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Abstract
Age-related hearing loss - presbycusis - is the most common communication problem and third
most prevalent chronic medical disorder of the aged. The CBA and C57BL/6 mouse strains are
useful for studying features of presbycusis. The CBA loses its hearing slowly, like most humans.
Because the C57 develops a rapid, high-frequency hearing loss by middle age, it has an “old” ear
but a relatively young brain, a model that helps separate peripheral (cochlear) from central (brain)
etiologies. This field of sensory neuroscience lacks a good mouse model for the 5-10% of aged
humans with normal cochlear sensitivity, but who have trouble perceiving speech in background
noise. We hypothesized that F1 (CBA × C57) hybrids would have better hearing than either
parental strain. Measurements of peripheral auditory sensitivity supported this hypothesis,
however, a rapid decline in the auditory efferent feedback system, did not. Therefore, F1s might
be an optimal model for studying cases where the peripheral hearing is quite good in old age;
thereby allowing isolation of central auditory changes due to brain neurodegeneration.
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1. INTRODUCTION
Mammals suffer reduced auditory sensitivity and/or complex sound processing abilities as
they age. This neurodegenerative deficit, presbycusis (age-related hearing loss), is the most
prevalent age-linked decline in a sensory system. Several very useful animal models have
emerged for studying the neurophysiological and molecular bases of presbycusis. Among
mammals, the gerbil has proved to be a good model for one of the main etiologies
characteristic of presbycusis in humans. Specifically, the gerbil exhibits a well-understood
age-correlated decrease in the endocochlear potential and in the structural integrity of the
specialized cochlear organ that produces endolymph: the stria vascularis (Schulte and
Schmiedt 1992; Schmiedt 1993, 1996; Schmiedt et al. 2002).

Given the many advantages of genetically engineered mice, including transgenics and
knockouts, for understanding the bases of sensory neurodegenerative processes, there has
been a strong need for well-characterized mouse models of presbycusis. Thus far, the most
useful have been the CBA and C57BL/6 strains (e.g., Frisina and Walton 2001a, 2001b;
Ohlemiller and Frisina 2008). The CBA strain has a slow, progressive hearing loss, as in
most humans, when one corrects for the absolute lifespan differences of mice and men, and
shows relatively good auditory sensitivity and moderate hair cell loss in old age (Willott
1991; Spongr et al., 1997; Guimaraes et al. 2004; Sha et al. 2008). In addition, like most
aging humans, the CBA exhibits complex sound processing deficits starting in middle age
and progressing into old age (Walton et al. 1997, 1998, 2002; Simon et al., 2004). These
include temporal processing declines that are linked to communication sound perceptual
deficits of the aging auditory system, including difficulty processing and understanding
speech (Gordon-Salant and Fitzgibbons 1993; Fitzgibbons and Gordon-Salant 1996).

The C57 strain possesses a mutation in the ahl gene that disrupts the development of
stereocilia on the apical surfaces of cochlear hair cells, particularly involving deficiencies in
the cadherin 23 protein. This is particularly harmful because the ion channels that mediate
transduction of sound waves into the electrophysiological responses of hair cells are found
in the membranes of the stereocilia. The net effect is that the C57 has an accelerated,
peripheral, age-related hearing loss, as reflected in rapid elevations in auditory brainstem
response (ABR) thresholds and declines in distortion-product-otoacoustic emission
(DPOAE) levels (Henry and Chole 1980; Willott, 1991; Jimenez et al. 1999; Zhu et al.
2007) . This rapid age-related hearing loss resembles a key feature of human presbycusis, in
that the loss starts in the high frequencies, and with age progresses to lower frequencies.
Specifically, the C57 has a severe-to-profound high-frequency hearing loss by one year of
age.

In terms of laboratory investigations of the biological underpinnings of presbycusis, it is
important to identify or develop mouse models that capture the various aspects of
presbycusis occurring in higher mammals and humans. As we attempt to unravel the
different clinical etiologies of presbycusis that lead to translational goals of preventing,
slowing down or reversing this common sensory disorder, we have lacked a good model,
specifically for aged humans who have very good peripheral hearing, i.e., those that have
audiograms within the normal hearing range of young adults. These so called “Golden
Ears”, comprising 5-10% of our aged population (mostly women), even with their cochleae
that in many ways resemble those of young adults, still have trouble with suprathreshold
complex sound processing, particularly the coding of sound temporal features (Fitzgibbons
and Gordon-Salant 1996; Snell et al. 2002; Pichora-Fuller et al. 2006) and perception of
speech in background noise (Frisina and Frisina, 1998; Snell and Frisina 2000).
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The present study aimed to identify a suitable mouse model for aged individuals who have
exceptionally acute peripheral sensitivity. It was hypothesized that F1 hybrid offspring from
existing strains, in this case the CBA and C57, would yield superior hearing in old age. The
results of the present investigation support this hypothesis relative to peripheral sensitivity,
but not for the efferent feedback system extending from the auditory brainstem to the outer
hair cell system, i.e., the medial olivocochlear bundle (MOC).

2. METHODS
2.1. Subjects

All mice were bred in-house, housed according to institutional protocols, with original
breeding pairs obtained from Jackson Laboratories. For this cross-sectional study, the
numbers of mice and age ranges for each subject group are provided in Table 1. The young
adult and middle age CBA data are from one of our previous investigations (Jacobson et al.
2003), and some of the young adult C57 subjects are from Zhu et al. (2007). All animal
procedures were approved by the University of Rochester Committee on Animal Resources
and are consistent with NIH Guidelines.

2.2. Auditory brainstem response methodologies
The ABR and DPOAE testing procedures were similar to our previous reports, and are
summarized here (Jacobson et al. 2003; Guimaraes et al. 2004; Varghese et al. 2005; Frisina
et al. 2007; Zhu et al. 2007). Prior to data acquisition, individual mice were microscopically
examined for evidence of external ear canal and middle ear obstruction. Mice with clearly
visualized, healthy tympanic membranes were included. ABRs were recorded with
subcutaneous platinum needle electrodes placed at the vertex (non-inverting input), right
mastoid prominence (inverted input) and tail (indifferent site). Calibrated tone pips, 5 ms
duration, 0.5 ms rise–fall time (phase alternating 90°) were utilized.
Electroencephalographic (EEG) activity was differentially amplified (50 or 100 k; Grass
[Quincy, MA] model P511 EEG amplifier), then input to an A/D converter (Tucker-Davis
Technologies [TDT, Alachua, FL] AD1), and digitized at 50 kHz. Each averaged response
was based on 300–500 stimulus repetitions recorded over 10-ms epochs. Contamination by
muscle or cardiac activity was prevented by rejecting data epochs in which the single-trace
EEG contained peak-to-peak amplitudes exceeding 50 μV. The threshold was defined as the
first level that did not evoke a response to a measured frequency, i.e., no difference from the
baseline. During this procedure, a general anesthetic, Avertin (Tribomoethanol, 5 mg/10 g
body weight intraperitoneal), was used to immobilize the mice. Normal body temperature
was maintained at 38° C with a servo heating pad. The ABR was recorded in a small sound
attenuating chamber (IAC).

2.3. Distortion-product otoacoustic emission stimulus and recording procedures
Mice were anesthetized with a mixture of ketamine/xylazine (120 and 10 mg/kg body
weight, respectively) by intraperitoneal injection before experimental sessions. All recording
sessions were completed in a soundproof acoustic chamber (IAC lined with Sonex) with
body temperature maintained with a heating pad. Before recording, the stimulus probe and
microphone coupler were placed in the test ear near the tympanic membrane. The coupler
for the speaker for the contralateral noise source was placed close to the tympanic
membrane in the opposite ear canal.

Ipsilateral acoustic stimulation and simultaneous measurement of DPOAEs was
accomplished with a Tucker–Davis (TDT) BioSig System III. Stimuli were digitally
synthesized at 200 kHz using SigGen software with the ratio of f2/f1 constant at 1.25, and
L1=65 dB and L2=50 dB SPL, as calibrated in a 0.1 cc coupler simulating the mouse ear
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canal. After synthesis, f1 and f2 were each passed through an RP2.1 D/A converter to PA5
programmable attenuators. Following attenuation, the signals went to ED1 speaker drivers
which fed into the EC1 electrostatic loudspeakers coupled to the ear canal via short flexible
tubes with rigid plastic tapering tips. For DPOAE measurements, resultant ear-canal sound
pressure was recorded with an ER10B+ low noise microphone and probe (Etymotic, Elk
Grove Village, IL) housed in the same coupler as the f1 and f2 speakers. The output of the
ER10B+ amplifier was input to an MA3 microphone amplifier, whose output went to an
RP2.1 A/D converter for sampling at 200 kHz. A fast Fourier transform (FFT) was
performed on the resultant waveform. The magnitude of f1, f2, the 2f1–f2 distortion product
and the noise floor of the frequency bins surrounding the 2f1–f2 component were measured
from the FFT. The procedure was repeated for geometric mean frequencies ranging from 5.6
to 44.8 kHz (8 frequencies/octave) to adequately assess the neuroethologically functional
range of mouse hearing. Wideband noise (3-30 kHz bandwidth) was applied to the
contralateral ear at 55 dB SPL. The 55 dB level was chosen so as to be below the middle ear
reflex in mice, and other mammals such as cats, guinea pigs and humans (Puel and
Rebillard, 1990; Williams and Brown, 1995; Liberman et al., 1996; Sun and Kim, 1999;
Kujawa and Liberman, 2001).

Distortion product (DP)-grams were acquired under two different stimulus conditions for
each test animal: in quiet and with contralaterally applied wideband noise. Trials were
alternated three or four times for both conditions (random order for each subject), with the
recording session duration limited by the depth of anesthesia. Duration of the testing was
approximately one hour per animal.

2.4.Data analyses and statistics
Results for each subject group were analyzed for individual frequencies, and averaged for
each of these three frequency bands: F1 = 4-15 kHz, F2 = 15-30 kHz and F3 = 30-48 kHz.
Contralateral suppression (CS) magnitude was defined and calculated as DP level with
contralateral noise minus DP level in quiet, computed for each frequency (negative values
indicate greater efferent feedback suppression). Since DPOAE responses are most reflective
of the outer hair cell system at the F2 cochlear location, DPOAE and CS magnitudes are
plotted as a function of F2. The two-way analysis of variance (ANOVA) across age groups
and frequencies was used for statistical analyses, followed by Bonferroni post hoc pair-wise
tests, with power corrected for multiple comparisons (Prism, GraphPad, La Jolla, CA).
Unless otherwise specified, all error bars in the figures represent standard error of the mean
(SEM).

3. RESULTS
3.1. Progression of age-related hearing loss in F1 hybrids

3.1.1 Outer hair cells – distortion product otoacoustic emissions—DPOAE level
or amplitude is a nonlinear, physiological measure of the functionality of the cochlear outer
hair cell system (Lonsbury-Martin et al. 1990, 1991, 2001; Parham et al. 1997, 1999,Sun
and Kim 1999). In the present investigation, DPOAE levels were fairly stable as a function
of age for F1 mice, as presented in Fig. 1A. Changes in the low frequencies were the
greatest for the old age mice, whereas, DPOAE amplitude declines were minor in the middle
and high frequency ranges.

3.1.2. Peripheral sensitivity – auditory brainstem response—ABR thresholds
provide a quantitative measure of the overall sensitivity of the peripheral auditory system.
As shown in Fig. 1B, thresholds are quite stable through middle age for the F1s, then rise
about 10-20 dB in old age across the entire frequency range tested.
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3.1.3. Feedback from the brain to the ear – medial olivocochlear bundle—The
MOC is the major component of the auditory feedback system from the brainstem to the
outer hair cells of the cochlea. If DPOAEs are measured in one ear, and when a noise is
presented to the opposite ear, in a young adult mammal with normal hearing, the DPOAE
levels will be suppressed (Veuillet 1991, Lieberman 1988). Previous studies have shown
that a contralateral stimulus can result in a decrease of DPOAE magnitude by up to several
dB (Moulin 1993, Liberman 1996, Williams 1997). This phenomenon is called contralateral
suppression (CS). CS was measured in the present investigation for the F1s as a function of
age, as given in Fig. 1C. The young adult mice show a small amount of CS (negative dB is a
measure of CS strength), which starts to go away (move towards the 0 dB line on the graph)
as the animals age. Note also, that the only significant amount of “contralateral
enhancement” (+ responses above the 0 dB line) occurs in the old animals (green data).

3.2. Comparison of F1 hybrids to parent strains
3.2.1. Outer hair cells – distortion product otoacoustic emissions—The
physiological integrity of the outer hair cell system for the three strains of mice in the
present investigation is given in Fig. 2A. As young adults, all three strains have DPOAE
levels well above the noise floor, indicating a significant response of the outer hair cells. The
only significant differences among the strains at this young adult stage are the consistently
lower DPOAE amplitudes at the middle and high frequencies for the C57 parent strain. A
trend towards higher amplitudes of the F1s, seen at the high frequencies for the young adults
(Fig. 2A), becomes more apparent across all frequencies tested for the middle age mice (Fig.
2B). As previous research has consistently shown, the middle age C57 displays a severe
high frequency hearing loss by middle age (Fig. 2B-blue data), with very little DPOAE
response. Remarkably, in old age, where the C57 is for the most part deaf, the F1 has
significantly higher DPOAEs than either parent strain, including the CBAs, as shown in
Figs. 2C-D.

3.2.2. Peripheral sensitivity – auditory brainstem response—All three strains
have similarly good peripheral sensitivity as young adults, as shown by the ABR threshold
data of Fig. 3A. Note, there is a trend at most frequencies for the F1 to be slightly more
sensitive than the two parental strains, and for the C57 to begin to show a high-frequency
hearing loss (threshold elevation for the blue data point at 48 kHz). In middle age, as given
in Fig. 3B, the C57 is well on the way towards deafness, with sensitivity so poor that
thresholds were only obtained at 6 kHz. At the other frequencies, the thresholds were above
80 dB, and therefore unattainable. At the middle and high frequencies (12-48 kHz) the F1
shows better peripheral sensitivity (lower ABR thresholds) than the CBA. For the old age
groups, the C57 is deaf (thresholds not measurable), and the F1 has significantly lower ABR
thresholds at all frequencies, except at the lowest frequency measured (3 kHz), relative to
the CBA (See Fig. 3C).

3.2.3. Feedback from the brain to the ear – medial olivocochlear bundle—As
young adults (Fig. 4A), the CBA (green data) shows better CS relative to the F1 and the
C57, particularly at the low frequencies. There is a trend for the F1 (red data) to have
slightly improved MOC function relative to the C57 (blue data) at the middle and high
frequencies. As discovered previously, the C57 has very little MOC response by 2 months of
age and thereafter (Varghese et al. 2005;Zhu et al. 2007). Fig. 4B shows that by middle age,
as originally reported by Jacobsen et al. (2003), the CBA has lost a significant amount of the
MOC response at low frequencies. In addition, the F1 is losing what little response it had as
a young adult (Compare red data in Fig. 4A to Fig. 4B, and see Fig. 1C). However, at
middle and high frequencies there is a tendency for the CBA (green) to show more CS than
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the F1 (red). In old age both strains have lost their CS, and show a bit of contralateral
enhancement at many frequencies, as plotted in Fig. 4C.

4. DISCUSSION
4.1. Peripheral hearing sensitivity of F1 hybrids exceeds that of either parent strain

4.1.1. Outer Hair Cell System and Cochlear Sensitivity—Generally mammals,
including humans, show declines in otoacoustic emissions amplitudes and elevations in
ABR thresholds with age (human: Collet et al. 1990; Lonsbury-Martin et al. 1991; mouse:
Jacobson et al. 2003; Guimaraes et al. 2004). These declines in cochlear sensitivity can be
due to loss of hair cells or spiral ganglion neurons, or disruption of the endocochlear
potential due to age-related damage or pathology of the lateral wall's stria vascularis. All
three strains of the present investigation manifested a loss of hearing with age, but with a
wide range of hearing loss rates and patterns, which likely reflect differences in the
underlying cellular pathologies associated with presbycusis. For the F1, age-related ABR
threshold elevations exceed the declines in DPOAE magnitudes. This suggests that the outer
hair cells, which produce the DPOAEs, are more resistant to aging in the F1 than the inner
hair cells, which are a primary determinant of the ABR thresholds.

It was not surprising that the age-related hearing loss of the F1 was not as severe as the C57
parental strain, since the F1, unlike the C57, has only 1 allele for the ahl gene, an autosomal
recessive condition requiring two copies for phenotypic expression. Surprisingly though, the
outer hair cell system functionality (DPOAEs) and overall peripheral sensitivity (ABRs) of
the F1 mice exceeded that of the CBA parental strain at all ages, but most noticeably in the
oldest age group. Specifically, the ABR results for F1 mice showed a significant increase in
their thresholds between the middle and old-aged groups, but this loss in sensitivity was less
than that displayed by the CBA (Jacobson et al., 2003; Guimaraes et al., 2004). This
suggests that there are some, as yet unidentified genes, probably autosomal recessive, that
contribute to the age-related hearing loss of CBA mice. Like the ahl gene, only one allele of
these unknown contributors to presbycusis in the CBA would be passed on to the F1,
preventing phenotypic expression in the F1.

4.2. Central auditory feedback is intermediate between the parent strains
4.2.1. Medial olivocochlear bundle—The MOC system neuronal cell bodies lie in the
superior and ventral portions of medial areas of the superior olivary complex and innervate
the outer hair cells via their myelinated fibers (Warr and Guinan 1979; Guinan et al. 1983;
Guinan and Gifford 1988a-c; Maison et al. 2003). In addition, surgical transection of the
MOC pathways at the base of the fourth ventricle has been shown to eliminate the effect of
contralateral suppression mediated by the crossed component of the MOC (Puel and
Rebillard 1990).

Previous investigations have reported a decline in MOC functionality with aging, starting in
middle age for the CBA (Jacobson et al. 2003; Varghese et al. 2005). In contrast, using the
same measurement paradigms, it was discovered that the C57 loses most of its MOC-CS
response within a couple months of age (Frisina et al. 2007; Zhu et al. 2007). Unlike the
superior peripheral auditory sensitivity displayed by the F1, the responsiveness of the F1
MOC system, as measured by CS in the present report, was intermediate between the two
parental strains.
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4.3. Is a functional auditory efferent feedback system necessary for optimal cochlear
sensitivity?

4.3.1. Aging auditory system: efferent system declines usually precede
peripheral pathology—The MOC auditory efferent feedback system, which upon
activation suppresses or inhibits cochlear output and outer hair cell motility, i.e., the gain of
the cochlear amplifier, has been implicated in several important aspects of auditory function
and physiology (Liberman and Brown 1986; Liberman 1989; Kujawa and Liberman 2001).
Previous reports present evidence that the MOC system is involved in increasing the signal-
to-noise ratio for complex sound coding, including speech perception (Winslow 1987,
Micheyl et al. 1995; Micheyl and Collet 1996), mediating auditory selective attention
(Collet et al. 1990; Chery-Croze et al., 1993), and helping preserve cochlear function in the
face of ototoxic insults such as loud noise (Rajan 1990).

The results of the present investigation revealed that the outer hair cell system and the
overall sensitivity of the auditory system of the F1 was superior to both parental strains, and
yet the MOC efferent feedback system was not as prominent in the F1 as in the CBA, at all
ages. This is puzzling because the preponderance of evidence concerning relations between
presbycusis and the efferent system are that declines in the efferent system precede declines
in the outer hair cell system and age-related deficits in cochlear sensitivity. This
degenerative sequence was true for both parental strains of the present investigation, as
demonstrated by Jacobson et al. (2003) and Varghese et al. (2005) for the CBA, and by
Frisina et al. (2007) and Zhu et al. (2007) for the C57. It is also true for humans, as
discovered by Kim et al. (2002) who measured DPOAEs and CS for human subjects of
different ages, and found significant declines in the MOC system in middle age and old
human listeners, all of whom had audiograms within the normal range. In experimentally-
altered instances of the progression of presbycusis, this has also been the case. For example,
Thompson et al. (2006) found that the MOC efferent feedback system started to decline
prior to a progressive peripheral hearing loss in young adult female CBA mice who were
administered tamoxifen, an estrogen receptor blocker commonly employed clinically to
prevent recurrence of breast or ovarian cancer.

4.3.2. Implications of the F1 hybrid's efferent system functionality—So what
might explain the noteworthy sensitivity of the F1 cochlea well into old age, in light of its
seemingly diminished auditory efferent feedback system from a relatively young age?
Preservation of cochlear cells in old age, as a basis for the superior hearing of the old F1s,
could result from a number of possible biological mechanisms that may be enhanced in the
F1s that are aimed at preserving the function of peripheral sensory organs during aging. For
instance, some recessive genes that make the parental strains more susceptible to age-related
ototoxic processes or pathways, such as the age-linked buildup of reactive oxygen species or
calcium excitotoxicity, might not be expressed in the F1s. Another possible explanation is
that the methods employed in the present investigation, and most previous investigations of
the aging mammalian auditory system are limited in regard to the measurement of the MOC
auditory efferent feedback system. Specifically, the strength of the MOC system is
dependent upon the particular parameters used to measure its response, including the F1/F2
ratio, the relative and absolute levels of F1 and F2, and whether a contralateral noise or
ipsilateral response decay is used to measure the MOC activation (Liberman et al. 1996). It
is not the case that one set of parameters is more optimal than another for all applications,
but it is important to keep in mind that in most studies, including the present investigation,
that only a small portion of the parameter space is investigated due to time constraints or
other procedural limitations. To follow up thoroughly one of the provocative findings of the
present report, that the efferent declines in the F1 does not precede significant declines in
DPOAEs or ABRs, the full parameter space for measuring MOC activation should be
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employed. Specifically, the response areas for MOC activation should be measured as a
function of age, varying the F1/F2 ratio and levels, over useful ranges indicated by previous
reports (Halsey et al. 2005). Only then can the hypothesis that efferent declines necessarily
precede aging deficits in cochlear sensitivity be more definitively accepted or rejected.

5. Summary and Conclusion
The maintenance of the peripheral auditory system with age in the F1 hybrid mice point to
their similarity with humans who demonstrate good hearing in their advanced years, the
individuals often referred to as having ‘golden ears’. So, it follows that F1 (CBA × C57)
mouse might be an ideal model for humans with good audiometric sensitivity in old age, and
provide an animal-model gateway for exploring age changes in the central auditory system
relatively uncontaminated by a cochlear hearing loss. Investigation of the peripheral, central
and efferent auditory systems in F1 might elucidate the interplay between biochemical,
molecular and neurophysiological pathways in the auditory system that result in hearing
preservation, despite advanced age.
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Figure 1.
Peripheral hearing measures show surprising stability with age for the F1, whereas the
auditory efferent feedback system showed modest responses. A) DPOAE amplitudes were
robust and quite stable with age for the F1, except for declines in the lower frequencies in
the oldest subject group. Noise floors for these data are given in Figs. 2A-2C, and are all
below −15 dB SPL. The age main effect was statistically significant: F=336.8, df=2,
p<0.0001. B) ABR thresholds for young adults and middle age mice were quite similar,
except for an increase at the highest frequency tested in middle age for the F1. In contrast,
the old F1 thresholds were significantly higher than the younger animals at all frequencies
tested. The age main effect was statistically significant: F=149.2, df=2, p<0.0001. For the
post-hoc Bonferroni pairwise comparisons: *p<0.05; ***p<0.001. C) The young adult F1
shows a modest amount of CS across the mouse frequency range of hearing. Declines begin
to occur in middle age, and by old age, very little CS is observed along with a small amount
of contralateral enhancement (+ CS). The age main effect was highly significant: F=18.6,
df=2, p<0.0001, and the post-hoc pairwise comparisons were not.

Frisina et al. Page 12

Neurobiol Aging. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Frisina et al. Page 13

Neurobiol Aging. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
DPOAE levels declined with age most severely for the C57, least severely for the F1, and
the CBA was intermediate and showed relatively good responses in old age. A) For young
adults, all three strains were similar at low and middle frequencies, but the C57 started to
manifest its rapid hearing loss at high frequencies. The strain main effect was statistically
significant: F=123.6, df=2, p<0.0001. NF=noise floor. B) By middle age, the C57 outer hair
cell system is quite impaired, whereas the F1 DPOAE levels are very similar to the young
adults. The CBA levels are starting to drop. The strain main effect was statistically
significant: F=7151, df=2, p<0.0001. C) The C57 is completely deaf in old age (data not
shown), whereas the old F1 shows remarkably strong DPOAEs. The CBA shows some age-
related hearing loss relative to the F1, particularly in the middle and high frequencies. The
strain main effect was statistically significant: F=194.5, df=1, p<0.0001. D) The histogram
highlights the healthier outer hair cell system of the F1 relative to the CBA in old age, in all

Frisina et al. Page 14

Neurobiol Aging. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



three bandwidths of the mouse frequency range of hearing. For 6–15 kHz: t = 2.15, df = 26,
*p<0.05; For 15–30 kHz, t = 6.92, df = 26, ***p< 0.0001; For 30–50 kHz, t = 3.35, df = 26,
**p=0.0025.
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Figure 3.
The F1 maintains noteworthy peripheral sensitivity into old age, whereas the C57 is well on
its way to deafness by middle age. The CBA has relatively good hearing, but the ABR
thresholds are not as sensitive as the F1, particularly in old age. A) All three strains have
good hearing as young adults, although the CBA and C57 tend to be a little less sensitive
than the F1 (ANOVA for the strain main effect: F=3.92, df=2, p=0.021). B) In middle age,
the F1 and CBA have relatively good ABR thresholds, although the F1 tends to be more
sensitive at middle and high frequencies. The C57 has thresholds above 80 dB SPL, except
at 6 kHz. The strain main effect was statistically significant: F=544.2, df=2, p<0.0001. For
the post-hoc Bonferroni pairwise comparisons, the C57 thresholds were significantly above
the others: ***p<0.001. C) In old age, the F1 and CBA have moderate hearing losses, but
the F1 is more sensitive at all frequencies, except 3 kHz. The age main effect was
statistically significant: F=149.2, df=2, p<0.0001. For the post-hoc Bonferroni pairwise
comparisons: *p<0.05; ***p<0.001.
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Figure 4.
As young adults, the CBA has robust efferent feedback activation, particularly at low
frequencies, the F1 has less response, and the C57 exhibits very little efferent activity. A)
For young adults, the F1 is intermediate between the parental strains. CBA data re-plotted
from Jacobson et al. (2003). The strain main effect was statistically significant: F=64.8,
df=2, p<0.0001. B) The CBA continues to show more CS than the F1 in middle age, across
the entire mouse hearing range. The strain main effect was statistically significant: F=27.7,
df=1, p<0.0001. C) In old age, none of the strains show any significant CS efferent feedback
system response.
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