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Abstract
A genetically heterogeneous population of mice was tested for hearing at 8, 18 and 22 months by
auditory brainstem response (ABR), and genotyped at 128 markers to identify loci that modulate
late life hearing loss. Half of the test mice were exposed to noise for 2 hr at age 20 months.
Polymorphisms affecting hearing at 18 months were noted on chromosomes 2, 3, 7, 10, and 15.
Most of these loci had effects only on responses to 48 kHz stimuli, but a subset also influenced the
ABR at lower frequencies. Loci on chromosomes 4, 10, 12, and 14 had significant effects on
hearing at 22 months in noise-exposed mice, and loci on chromosomes 10 and 11 had effects on
mice not exposed to noise. Outer hair cell loss was modulated by polymorphisms on chromosomes
10, 11, 12, 17, and 19. Resistance to age-related hearing loss is thus modulated by a set of genetic
effects, some age-specific, some frequency specific, some dependent on prior exposure to noise,
and some of which compromise survival of cochlear hair cells.
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1. Introduction
Age-related hearing impairment (ARHI), also known as presbycusis, affects most people
aged 65 and older and represents the most common neurodegenerative disease of aging. The
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quest to elucidate the causes of ARHI and to find ameliorative treatments is much hampered
by the fact that human presbycusis is highly complex (for review see (Van Eyken et al.,
2007)), and its progression is modulated both by genetic predisposition and by a variety of
insults to the hearing organ. The Framingham Heart Study found significant inherited
genetic effects in an analysis of hearing thresholds in sibling or parent/child pairs. The
predictive power of family history varied with gender and the type of presbycusis but,
overall, about 55% of the variance in ARHI could be ascribed to genetic factors (Gates et al.,
1999). This influence is then likely to be modulated by external risk factors that may slowly
impair the function and structural integrity of the auditory organ. Risk factors include
exposure to noise, environmental chemicals, chemotherapy, or disorders such as diabetes or
cardiovascular disease (Cruickshanks et al., 2010). Animal models that can control or
account for confounding environmental factors have the potential for clarifying the
interaction of genetic and nongenetic factors in the pathobiology of ARHI, and may provide
new clues to its physiology and molecular biology.

Noise trauma, as a major contributor to ARHI, poses a serious threat to public health. About
10% of the US population are exposed daily to noise levels that can lead to hearing
impairment (Daniel, 2007), and 16% of all disabling hearing loss in adults can be attributed
to occupational noise (Nelson et al., 2005), mostly in factory workers and military
personnel. However, other population groups such as people professionally or recreationally
exposed to loud music are also at risk (Helfer et al., 2010; Phillips et al., 2010). As in most
forms of age-related hearing loss, outer hair cells appear most sensitive to damage by noise
exposure, although other structures including inner hair cells or the vasculature can
eventually be affected as well (Henderson et al., 2008). While the extent of damage is
largely determined by the intensity and duration of the exposure, the existence of
populations with varying sensitivity to noise-induced hearing loss (Biassoni et al., 2005)
suggests the possibility of genetic modulation of susceptibility to noise trauma.

Mice have long been used as models to study the genetics of deafness (Kiernan and Steel,
2000), and are increasingly employed in studies on age-related and noise-induced hearing
loss (Ohlemiller, 2006; Sha et al., 2008; Tadros et al., 2008). A number of genetic loci have
been identified that modulate the rate of hearing loss or the sensitivity to noise (White et al.,
2009) and several that modulate both age and noise effects (Ohlemiller, 2006), suggesting
common genetic features underlying each form of pathology. A complication in interpreting
most previous genetic studies, however, is their reliance on inbred mouse strains, each of
which consists entirely of individuals of a single genotype, and in which all loci have been
forced to homozygosity. Human populations, in contrast, include individuals with a wide
range of interacting polymorphic loci, and are heterozygous at multiple loci with effects on
the phenotypes of interest. In addition, many of the commonly used inbred mouse strains,
such as C57BL/6 and BALB/c, harbor the Cdh23Ahl allele, which leads to an accelerated
hearing loss within the first quarter of the lifespan, i.e. at stages of the lifespan earlier than
those that correspond to the onset of presbycusis in humans, (Cruickshanks et al., 2010).

An animal population featuring a genetically heterogeneous background, late onset of
hearing loss and a well defined range of sensitivity to environmental factors might provide a
more informative model for human age-related presbycusis and noise sensitivity. Four-way
cross mouse populations, originally recommended in 1981 for aging studies by a National
Academy advisory panel (Institute of Laboratory Animal Resources, 1981), have previously
been used for analyses of the genetics of age-related changes in bone, immune, cataract and
endocrine status (Miller et al., 2003; Volkman et al., 2003; Wolf et al., 2004; Hanlon et al.,
2006), and in a search for anti-aging pharmaceuticals (Harrison et al., 2009; Strong et al.,
2008). In a four-way cross population, each mouse is bred from a mating between two
different F1 parents, and thus carries 25% of its genome from each of four distinct inbred
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grandparental stocks. Thus each of the offspring mice is genetically unique, and
heterozygous at many loci, but shares half of its genome with every other mouse in the test
population. Four-way cross mice have the advantages of providing robustness,
reproducibility, and genetic tractability (Miller et al., 1999).

The UM-HET3 four-way cross mice, used in previous aging studies (Miller et al., 2003;
Volkman et al., 2003), are unsuitable for analysis of late-life hearing loss, because three of
the four grandparent strains carry the Cdh23753A allele that has been associated with early-
onset ARHI (Noben-Trauth et al., 2003). For the current study, therefore, we selected four
parental strains, MOLF/Ei, C3H/HeJ, FVB/NJ, and 129/SvImJ, based upon auditory
function and genetic criteria. Each strain retains essentially normal hearing until at least 7
months of age, as determined by analysis of auditory brain stem responses (ABR) ((Zheng et
al., 1999) and Dolan, unpublished data). In addition, all four strains lack the Cdh23753A

allele associated with early onset ARHI (Nichols et al., 1999; Noben-Trauth et al., 2003).
Based upon population histories (Beck et al., 2000) and SNP analysis (Wiltshire et al.,
2003), these four grandparental strains exhibit relatively high genetic divergence, thus
facilitating identification of variants in quantitative trait loci (QTL) associated with late life
auditory function. Finally, at least one of the strains (C3H/HeJ) is susceptible to age-related
hearing impairment in specific genetic contexts, indicating that QTL influencing hearing
loss are present in this strain (Zheng and Johnson, 2001).

We report here a set of gene mapping studies that allowed us to evaluate segregating loci for
effects on ABR responses at 8, 18 and 22 months of age, and outer hair cell survival at 22
months. The protocol was designed to permit a search for age-specific and frequency-
specific effects, and to discriminate alleles that modulate responses to age, noise, or both age
and noise in combination.

2. Materials and methods
2.1 Mice

The tested mice, referred to as the UM-HET4 four-way cross population, were born as the
progeny of a cross between female mice of the (MOLF/EiJ × 129S1/SvImJ)F1 stock and
males of the (C3H/HeJ × FVB/NJ)F1 stock. Mice of each of the four grandparental inbred
stocks were purchased from the Jackson Laboratory, and mated to produce the two F1
hybrid parental stocks, which were then crossed to generate UM-HET4 animals. Each
mouse in the population is thus genetically unique, but shares 50% of its genetic alleles with
any other mouse in the group; with respect to the nuclear genome, the animals can all be
considered as full sibs. The breeding program generated 579 weanling mice, born in roughly
equal monthly cohorts between July, 2006, and August, 2008. Only female mice were
included in the tests. Weanlings were housed at 4 per cage and given free access to food and
water. A tail tip biopsy was taken at 4 months of age to obtain DNA for gene mapping and
to create fibroblast cell lines for stress analyses. A second tail skin biopsy was taken at 14
months for further evaluation of cellular traits; the results of these tests have been reported
(Miller et al., 2011). Half of the mice were exposed to noise for 2 hr at 20 months of age, as
described below. All mice were euthanized at 22.5 – 23 months of age, and cochleae were
dissected for histopathological evaluation of hair cell status (see below). Between 526 and
556 mice had technically acceptable genotype and ABR results at 8 months (depending on
locus and test frequency). For ABR tests at 18 months, between 476 and 501 mice were
available for genotype-ABR association tests. At 22 months of age, data were available for
182–191 noise-exposed mice, and 254–256 mice that had not been deliberately exposed to
noise. The colony was tested quarterly for evidence of infection as previously described
(Miller et al., 2007); all such tests were negative throughout these experiments, and the mice
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are thus considered specific-pathogen free. The experimental protocol was approved by the
University Committee on the Use and Care of Animals at the University of Michigan.

2.2 Acoustic brainstem responses (ABR)
Animals were anesthetized (ketamine 65 mg/kg, xylazine 3.5 mg/kg, and acepromazine 2
mg/kg) and placed on a hot water heating pad so that normal rectal temperature could be
maintained. Additional anesthetic (1/2 dose ketamine and xylazine) was administered if
needed to maintain anesthesia depth sufficient to insure immobilization and relaxation.
ABRs were recorded in an electrically and acoustically shielded chamber (CA Tegner,
Sweden). Needle electrodes (Grass F-E2M-48) were placed subcutaneously at vertex
(active) and the base of the test ear's pinna (reference) and at the base of the contralateral
pinna (ground). Tucker Davis Technologies (TDT) System III hardware and SigGen/BioSig
software (TDT, Alachua, FL USA) were used to present the stimulus and record responses.
Tones were delivered monaurally (left ear) to an EC1 earphone mated to a customized vinyl
speculum tube inserted into the ear canal. Sound calibration was performed with a 1/8 in.
condenser microphone in a volume approximating the external ear canal. Threshold is
expressed as dB SPL. Threshold was determined by following the largest wave, typically
wave III. Thresholds were visually interpolated between the lowest stimulus level where a
response was observed, and 5 dB lower, where no response was observed. Stimulus
presentation was 15 ms tone bursts, with a 1 ms cosine-shaped rise-fall time, presented 10
per second. The voltage from the electrodes was filtered (0.3–3 kHz), and amplified (× 100
K). The ABR response was measured at frequencies of 4, 12, 24, and 48 kHz. Up to 1024
responses were averaged for each stimulus level. Responses were collected for stimulus
levels in 10 dB steps at higher stimulus levels, with additional 5 dB steps near threshold.

2.3 Noise exposure
Half of the mice were noise exposed at 20 months of age, two months before the 22 month
ABR acquisition point. The system was initially calibrated using a white noise source
(General Raio 1381) emitting sound between 62.5 Hz and 22 kHz, as measured with a 1/2-
inch microphone (B&K 4134) and fast Fourier transform (FFT) spectrum analyzer (Stanford
Research SR760). The spectrum data were then used to create an equalizing FFT filter in an
audio file editor (Adobe Audition), which was in turn used to create an audio CD for the
noise-exposure treatment. Mice to be treated were placed, while awake, into a ventilated
chamber in individual wire cages. The noise (2 – 20 kHz, 110 dB SPL for 2 hr) was then
presented though a loudspeaker mounted on the top of the chamber. The level of the noise
was measured at the cage position using a B&K Sound level meter (model 2231, with type
4155 1/2” microphone, and type 1625 octave band filter).

2.4 Cytocochleogram (CCG) analysis
The left cochlea, from all mice, were rapidly removed following termination and cochleae
received intrascalar fixation with 4% paraformaldehyde in phosphate buffer. Following a
partial decalcification for 24 h in 5% EDTA the boney shell of the otic capsule was
removed. Cochleae were then placed in 1% phalloidin with an Alexa 305 label for 1 hour
followed by rinse. The cochlear spiral was then removed as segments and placed on glass
slides for assessment under epifluorescent optics. A quantitative assessment of the three
rows of outer hair cells and the inner hairs was then carried out using a 50× objective and a
0.19 mm reticule in the microscope eyepiece. The assessment started at the apex of the
cochlear spiral and continued all along the length of the cochlea (average length was 5.93
mm) moving to different segments as necessary. The number of hair cells present or absent
within the reticule was noted, the reticule was moved towards the basal pole, and the
assessment repeated until the entire length of the cochlea had been examined. Data were
then summed to provide five indices for each mouse: the number of missing inner hair cells
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(IHC), and the number of missing outer hair cells (OHC) in each of four equally sized
regions, i.e. apex, mid-1, mid-2, and base. The missing OHC estimates were derived as an
average over each of the three OHC rows in each of the four regional segments.

2.5 Genotyping and gene mapping
Genomic DNAs were prepared from 1-cm sections of tail obtained at 3 months of age.
Genomic DNA for each animal was genotyped at single-nucleotide polymorphisms known
to exist between the grandparental inbred strains using fluorescent-labeled ligation-detection
reactions, followed by capillary gel electrophoresis. In total, 128 biallelic informative loci
were examined across the genome, with 71 loci informative for the maternal-derived
chromosomes and 53 loci informative for paternal-derived chromosomes. Each maternal- or
paternal-derived chromosome was assessed for a minimum of two SNP polymorphic loci. A
single-point, genome-wide search was performed for each trait to detect loci associated with
the trait. One-way ANOVA models, with trait as the dependent variable and biallelic marker
as the factor with two levels,were used to perform genome-wide searches for all biallelic
markers. The strength of associations between genetic markers and each trait was evaluated
using a permutation-based test of statistical significance. This test generates “experiment-
wise” p-values to compensate for multiple locus-by-trait comparisons. The phenotype and
genotype data were permuted 1000 times to generate a null distribution, and the resulting
distribution compared to the actual, observed F statistic to provide the experimentwise p-
value. An experimentwise p ≤ 0.05 was the chosen criterion for inferring that a specific
marker has a statistically significant linkage to an effector locus of interest. The percent of
variance in each trait that can be explained by genetic effects was estimated in a standard
way from corresponding regression models. All tests were performed using SAS software
(v9-1, SAS Institute Inc., Cary, NC).

3. Results
3.1 QTL for hearing tested at 8 months of age

A population of genetically heterogeneous mice was produced using a cross between
(MOLF/Ei × 129S1/SvImJ)F1 females and (C3H/HeJ × FVB/NJ)F1 males. All progeny in
the population can be considered full sibs of one another, each sharing a random 50% of its
genome. Each of the four grandparental stocks was selected because it does not carry the
Cdh23Ahl allele, which leads to an accelerated hearing loss within the first quarter of the
lifespan, i.e. at stages of the lifespan earlier than those which are typical for onset of
presbycusis in humans. Mice were genotyped at loci that discriminate among the two
maternal alleles (MOLF and 129) or between the two paternal alleles (C3H and FVB), and
the genotypes compared to results of ABR tests conducted at 8, 18, or 22 months of age.
Half of the mice were exposed, at 20 months, to 2 hr of noise at 110 dB SPL. >Figure 1
presents box plots showing the distribution of ABR test results at each combination of age,
frequency, and noise-exposure for the mice in this study.

Table 1 (top) lists polymorphisms that achieved experiment-wise statistical significance for
ABR values measured at 8 months of age, i.e. in young adult mice. Chromosome 3 carries at
least two QTL, one near the proximal end for which the MOLF allele is associated with
higher ABR values, and a more distal QTL in which higher ABR values are associated with
the 129 allele. Chromosome 13 carries a maternal 129 allele associated with high ABR at 48
kHz, and a paternal FVB allele associated with high ABR at 12 kHz. We cannot exclude the
possibility that these two markers cosegregate with the same effector gene, potentially
polymorphic in each of the two parental F1s. Each allele accounts from 2% – 4% of the total
phenotypic variance.
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Using post-hoc analysis, we tested for possible genetic effects on ABR across the whole
spectrum of measured frequencies in mice discriminated on the basis of a significant QTL at
a specific frequency (Figure 2). Each of the two loci on chromosome 3 appears to affect high
frequency hearing preferentially, although the 129 allele at 3•75 is associated with
significantly poorer hearing at 12 kHz as well as at 48 kHz. The 129 allele at 13•52 has
significant effects on hearing at both 48 kHz and 4 kHz, with larger effects at the higher
frequency. The FVB allele at 13•84 has a significant effect only at 12 kHz, although there
are suggestions of similar effects at both higher and lower test frequencies.

3.2 QTL for hearing tested at 18 months of age
We identified several alleles that attained experiment-wise significance for mice tested at 18
months of age (bottom portion of Table 1). Hearing acuity is modulated, in this stock at this
age, by loci on maternal chromosomes 2, 3, 7, 10, 15, and on paternal chromosome 15.
Maternal chromosome 3 appears to contain at least two relevant polymorphisms, one in
which the MOLF allele is associated with high ABR, and one in which the 129 allele co-
segregates with high ABR values. Each of the detected alleles accounts for between 2% and
7% of the phenotypic variance.

Post-hoc analyses indicated that several of the alleles (at 2•166, 3•55, 3•75, and 10•44)
appear to affect hearing only at the 48 kHz test frequency (Figure 3). In contrast, the 129
allele at 7•36, detected by significance of its association with hearing at 24 kHz, also
discriminates among mice for hearing tested at 4 kHz, 12 kHz and 48 kHz. This appears to
be a polymorphism whose effect on age-dependent hearing loss is thus apparently not
frequency-specific. Each of the alleles on chromosome 15 (FVB paternal allele at 15•25 and
129 maternal allele at 15•36) has its strongest effect on hearing at 48 kHz, but also a
significant effect on ABR at either 4 kHz or 12 kHz.

3.3 QTL for hearing tested at 22 months of age, with or without noise exposure
We identified several QTL with significant association with hearing function at 22 months
of age (Table 2). QTL were evaluated in three subsets of the mice: (a) those not exposed to
noise, (b) those exposed to noise at 20 months of age, and (c) the pooled population, with
noise exposure used as a covariate in the calculation. In two cases (loci at 10•44 and 10•93)
we noted significant associations both in the combined population and in one or two of the
subsets, and Table 2 indicates these relationships separately. Hearing in the absence of
deliberate noise exposure is influenced by at least two QTL, on chromosomes 10 and 11.
Hearing in mice exposed to prior noise is influenced by at least 3 QTL, on chromosomes 9,
10, and 12.

To dissect this set of gene-trait associations further, we looked at the ability of each of these
QTL to predict hearing function, at each frequency, in 22-month old mice with or without
prior noise exposure (Figure 4). Three of the polymorphisms (MOLF allele at 9•60, 129
allele at 10•93, and 129 allele at 12•40) have similar patterns of effects: they are associated
with significant hearing loss in the noise-exposed mice at three or four of the test
frequencies, but smaller (or absent) effects on hearing in mice not exposed to noise. There is
a significant association of the MOLF allele at 9•60 with poor hearing at 4 kHz in the “no
noise” group, but the effect is smaller than that seen for noise-exposed mice. The pattern for
the 129 allele at 10•44 is similar to that seen for 10•93, and these markers may reflect the
same (unknown) effector locus, although the association of 10•44 with hearing loss at 48
kHz is strong enough to reach statistical significance even in mice not exposed to noise.

The 129 allele at 11•107 has more complex effects. This polymorphism was detected
because it led to a small, but significant, increase in ABR values at 12 kHz in mice not
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exposed to noise. The post-hoc evaluation showed, unexpectedly, that this allele is
associated with significantly lower ABR values, at 24 kHz, in noise-exposed mice. The
latter association was not detected using experiment-wise criteria, and may represent a
chance fluctuation.

We evaluated alleles that were initially associated with effects on hearing loss at 8 months of
age for similar effects at 22 months of age, either with or without prior exposure to 2 hr of
noise at 20 months of age (Figure 5). Three of the four loci have effects, in the 22 month old
mice that had not been exposed to noise, that are statistically significant and as large at 22
months as they were when tested at 8 months of age. None of these three QTL has a
statistically significant effect on hearing in 22 month old mice of the noise-exposed group.
Hearing in the noise-exposed mice is worse (higher ABR values) in mice carrying the FVB
allele at 13•84, but this effect is not statistically significant, and there is no apparent effect of
this allele in mice not exposed to noise.

3.4 QTL that influence survival of outer hair cells
At euthanasia, one cochlea from each mouse was evaluated histologically to count the
number of missing IHC and OHC in each of four equally sized regions: apex, upper-middle,
lower-middle, and base. The numbers of missing IHC were low at this age, and the analysis
thus focused on OHC count. The genetic influence on OHC loss was evaluated in two ways.
First, QTL analyses were conducted using OHC in each of the cochlear regions as the
outcome variables. These analyses were conducted on three subsets of the mice: once in
mice exposed to noise, once in mice not exposed to noise, and once in the combined
population using noise exposure as a covariate. Results are shown in Table 3. Using an
experiment-wise significance criterion (p < 0.05), we noted QTL with an effect on basal
OHC on chromosome 10, and QTL with effects on apical OHC loss on chromosomes 11,
12, 17, and 19. The QTL on chromosomes 10 and 19 reached significance in the noise-
exposed group, and each listed QTL was significant in the combined population, but no
QTL was significant in the mice not exposed to noise. Each of these loci accounted for 5%
to 7% of the OHC variance in the combined population, and for up to 15% of the variance in
the noise-exposed group. A post-hoc calculation (not shown) was performed to see if
variation at any of these loci affected ABR results at 22 months of age. The 129 allele at
10•44 was associated with a 10 dB hearing decrement at 48 kHz, both in noise-exposed and
no-noise mice, significant in each case by t-test at p < 0.001. It thus seems plausible that the
high frequency hearing loss associated with this allele may reflect age- and noise-related
loss of OHC. The 129 allele at 12•117 was associated with hearing deficits (2 to 6 dB) at
each test frequency, but only in noise-exposed mice; only the 6 dB loss at 12 kHz reached
statistical significance (p = 0.04).

The second analysis took the converse approach: we evaluated the loci detected by their
effects on ABR at 22 months of age (illustrated in Table 2 and Figure 5), to see if the
corresponding alleles were associated with differences in OHC loss. The results are shown
in Figure 6.

The 129 allele at 10•44, detected through its significant effect on ABR at 48 kHz, was
associated with higher numbers of missing basal OHC in both noise-exposed and unexposed
mice. Interestingly, there was no apparent effect on apical OHC. This allele is also
associated with poor hearing at 18 months of age, i.e. prior to any deliberate noise exposure.

Two alleles, i.e. the MOLF allele at 9•60, and the 129 allele at 12•40, were each detected
because of effects on hearing at 4 kHz. Each of these is associated with loss of apical OHC,
though the effects are significant for 9•60 only in noise-exposed mice and for 12•40 only for
mice not exposed to noise. Effects on OHC loss at the base of the cochlea are not significant,
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but consistent with the hypothesis that 9•60 may have preferential effects after noise
exposure.

The 129 allele at 10•93 and the 129 allele at 11•107 were each detected through effects at 12
kHz. The former allele does not produce any significant effects on basal or apical OHC
counts. Unexpectedly, the allele at 11•107 is associated with fewer missing OHCs, in both
apical and basal regions of the cochlea, and regardless of noise exposure; the effects are
significant only in mice exposed to noise.

Table 4 provides a summary showing each of the 16 distinct QTL alleles detected by the
work described above. This list represents the mimimum number of polymorphic alleles
needed to account for the gene/trait associations seen in our study. It is possible that one or
more of the marker loci are linked to multiple loci with effects on hearing or OHC survival;
further work using additional animals and a higher density set of markers would be needed
to evaluate this idea. Conversely, it is possible that pairs of alleles linked to markers
segregating separately in maternal and paternal meioses might reflect a single underlying
effector locus; the 129 allele at 13 • 52 and the FVB allele at 13 • 84, for example, may each
be linked to a locus with effects on hearing at 8 months of age, and similar considerations
apply to markers on chromosomes 3, 11 and 15.

3.5 Additive effects of QTL in combination
There are several cases in which hearing at a specific age and frequency is influenced by
alleles at three or more loci, as listed in Tables 1 and 2. To see how large a difference in
ABR thresholds could be produced by effects of multiple alleles in combination, we
calculated the mean ABR thresholds in subsets of mice that had inherited the “high ABR”
alleles at all 3, 4 or 5 relevant loci, and compared this to the ABR threshold in the subset of
mice that had inherited the opposite allele at each locus. The results are shown in Table 5.
When tested at 8 months of age for hearing at 48 kHz, mice with three “high ABR” alleles
had an impairment of 8 dB compared to sibs with the opposite allele combination. A
combination of 5 alleles with effects at 18 months of age can produce a 22 dB deficit, and
combinations of 3 or 4 alleles can lead to deficits of 15 – 23 dB in noise-exposed mice tested
at various frequencies at 22 months of age.

4. Discussion
A new model for age-related hearing loss in mice

The UM-HET4 four-way cross mice that are the topic of this report present a promising
model for analysis of the interaction between genetic and non-genetic factors that predispose
to age-related and noise-induced hearing loss. In contrast to other frequently used models,
e.g. C57BL/6, auditory threshold in these animals remain robust throughout the first half of
the lifespan, and loss of hearing occurs late in life, as it typically does in humans. In this
respect UM-HET4 mice resemble CBA/J (Sha et al., 2008), but provide genetic
heterogeneity. The effects of noise exposure, likewise, show a variability that appears to
reflect a range of sensitivities similar to those observed in a human population.

Auditory thresholds among UM-HET4 mice are stable until at least 8 months of age. There
are small, but significant declines in mean ABR results at each frequency by 18 months. At
22 months, mean threshold shifts are still relatively small, averaging less than 10 dB at 12,
24 and 48 kHz, and slightly over 10 dB at 4 kHz, but there is a great deal of potentially
informative variation among the mice, with some individuals showing no effects of age, and
others with clear manifestations of hearing loss. Such a distribution is similar to that seen in
human populations, in which some individuals with excellent hearing can be found among
the aging population, particularly among people who have not been exposed to chronic
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noise. In the UM-HET4 mice, a single episode of moderate noise exposure at 20 months
induces a significant elevation in thresholds at all frequencies at 22 months and also induces
a wider spread of individual thresholds than seen in the non-exposed cohort. The wide
spread in ABR performance among the noise-exposed animals, some of which show
essentially no noise effect, with others showing severe hearing loss of 80 dB or more
compared to the mean of non-exposed, age-matched mice, again resembles the human
conditions of “tough” and “tender” ears (Cody and Robertson, 1983; Maison and Liberman,
2000). This variation in ABR responses, with or without noise exposure, provided an
opportunity to evaluate genetic influences on age-dependent hearing loss and on the
interaction of age and noise trauma. Differences among the effects of the individual QTL
suggest that several types of presbycusis emerge among the mice. For example, there is a
preponderance of both low-frequency and high-frequency hearing loss which is well
correlated in most but not all animals thus potentially representing at least three forms (low-
frequency, high-frequency and combined low- and high-frequency) of hearing loss. While a
relatively robust correlation in a large segment of animals points to loss of hair cells as a
cause of threshold shifts, another subgroup lacks such a direct link, further extending the
complexity of the observed presbycusis. Interestingly, there is very little change at the mid-
frequencies of 12 and 24 kHz. This suggests a virtual absence of `metabolic' or `strial'
presbycusis which would lead to a hearing loss affecting all frequencies.

Polymorphisms in UM-HET4 mice with effects on adult and late-life hearing
The genetic results presented here, as summarized in Table 4, provide evidence for alleles –
and therefore pathophysiological pathways – that can affect specific frequencies, or mice of
specific ages, or mice with specific histories of noise-induced injury. Even in young adult
mice, i.e. mice 8 months of age, roughly equivalent to one third of the expected median
lifespan, hearing at high frequency is modulated by at least four segregating alleles, two on
chromosome 3 and two others on chromosome 13 (Figure 2, Table 4). Two of these markers
also have significant associations with hearing at 4 or 12 kHz, although the current data
cannot rule out the possibility that the marker loci may be linked to distinct frequency-
specific effector loci. The loci on chromosomes 3 and 13 that modulate the response to high
frequency stimulation at 8 months of age have similar effects at 22 months of age in those
mice not exposed to noise (Figure 5), although there is no apparent effect in mice that had
been exposed to noise trauma at age 20 months, suggesting that the pathways modulated by
these three loci may be age-sensitive but not noise-sensitive. The allele at 13•84, with a
significant effect on responses at 12 kHz in young mice (Figure 2), does not have a
significant association with hearing at 22 months of age, regardless of prior noise exposure
(Figure 5).

Evaluation of mice at 18 months of age, about 75% of the expected median lifespan,
revealed significant effects of at least 7 distinct alleles, on chromosomes 2, 3, 7, 10 and 15
(see Table 4), of which only the alleles on chromosome 3 had been detected in tests of 8
month old mice. The current data do not allow an inference as to whether the two
associations with alleles on chromosome 15, one from FVB and the other from 129, reflect
variation at the same effector locus. Each of these seven alleles has a greater effect on ABR
at 48 kHz than on responses to lower frequencies. Three of the alleles have significant post-
hoc associations with hearing at lower frequencies as well, but in general genetic variation in
this population seems to have a preferential effect on high frequency responses in these
older mice.

Because half of the mice were exposed to noise at 20 months of age, and because 8% of the
mice died between 18 and 22 months, QTL scans done at 22 months involved smaller
numbers of tested mice, and these tests therefore lose a good deal of statistical power.
Alleles on chromosomes 10 and 11 were found to have significant effects in mice not
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exposed to noise (Table 2), and alleles on chromosomes 9, 10, and 12 were found to have
effects in mice that had been noise exposed. Post-hoc analyses (Fig. 4) showed several
different patterns of effect in this group of five QTL. Locus 9•60 seems to modulate
responses at 4 kHz regardless of deliberate noise exposure, and similarly locus 10•44 has
parallel, significant effects on hearing at 48 kHz in both aged subpopulations. The locus
linked to 10•93 has effects on hearing at all test frequencies, but only in noise-damaged mice
(there is a smaller, but significant, effect at 4 kHz in the mice not exposed to noise.) A
similar pattern, with stronger effects after noise exposure, is also seen for 12•40. The QTL
linked to 11•107, detected by its effect at 12 kHz in mice not exposed to noise, is also
associated, unexpectedly, with a significant improvement in hearing at 24 kHz in those mice
that had been noise-exposed. A subset of UM-HET4 mice also exhibited threshold increases
at 22 months of age that are associated with 129 alleles linked to markers at 10•44 and 10•
93. These associations were observed in mice that were exposed to noise at 20 months of
age and in unexposed mice, suggesting QTLs on chromosome 10 segregating in the UM-
HET4 cross that affect pathways important for general maintenance of hearing in late life
and also responses to noise trauma.

Interactions among loci
Several types of genetic interactions have been described between variants associated with
age related hearing loss in the mouse. These include digenic influences that affect the extent
or timing of hearing loss such as those observed in crosses involving NOD/LtJ strain mice,
which are susceptible to early onset hearing loss that progresses with age (Johnson and
Zheng, 2002). Threshold elevations were found to depend upon inheritance of susceptibility
alleles at the Cdh23 locus, while the early onset nature of the shifts required co-inheritance
of homozygous NOD strain-derived alleles at the Ahl2 locus (Johnson and Zheng, 2002).
The Ahl2 locus alone exhibited no significant effect on hearing function. In contrast, the
effects on later life hearing demonstrated in UM-HET4 mice that carry multiple QTL variant
alleles (see Table 5) resemble the additive effects found in crosses involving BUB/BnJ strain
mice, which also exhibit early onset hearing loss (Zheng et al., 1999). Hearing function in
this strain is influenced strongly by variants at two loci, each of which confer significant
individual effects without evidence of epistasis (Johnson et al., 2005). Early hearing loss is
linked to variants at a QTL in the Gpr98 gene, while the Cdh23Ahl allele confers additional
susceptibility to hearing loss in later life.

Genetic modulation of OHC loss
Some of the loci that lead to functional deficits may be working through pathways that
regulate survival of cochlear hair cells. Loss of hair cells is a consistent feature in
sensorineural presbycusis and noise trauma. Outer hair cells are considered more sensitive to
trauma than inner hair cells (Henderson et al., 2008), and the findings presented here largely
follow this pattern. The loss of sensory cells is generally held responsible for the
accompanying threshold shifts since the two parameters broadly correlate in most species.
Spongr et al. (Spongr et al., 1997) claimed a quantitative correlation between patterns of hair
cell loss and threshold shifts in C57BL/6 and CBA mice. Other studies, however, find
discrepancies between the extent of the anatomical and physiological changes (Chen et al.,
2009). Poor performance in ABR was generally well correlated with hair cell loss in our
study but not completely so. While loss of hair cells should result in hearing loss, a small
outer hair cell loss may not influence hearing threshold and a loss of hair cells in regions
where the auditory brain response is not being measured would not be detected in the
hearing test. Hearing loss can also result from other factors than hair cell loss, including loss
of auditory nerve – inner hair cell connections and damaged spiral ganglion neurons that can
occur independently of hair cell loss. As noted above, we found several QTL that were
associated with OHC survival at apex or base of the cochlea and whose associated ABR

Schacht et al. Page 10

Neurobiol Aging. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



differences were seen at low or at high frequencies respectively. Some loci (e.g. 10•93, see
Figure 6) influence ABR responses but do not have any effect on OHC (or IHC) survival;
these may be acting through pathways unrelated to hair cell death. Other QTL (see 17•42
and 19•12 in Table 3) have effects on hair cell survival, but did not lead to significant
alterations in ABR responses in the aged mice. It is possible that this disparity reflects
damage to structures other than hair cells, but possibly also low statistical power for the
ABR tests.

Comparison of ABR and OHC effects
In most of the aging four-way cross mice hearing (or lack thereof) is also well correlated
between low and high frequencies, but a small number of polymorphic alleles mediate
preferential loss of either high or low frequencies. An important result in this context is that
different loci are associated with age-related loss of hair cells in the base (QTL on
chromosome 10) versus the apex (QTL on chromosomes 11,12, 17 and 19). This suggests
that some of the mechanisms underlying age-related hair cell degeneration are different for
the basal and apical cochlea. This is consistent with the different patterns of age-related
hearing loss and hair cell loss in different species and even strains within species (for
reviews, see (Frisina, 2009; Ohlemiller, 2009; Ohlemiller, 2004).) For example, aging
gerbils characteristically show apical hair cell loss and low frequency hearing loss (e.g.
(Boettcher et al., 1995), while in contrast aging humans more often show basal hair cell loss
and declines in high frequency hearing with aging (Gates and Mills, 2005; Ohlemiller,
2004). Therapeutic approaches to prevent human ARHL may need to be tested in an animal
model with comparable underlying mechanisms.

It is interesting that the 129 allele at 10•44 is associated with increased hair cell loss in the
base induced both by aging and noise. This allele may confer increased susceptibility to
multiple stresses to the apical cochlea, which is normally more resistant to ototoxins. In
contrast, some loci (e.g. 129 allele at 12•40) are associated with increased susceptibility to
noise-induced hearing loss, but do not lead to decline in aged mice not exposed to noise,
implying that underlying mechanisms may also differ.

Comparison to previous reports of mouse QTL
Most previous QTL studies in mouse have evaluated associations in crosses using two
inbred strains, including backcrosses and recombinant inbred lines derived from
intercrosses, and have uncovered several loci that are associated with susceptibility to age-
related hearing loss (for review, see (Noben-Trauth and Johnson, 2009). Analysis of two-
strain crosses has typically revealed single QTL with relatively large effect sizes, in some
cases approaching Mendelian segregation patterns. Analysis of an outbred strain, Black
Swiss, has also been performed and provided evidence for two apparently unique loci
(Drayton and Noben-Trauth, 2006). These previously defined QTL were associated with
hearing loss that initiates before 8 months of age and were often localized using ABR
thresholds at one frequency measured at a single time point. Overall, the large number of
QTL, each with relatively small individual effects, seen in our study of UM-HET4 mice is
consistent with previous quantitative trait studies in many species, including heterogeneous
mouse stocks (Valdar et al., 2006), and may better reflect the complex genetic architecture
controlling hearing function across the lifespan. The QTL detected in 18 month old mice,
those listed in Table 1 on chromosomes 2, 7, 10, and 15, are, we believe, the first mouse
genetic variants whose effects on hearing become detectable only in late life, i.e. at ages
greater than one year.

The 8-month QTL locations on chromosomes 3 and 13 identified in the current cross do not
overlap with those of previously defined QTL associated with age-related hearing loss, and
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thus represent novel loci that modulate hearing in young adult UM-HET4 mice. Similarly,
the majority of the QTL associated with hearing loss at 18 months in UM-HET4 mice, like
those that affect hearing in 8 month old mice, have not previously been associated with age-
related loss in mice. The potential exception is the QTL located on chromosome 10 and
associated with effects on hearing at 48 kHz. The original Cdh23 locus on central
chromosome 10 is unlikely to be responsible for the effects noted in our study, because all
grandparental strains in the present cross carry the Cdh23753G variant associated with better
hearing. Four other auditory QTL have also previously been localized to chromosome 10.
Ahl4 on the distal region of the chromosome was identified in mapping studies with the A/J
mouse strain (Zheng et al., 2009). A/J-derived variants at this locus were associated with
threshold increases by 6 months of age. Ahl5, detected in crosses involving Black Swiss
outbred mice (Drayton and Noben-Trauth, 2006), Phl2, detected in strain 101/H crosses
(Mashimo et al., 2006), and Snhl1, detected in recombinant inbred lines derived from a
multigenerational cross of several laboratory strains (Noben-Trauth et al., 2010), also map to
central chromosome 10. Ahl5, Phl2, and Snhl1 appear to be distinct from the original Ahl
allele at Cdh23 based upon haplotype studies of the Cdh23 genomic region in these strains.
Similar to Ahl4, variants at these other chromosome 10 QTL are associated with onset of
hearing loss before 1 year of age.

Comparison to human loci that affect late life hearing
In contrast to precise genetic information on both syndromic and non-syndromic forms of
deafness, the genetic factors contributing to human ARHI remain to be established. Several
studies have found suggestive linkages, but a recent multi-center European study found only
one gene significantly associated with age-related hearing loss (Van Laer et al., 2008), a
variant allele in the gene GRHL2 on chromosome 8 (Van Laer et al., 2008). Interestingly,
the current study provided evidence in UM-HET4 mice of a QTL with an influence on
hearing at 48 kHz, located on chromosome 15 in a location syntenic with the region of
human chromosome 8 that includes GRHL2. A protein truncating mutation in this gene had
been previously identified in individuals segregating a progressive hearing loss trait with
dominant Mendelian inheritance at the DFNA28 locus (Peters et al., 2002). More recently, a
genome-wide association study which tested 169,154 single-nucleotide polymorphisms
found no variants with significance for hearing impairment (Huyghe et al., 2008), while
another identified a significant association of variant allele in the gene GRM7 with hearing
loss (Friedman et al., 2009).
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Abbreviations

ABR auditory brainstem response

AHRI age-related hearing impairment

CCG cytocochleogram

dB decibel

IHC inner hair cell

kHz kilohertz

OHC outer hair cell
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SOD superoxide dismutase.
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1.
Distribution of ABR test results at ages 8, 18, and 22 months, and in 22 month old noise-
exposed UM-HET4 mice, evaluated at frequencies of 4, 12, 24, and 48 kHz. Box boundaries
indicate 25th and 75th percentiles, with the median indicated by the line in the box center.
Whiskers indicate 10th and 90th percentiles, and circles indicate individual mice whose
scores were outside the 10 – 90th percentile range.
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2.
Are QTL effects frequency-specific? Effects of QTL, detected at 8 months, on ABR
thresholds at same age tested at multiple frequencies. Each panel shows one locus selected
because of a significant effect on ABR tested at 8 months of age. Each symbol shows an
effect size for the indicated frequency (4, 12, 24, or 48 kHz), calculated as mean ABR in
mice with the indicated allele (MOLF, 129, or FVB) minus mean ABR for mice with the
opposite allele, in dB. The error bars show the 95% confidence interval for the estimated
effect. Entries that do not cross the horizontal line at zero are significant, at two-tailed p <
0.05, without correction for multiple comparisons.
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3.
Are QTL effects frequency-specific? Effects of QTL, detected at18 months, on ABR
thresholds at same age tested at multiple frequencies. Each panel shows a locus selected
because of a significant effect on ABR tested at 18 months of age. Each symbol shows an
effect size for the indicated frequency (4, 12, 24, or 48 kHz), calculated as mean ABR in
mice with the indicated allele (MOLF, 129, or FVB) minus mean ABR for mice with the
opposite allele, in dB. The error bars show the 95% confidence interval for the estimated
effect. Entries that do not cross the horizontal line at zero are significant, at two-tailed p <
0.05, without correction for multiple comparisons.
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4.
Do QTLs with effects on hearing at 22 months affect mice with and without noise exposure?
Each panel shows a locus detected by a significant effect on ABR tested at 22 months of age
(see Table 2), either in noise-exposed mice, mice not exposed to noise, or in both groups
pooled. Each symbol shows the effect size, in dB, at 22 months of age, at the indicated
frequency, either in the No Noise group or in the Noise Rx group. The allele shown (MOLF
or 129) indicates the allele associated with higher ABR values at the frequency that achieved
experiment-wise significance (see Table 2). The error bars show the 95% confidence
interval for the estimated effect. Entries that do not cross the horizontal line at zero are
significant, at two-tailed p < 0.05, without correction for multiple comparisons. Evaluation
of the QTL at 12•17 (not shown) closely resembles that shown for 12•40.
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5.
Are QTL effects seen at 8 months also present in 22 month old mice? Each panel shows a
locus selected because of a significant effect on ABR tested at 8 months of age. Each
symbol shows the effect size, in dB, either at 8 months (repeated from Figure 2), or at 22
months either in mice not exposed to noise, or in mice exposed to noise for 2 hr at age 20
month. The allele (MOLF, 129, or FVB) reflects the variant associated with higher ABR
responses at 8 months of age. The frequency for ABR testing is also indicated in each panel.
The error bars show the 95% confidence interval for the estimated effect. Entries that do not
cross the horizontal line at zero are significant, at two-tailed p < 0.05, without correction for
multiple comparisons.
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6.
6. Do loci that affect hearing at 22 months also have an effect on OHC loss? Each panel
shows a locus detected by a significant effect on ABR tested at 22 months of age (see Table
2), either in noise-exposed mice, mice not exposed to noise, or both groups pooled. Each
symbol shows differences in missing OHC count, at cochlear apex or base, associated with
the “high ABR” allele, with mice in the Noise treatment a “no noise” groups evaluated
separately. The error bars show the 95% confidence interval for the estimated effect. Entries
that do not cross the horizontal line at zero are significant, at two-tailed p < 0.05, without
correction for multiple comparisons. Numbers of mice: 130–153 for No Noise group, and
118 – 167 for Noise group. The allele and test frequency named in each panel refer to
experiment-wise significance as shown in Table 2. The arrangement of loci is the same as
that used in Figure 5.
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