
implications for our understanding of sensorineural and noise-induced hearing loss, especially
in women. The study also demonstrated that an AAE treatment that is ameliorative for one
inbred strain (D2) can facilitate hearing loss in another (B6). Some possible explanations have
been mentioned, but perhaps the general lesson is that there is much to be learned about the
positive and negative aspects of an augmented acoustic environment. These must be understood
before any use of AAE treatments as a therapeutic tool can be considered.
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Figure 1.
ABR thresholds for all mice at all three ages (means and standard errors). The frequency band
of the AAE noise is shown by the shaded bar. Green symbols = males, black symbols = females;
square symbols = gonadectomized. Round symbols = intact; unfilled symbols = AAE-exposed,
filled symbols = nonexposed controls.
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Figure 2.
ABR thresholds (means and standard errors) as a function of age for each stimulus frequency.
Green symbols = males, black symbols = females; square symbols = gonadectomized. Round
symbols = intact; unfilled symbols = AAE-exposed, filled symbols = nonexposed controls.
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Figure 3.
ABR thresholds for 14-month-old mice. In these older mice, females have significantly higher
thresholds at 8, 12, and 16 kHz.
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Figure 4.
Cytocochleograms (% missing hair cells) for all groups.
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Table 1
Two-way ANOVAs for ABR thresholds at each frequency

Age [F(2,140)] Group [F(7,140)] Age X Group [F(14,140)]

4 kHz 4.73, p = 0.01 NS NS
8 kHz NS NS 1.93, p = 0.27
12 kHz 12.92, p < 0.0001 6.28, p < 0.0001 4.25, p < 0.0001
16 kHz 22.12, p < 0.0001 5.97, p < 0.0001 3.27, p = 0.0002
24 kHz 35.65, p < 0.0001 23.52, p < 0.0001 NS
32 kHz 63.54, p < 0.0001 11.87, p < 0.0001 2.61, p = 0.0022
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