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Abstract
The ahl locus, shown to be a strain-specific Cdh23 dimorphism, contributes to age-related hearing
loss in many inbred mouse strains. A/J mice begin to lose hearing by four weeks of age, much earlier
than C57BL/6J (B6) mice, although both strains have the same Cdh23ahl variant. Here, we use
recombinant inbred strains, chromosome substitution strains, and a linkage backcross to map a locus
on distal Chromosome 10, designated ahl4, that contributes to the early-onset hearing loss of A/J
mice. Cochleae of 9-week-old A/J mice exhibit inner and outer hair cell loss from the basal turn
through the apical turn, with outer hair cell loss at the base being severest. To quantify the progression
of hair cell loss, cytocochleograms were evaluated from 0 to 20 weeks of age. AJ mice showed
evidence of hair cell loss in the base of the cochlea as early as 14 days of age and the magnitude and
extent of loss increased rapidly during the following 2–5 months. Hair cell loss occurred earlier and
was much more severe and widespread in A/J mice than in B6 mice during the first 5 months of age.
Spiral ganglion neurons, cells of the stria vascularis, and vestibular hair cell densities, however,
appeared normal in 20-week-old A/J mice.
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1. Introduction
Presbycusis or age-related hearing loss (AHL) is one of the most common disorders of elderly
individuals and adversely affects the quality of life. Thirty to thirty-five percent of adults
between 65 and 75 years of age exhibit hearing loss and by 75 years of age 40–50 percent
experience AHL (Gorlin et al., 1995; Morton, 1991). Genetic variation in humans probably
plays a role in determining the range of individual susceptibility to AHL (DeStefano et al.,
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2003). However, no contributing loci have been identified in human populations because of
the difficulties in controlling for environmental factors such as noise trauma, toxic agents or
disease. Another challenge is the long life span of humans that makes it difficult to carry out
prospective longitudinal studies of AHL. Inbred laboratory mice provide a means for
researchers to overcome these difficulties.

Genetically well-defined inbred mice, including C57BL/6J, DBA/2J, and BALB/cJ, have been
productively used in studies of auditory anatomy, physiology, and pathology, including
presbycusis (Erway et al., 1993; Ohlemiller, 2006; Willott et al., 1998). Auditory pathology
and function of these strains has been extensively studied and can be used to elucidate
mechanisms of human AHL. C57BL/6J (abbreviated B6) is the mouse strain most widely used
in studies of AHL. Our auditory brainstem response (ABR) analysis of this strain has shown
a progressive hearing loss beginning as early as 9 months of age for high frequencies, but not
until 12 months for mid-frequencies (Li and Borg 1991, Keithley et al., 2004, Henry, 1982;
and Willott et al., 1998). In contrast, A/J strain mice have a much earlier onset of hearing loss,
exhibiting elevated auditory thresholds by 25 days of age (Henry, 1982; Zheng et al., 1999).

The ahl locus is an important contributor to AHL in many inbred mouse strains (Johnson et
al., 2000) and was shown to be a strain-specific dimorphism of Cdh23 (Noben-Trauth et al.,
2003). Although hearing loss occurs much earlier in A/J mice than in B6 mice, both strains are
homozygous for the Cdh23ahl allele. Thus, it is likely that additional genetic factors contribute
to the hearing loss phenotype observed in strain A/J. A DNA variant of the mitochondrial
tRNA-Arg gene (mt-Tr) also contributes to hearing loss in A/J mice (Johnson et al., 2001);
however, its effects are not great enough to fully explain the severe degree of hearing loss in
A/J mice compared with B6 mice.

To further investigate the genetic basis of hearing loss in A/J mice, we analyzed recombinant
inbred (RI) strains, chromosome substitution (CS) strains, and a linkage backcross. These
complementary approaches all showed strong evidence for an additional AHL locus on distal
Chromosome (Chr) 10, which we designate ahl4. To test whether the early onset and severe
hearing loss of A/J mice has a distinctive pathological basis, we examined cochleae from A/J
and B6 mice at multiple ages for cochlear pathologies that underlie human presbycusis
(Schuknecht et al., 1993). Hearing loss in both strains correlated with a progressive base-to-
apex loss of outer hair cells followed by inner hair cell loss; however, hair cell loss occurred
earlier and progressed more rapidly in A/J mice.

2. Materials and Methods
2.1. Mice

A total of 399 mice of either sex were used for this study. Mice of the standard A/J and B6
inbred strains and their derivative recombinant inbred strains and chromosome substitution
strains were housed in the Research Animal Facility of The Jackson Laboratory
(http://www.jax.org/). The Jackson Laboratory is accredited by the American Association for
the Accreditation of Laboratory Animal Care (AAALAC) and is registered with the United
States Department of Agriculture as a research facility. All mice were from The Jackson
Laboratory (TJL) research facilities and all procedures were approved by the Institutional
Animal Care and Use Committee.

2.2. Evaluation of auditory function in mice
The ABR methodology has been previously described and includes criteria for evaluating
hearing loss in response to various stimuli (Zheng et al., 1999). Mice were anesthetized and
body temperature was maintained at 37–38 °C by placing mice on an isothermal pad in a sound-
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attenuating chamber. Sub-dermal needles were used as electrodes, inserted at the vertex and
ventrolaterally to each ear. Stimulus presentation, ABR acquisition, equipment control and
data management were coordinated using the computerized Intelligent Hearing Systems (IHS;
Miami, Florida). Clicks, and 8, 16, and 32 kHz tone-bursts were respectively channeled through
plastic tubes into the animals’ ear canals. ABR thresholds were obtained for each stimulus by
reducing the sound pressure level (SPL) at 10 dB steps and finally at 5 dB steps up and down
to identify the lowest level at which an ABR pattern can be recognized. Samples of CBA/CaJ
mice were tested periodically as references for normal hearing, and for monitoring the
reliability of the equipment and testing procedures. Based on our previous work (Zheng et al.,
1999), any mouse with average ABR threshold values above 55 (for click stimulus), 40 (for 8
kHz), 35 (for 16 kHz), or 60 (for 32 kHz) dB SPL was classified as hearing impaired. Mice
with average ABR values below these values for all four test stimuli were considered to have
normal hearing. Written and electronic records were made of the ABR recordings and
thresholds, the strain background, genotype, and birth and test dates for each mouse tested.

2.3. Genetic mapping
Three complementary approaches were used to evaluate the genetic basis of the early-onset
hearing loss of A/J mice. The first was recombinant inbred (RI) lines, produced by inbreeding
individual F2 progeny from an intercross of two inbred strains. RI lines are useful as a first
approach to estimate the number and approximate map locations of major genes affecting a
complex trait (Williams et al., 2001). Mice from AXB and BXA RI lines were analyzed for
associations with ABR thresholds, treated as quantitative traits. There are 14 independent AXB
(A/J female progenitor) and 13 BXA (B6 female progenitor) RI strains available from The
Jackson Laboratory (Sampson et al., 1998). Collectively, the AXB and BXA RI strains are
called AXBXA. A web-based QTL (quantitative trait locus) mapping procedure for RI strains
(WebQTL) has been developed by Kenneth Manley and Robert Williams
(http://www.genenetwork.org/) based on the MapManager QTX computer program (Manly et
al., 2001). The quantitative trait values entered at the WebQTL website are statistically
compared with verified genotypes collected at a set of micro-satellite markers in each RI set.
The edited strain distribution pattern for the AXBXA strains now includes over 700 loci
(Williams et al., 2001).

Chromosome substitution (CS) strains, in which a single chromosome from one inbred strain
(donor) has been transferred onto a second strain (host) by repeated backcrossing, may be used
to identify chromosomes containing significant QTLs (Nadeau et al., 2000). One of the
advantages of mapping with CS strains is that the effects of a QTL are limited to the donor
chromosome, eliminating contributions of loci on all other chromosomes. At least eight mice
from each of 21 B6.A CS strains (19 autosomes plus X and Y chromosomes) were analyzed
for ABR thresholds to determine the individual effects of A/J-derived donor chromosomes on
hearing loss in mice with an otherwise B6 host genome (Singer et al., 2004). For clarity, we
use a modified nomenclature to designate CS strains, for example the official strain name
C57BL/6J-1A/Na is designated B6.A-Chr1.

A linkage backcross was used to confirm the effect of ahl4 on hearing loss and to improve the
genetic resolution of the map position of ahl4 on Chr 10. Matings between A/J and CAST/Ei
mice produced F1 hybrid progeny that were then backcrossed to A/J mice to generate N2 mice
for genotyping and linkage analyses. The same (A/J x CAST/Ei) x A/J backcross used in this
study to map ahl4 was used previously to analyze hearing loss associated with ahl and mtDNA
variants (Johnson et al., 2000; Johnson et al., 2001).
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2.4. Cross-section preparation of inner ears
For the histological sections, anesthetized mice were perfused through the left ventricle of the
heart with phosphate-buffered saline (PBS) followed by Bouin’s fixative (Fisher Diagnostics,
Middletown, VA, USA). The animals were then decapitated and the bulla was quickly
removed. The round window and oval window were opened and the cochlea was immersed in
fixative for 24–48 hr at 4 °C. The cochleae were decalcified with Cal-EX Decalcifier (Fisher
Scientific, Pittsburg, PA) solution for 6 hr. Specimens were routinely immersed in 2% osmium
tetroxide in 0.1 M phosphate buffer for 2 h at 4°C, dehydrated through a graded series of ethanol
solutions ending with 100% and embedded in Epon 812 (Electron Microscopy Sciences,
Hatfield, PA). After polymerization, samples were cut parallel to the modiolar axis at a
thickness of 3 μm, stained with 0.5% toluidine blue and mounted on glass slides.

2.5. Cytocochleograms
Mice were subjected to an overdose of carbon dioxide, decapitated, and the inner ear quickly
removed. The tympanic bullae were opened and a small hole made in the round window of the
exposed cochleae. Fixative was gently perfused through the round window, followed by
immersion of cochleae in fixative. The fixative for routine analyses was 10% buffered formalin
as described previously (McFadden et al., 1999a). Details of our experimental methods for
preparing mouse cytocochleograms can be found in earlier publications (Ding et al., 2001;
McFadden et al., 1999b). Briefly, the organ of Corti was carefully microdissected out and
mounted in glycerin on glass slides. The surface preparations were stained with Ehrlich’s
hematoxylin solution and examined with light microscope (Zeiss Standard, 400 X) using
differential interference contrast optics. Hair cells were counted as present if the cell body and
cuticular plate were intact. Inner and outer hair cell counts were made over 0.12–0.24-mm
intervals of the organ of Corti, beginning at the apex and continuing towards the base.
Individual cochleograms were constructed to show the percentage of hair cells missing as a
function of distance from the apex, relative to our laboratory norms for young CBA mice
(Ding et al., 2001, Spongr et al., 1997).

2.6. Ganglion cells and auditory nerve fibers
Cochleae were immersed in Decal (VWR Scientific Products) for 2 days for decalcification,
embedded in Epon 812 resin, and serially sectioned (3-μm-thickness) parallel to the modiolar
axis with a Reichert Super Nova microtome and glass knives as described (McFadden et al.,
1999a). Sections were mounted on glass slides, stained with toluidine blue (Fisher Scientific,
Pittsburg, PA), and examined under an Axioskop light microscope (Carl Zeiss). For auditory
nerve fibers, every fifth section containing the osseous spiral lamina was examined at 1000X
in samples from A/J mice and B6 mice. Sections were visually inspected for gross evidence
of fiber degeneration.

2.7. Vestibular hair cells
To determine if hair cell lesions extended to the vestibular system, we evaluated hair cell
densities in the vestibular sensory epithelium as described previously (Ding et al., 2001). After
removal of the inner ear (see cytocochleogram above) and perfusion of the cochlea, the bony
walls of the superior and horizontal semicircular canals were opened. Then 10% buffered
formalin in 0.1 M cold phosphate buffer was perfused through the oval window. After
immersion in cold fixative for 24 hr, the vestibular end organ was placed in PBS and dissected
out. The superior, horizontal and posterior portions of the vestibular cavity were opened and
the saccule was carefully removed from the underlying bone. The utricle was separated from
surrounding tissue and the otoconia of the saccule and utricle were removed to expose the two
maculae. The ampullae were separated from their semicircular canals by cutting the attached
nerve fibers, blood vessels and connective tissue to expose the cristae. Surface preparations
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were stained with hematoxylin or toluidine blue. Surface preparations were viewed with an
Axioskop light microscope (Carl Zeiss) at magnification of 1000X as described in our earlier
publications (Ding et al., 2001).

3. Results
3.1. Hearing assessment of A/J and C57BL/6J mice

ABR thresholds were evaluated for six mice of each strain, A/J and B6. As shown in Fig. 1,
A/J mice exhibited hearing loss immediately following weaning, as defined by an increase of
three standard deviations or more from the empirically determined mean threshold of hearing
(Zheng et al., 1999). At 25 days, the high-frequency 16 and 32 kHz thresholds were elevated
indicating hearing-impairment. By three months of age the A/J mice had severe hearing loss
as indicated by ABR thresholds >50 dB above normal. In contrast, B6 mice exhibited normal
hearing at 6 months of age, and even as late as 12 months gave thresholds only slightly above
the mean for normal hearing. Thus, although both strains carry the Cdh23ahl allele and
eventually exhibit AHL, the time course for hearing loss in each strain is drastically different
and the degree of impairment is more severe for A/J than for B6.

3.2. Genetic analysis of AXB and BXA recombinant inbred strains
As a first approach to map loci contributing to the early onset hearing loss of A/J mice, we
analyzed AXB and BXA recombinant inbred strains derived from A/J and B6 parental strains.
Because both of these strains have the same Cdh23ahl allele, the effects of this locus on hearing
loss are eliminated in the RI strain analysis. None of these RI strains had been previously
assessed for hearing. We tested mice at 6–9 months of age, an age when inbred mice of one
parental strain (A/J) exhibit hearing loss but mice of the other strain (B6) do not. From a
comparison of the total variance of 16-kHz ABR thresholds (=716 among all 170 mice tested)
with the between-strain variance (=591 among the 27 strains tested), we estimated the broad-
sense heritability of this trait to be quite high (about 0.8) in the AXBXA RI line mice, which
improves the likelihood of detecting linkage. Figure 2 shows the variation in mean and standard
error of ABR thresholds among these RI strains, and Supplementary Table 1 gives the means
and standard deviations of click, 8 kHz, 16 kHz, and 32 kHz ABR threshold estimates for each
of the 27 RI strains tested.

We used the web-based QTL mapping program WebQTL to analyze ABR threshold
measurements as quantitative traits for the 27 AXBXA RI strains, which have been genotyped
for hundreds of markers on all chromosomes (Williams et al., 2001). The only statistically
significant associations detected were those of 16-kHz ABR thresholds with markers on distal
Chr 10 (LOD scores 3.8 and 4.3 for markers D10Mit35 and D10Mit205). All other locus
associations were below the 95th percentile significance level determined empirically from
1000 permutations (Manly et al., 2001). We assigned the symbol ahl4 to designate this
quantitative trait locus (QTL) on distal Chr 10 that affects AHL.

3.3. Genetic analysis of B6.A chromosome substitution strains
To evaluate the isolated effects of individual A/J-derived chromosomes on hearing loss, we
tested a panel of B6.A CS strains in which each strain has a single chromosome from the A/J
donor strain substituting for the corresponding chromosome in the B6 host strain (Singer et
al., 2004). We measured ABR thresholds of at least 8 mice from each of the 21 B6.A CS strains,
all tested at 5–7 months of age (Fig. 3A, Supplementary Table 1). None of the B6.A CS strain
mice, with the exception of B6.A-Chr10 and B6.A-Chr11 mice, exhibited thresholds
significantly above normal according to previously established criteria (Zheng et al., 1999).
As predicted from the RI strain results, mice of the B6.A-Chr10 strain, which contains an A/
J-derived ahl4 allele on the transferred Chr 10, exhibited elevated thresholds. The 16 kHz ABR
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thresholds of these mice were on average about 30 dB higher than normal. The thresholds of
B6.A-Chr11 mice were about 10 dB above normal and suggest that another AHL locus might
be located on Chr 11, although with smaller effects than ahl4. The onset of hearing loss in
B6.A-Chr10 mice occurs earlier and progresses more rapidly than that of control B6 mice (Fig
3B). While 16 kHz thresholds of B6.A-Chr10 mice are only slightly higher than those of B6
mice at 3 months of age, they are about 30 dB higher at 6 months and about 50 dB higher at 9
months.

3.4. Genetic analysis of the (A/J x CAST) x A/J backcross
To confirm the effect of the ahl4 locus on ABR thresholds and refine its map position, we
analyzed a previously described (A/J x CAST) x A/J backcross (Johnson et al., 2000; Johnson
et al., 2001) for markers along the length of Chr 10. We previously reported that the
Cdh23ahl locus (ahl) has a major effect on hearing thresholds of (A/J x CAST) x A/J backcross
mice (Johnson et al., 2000). Here we refine this analysis using D10Mit138 to mark the ahl
locus, and evaluate its effect on hearing loss in 180 N2 mice at 3 and 6 months of age (Fig. 4
panel A). Most N2 mice that were homozygous for the A/J allele at this locus (AA) exhibited
elevated hearing thresholds, but thresholds of heterozygous mice (AC) were normal. The ahl
locus has a very large effect and can explain about 50% of the total 16 kHz ABR threshold
variation exhibited by the N2 mice. The average 16 kHz threshold of N2 mice with AA
genotypes at ahl was 49 dB SPL at 3 months of age and 62 dB SPL at 6 months. The average
16 kHz threshold of N2 mice with AC genotypes at ahl was 16 dB SPL at 3 and 6 months of
age.

Because the N2 mice that are heterozygous at ahl (AC genotype) exhibit very little threshold
variation (Fig. 4A, C), we limited further genetic analysis to the 74 N2 mice that are
homozygous for the A/J allele at this locus (AA genotype), which show significant differences
in mean ABR thresholds when partitioned by D10Mit103 genotypes (Fig. 4B, Supplementary
Table 1). In accordance with the AXBXA RI strain and CS strain results, the (A/J x CAST) x
A/J backcross analysis of these mice confirmed a strong association of hearing loss with
markers on distal Chr 10 (Fig. 5, Supplementary Table 2). The peak association (LOD = 8.3
at 3 months of age, 6.4 at 6 months of age) was with D10Mit103 at position 125.1 Mb (NCBI
Build 36), with the most likely interval containing the ahl4 locus extending from 120 to 130
Mb. For the subset of N2 mice with AA genotypes at ahl, the ahl4 locus can explain about
40% of the 16 kHz threshold variation at 3 months of age and 33% at 6 months (Fig. 4B). The
average 16 kHz threshold of N2 mice with AA genotypes at both ahl and ahl4 was 62 dB SPL
at 3 months of age and 76 dB SPL at 6 months. The average 16 kHz threshold of N2 mice with
AA genotypes at ahl and AC genotypes at ahl4 was 27 dB SPL at 3 months of age and 37 dB
SPL at 6 months.

3.5. Pathology of inner ears of A/J mice
Cochlear sections were examined microscopically for an initial gross assessment of cochlear
morphology (data not shown). Compared to the normal morphology observed in the postnatal
day 30 (P30) B6 cochlea, the P30 A/J cochlea displayed a hair cell lesion in the basal turn of
the cochlea. However, the spiral ganglion appeared normal in all turns including the basal turn.
In addition, the stria vascularis, Reissner’s membrane and tectorial membrane appeared
essentially normal by gross inspection of mid-modiolar cross sections.

To further characterize the hair cell pathology identified in A/J mice at P30, we examined
cochlear surface preparation in the mid-basal and mid-apical turns of 9-week-old A/J and B6
mice (Fig. 6), a time point at which the mice have reached sexual maturity and the cochlea is
fully developed. In the mid-basal turn, B6 mice (Fig. 6A) showed a full complement of inner
hair cells (IHC) and nearly normal population of outer hair cells (OHC). In contrast, A/J mice
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(Fig. 6C) showed a massive loss of both IHC and OHC in the mid-basal turn and a moderate
loss of IHC and OHC in the mid-apical turn (Fig. 6D). These observations indicate that hair
cell loss begins near the base of the cochleae and spreads toward the apical turn, a pattern
typical of AHL.

The cytocochleograms in Figure 7 illustrate the pattern of hair cell loss seen in B6 and A/J
mice at 9 weeks and 20 weeks of age. To aid in comparing the hearing loss and hair cell loss
data, the frequency-place locations of the 8, 16 and 32 kHz test stimuli are shown by the vertical
bars (Ehret, 1975). Nine-week-old A/J mice showed 90–100% OHC loss and ~70% IHC loss
over the basal two-thirds of the cochlea (Fig. 7B); these regions are associated with the 8, 16
and 32 kHz stimuli for ABR testing. In contrast, age-matched B6 mice showed only a minor
loss of OHC in the extreme base of the cochlea (Fig. 7A), a region that corresponds to none of
the test frequencies. At 20 weeks of age, A/J mice showed massive IHC and OHC loss
throughout the cochlea (Fig. 7D) except for the apical 10%. In contrast, B6 mice displayed
significant OHC loss in the basal 30% of the cochlea and moderate to severe IHC loss in the
basal 20% of the cochlea (Fig. 7C); the 32 kHz test frequency lies just within the region of
OHC loss.

To determine the developmental time course of the hair cell loss, we obtained
cytocochleograms from 23 A/J mice between P0 to P150. Similar data were obtained from
seven B6 cohorts between P0 and P165. For each cytocochleogram, we calculated the
percentage of missing OHC and IHC at 0–25%, 25–50%, 50–75% and 75–100% distance from
the apex of the cochlea. Scatter plots were constructed showing the percentage of IHC and
OHC loss as function of age for A/J and B6 mice (Figure 8A) and the data were fit with a
Boltzmann function (GraphPad Prism 5.01). A/J mice showed no evidence of OHC loss
between P0–P8. However, OHC loss in the 75–100% region increased from around 20% at
P16 to 100% at P42 (Figure 8A, left column). In the 50–100% region, OHC loss increased
from roughly 10% at P16 to approximately 90% at P42. OHC loss in the 25–50% region reached
90% around P150 whereas OHC loss in the 0–25% regions developed more slowly. OHC data
from the seven B6 mice are shown in Figure 8A (right) along with mean (n=10) data from B6
mice from an earlier study from our lab (Spongr et al., 1997). Between P0 and P165, OHC
lesions were negligible (<20%) except for the 75–100% regions where the OHC lesion slowly
increased from around 20% at P65 to 90% at P165.

Figure 8B shows the time course of IHC loss for A/J and B6 mice. In A/J mice, IHC lesions
in the 75–100% region increased from around 18% at P42 to roughly 78% at P63. IHC lesions
in A/J mice developed in a pattern similar to the most basal region in the 50–75% and 25–50%
regions, but the onset of the loss was delayed by 15–20 days. Little IHC loss occurred in the
0–25% region even as late as P150. IHC lesions were negligible in B6 mice except in the 75–
100% region where the loss increased to 35% at P165. These results show that hair cell loss in
A/J mice begins postnatally around P16 and that OHC are more vulnerable than IHC,
Furthermore the lesion spreads from base to apex and that the losses are much more severe in
A/J mice than B6 mice over the age range examined.

To investigate whether the early onset of hearing loss might be the result of gross stereocilia
disarray, cochleae from P0 and P8 A/J mice were labeled with FITC-phalloidin that heavily
labels F-actin in the stereocilia and circumferential ring of the cuticular plate (Data not shown).
Propidium iodide was used to label the nuclei. The IHC and OHC were arranged in orderly
rows in P0 and P8 cochleae. The stereocilia bundles on the IHC and OHC appeared qualitatively
normal and no gross abnormalities were observed at these ages. Moreover, the hair cell nuclei
were large, round and homogenously labeled with propidium iodide, features characteristic of
healthy cells (Ding et al., 2007).
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To determine if hair cell lesions were also present in the vestibular sensory epithelium of A/J
mice, we dissected out the sensory epithelium from the crista ampullaris and macula of the
utricle as a flat surface preparation and stained the specimens with hematoxylin. At 5 months
of age, hair cell density in the crista ampullaris and macula of the utricle of A/J mice appeared
normal and similar to that seen in the crista and macula of B6 mice (data not shown).

To determine if the hair cell lesions seen in A/J mice were accompanied by significant loss of
spiral ganglion neurons, we examined mid-modiolar cross-sections of cochleae of A/J and B6
mice at 9 weeks and 20 weeks of age (5 months). At 9 weeks, 70–80% of the IHC were missing
in the basal half of the A/J cochleae, whereas less than 5% were missing in B6 cochleae (Fig.
8B). Cross sections through the basal turn showed hair cell loss in a 9-week-old A/J mouse
(Fig 9A) and intact hairs cells in a B6 mouse (Fig. 9B); Despite the loss of hair cells in the A/
J cochleae, the density of spiral ganglion neurons in A/J (Fig 9A) and B6 cochleae (Fig. 9B)
appeared similar. The stria vascularis in 9-week-old A/J mice also appeared qualitatively
similar to that of B6 mice. At 5 months of age, nearly all of the IHC were missing in the basal
half of the A/J cochlea (Fig. 8B) whereas IHC losses in the basal 25% of the B6 cochleae ranged
from 15–60%. Despite the massive loss of hair cells in the basal half of the A/J cochlea, the
density and appearance of the spiral ganglion neurons in this region were similar to those in
B6 mice (Fig. 9C, D).

Nerve fiber density in the habenular perforata was also examined in 9-week- and 5-month-old
A/J and B6 mice. Nerve fiber densities in the basal half of the cochlea of 9-week- (Fig. 10A)
and 5-month-old (Fig. 10B) A/J mice appeared normal and qualitatively similar to those from
B6 mice of the same age (Fig. 10C–D).

4. Discussion
4.1. ahl4, a new locus affecting age-related hearing loss in A/J mice

The combined results from the genetic analyses of the AXBXA RI strains, the B6.A CS strains,
and the (A/J x CAST) x A/J backcross provide compelling evidence for a QTL on distal Chr
10, designated ahl4, that contributes significantly to the early onset of AHL in A/J strain mice.
The map position of this new locus is distinct from the chromosomal locations of all previously
reported AHL loci in inbred mouse strains, including ahl (Johnson et al., 1997), ahl2 (Johnson
et al., 2002), ahl3 (Nemoto et al., 2004), ahl5 and ahl6 (Drayton et al., 2006), and Phl1 and
Phl2 (Mashimo et al., 2006). Although Phl2 was mapped to Chromosome 10, its map position
between D10Mit170 (47.8 Mb, NCBI build 36) and D10Mit115 (69.7 Mb) is clearly distinct
from that of ahl4, which is distal to 110 Mb (Fig. 5). The ahl4 locus on distal Chr 10 showed
no association with ABR thresholds in previously described linkage backcrosses involving
CAST/Ei and the following strains: BUB/BnJ, DBA/2J, NOD/LtJ, 129P1/ReJ, SKH2/J,
BALBcByJ, and B6 (Johnson et al., 2000). In contrast to the Cdh23ahl allele, which is common
among multiple inbred strains (Johnson et al., 2000; Noben-Trauth et al., 2003), the ahl4 allele
conferring increased hearing-loss susceptibility appears to be unique to the A/J inbred strain.

Analysis of the (A/J x CAST) x A/J backcross showed that heterozygosity at the ahl locus (AC
genotype, Fig. 4) precludes ahl4 manifestation. N2 mice with AC genotypes retain normal
hearing even at 6 months of age (16 kHz ABR threshold mean = 16.3 dB SPL, standard
deviation = 4.5); therefore, nearly all of the ABR threshold variation among N2 mice is limited
to those with homozygous AA genotypes (mean = 61.8 dB SPL; standard deviation = 28.2).
Within this subgroup, the ahl4 locus has a large effect and can explain up to 40% of the
threshold variation (LOD 8.3) at three months of age and up to 33% (LOD 6.4) at 6 months
(Fig. 4B). The ahl locus has been shown to have an epistatic effect on other AHL-related loci,
including ahl2 (Johnson et al., 2002) and mt-Tr (Johnson et al., 2001), and a modifying effect
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on the hearing impairment caused by some mutations (Johnson et al., 2006), including
Atp2b2dfw (Zheng et al., 2001) and Gpr98frings (Johnson et al., 2005).

The candidate interval surrounding ahl4 (Fig. 5) extends from 120 to 130 Mb on Chr 10 (NCBI
Build 36). This genomic region contains more than 100 genes. One of these genes, Myo1a
(127.1 Mb), is a particularly attractive candidate for ahl4 because mutations of the orthologous
human gene were shown to underlie the progressive nonsyndromic deafness disorder DFNA48
(Donaudy et al., 2003). To examine inbred mouse strains for DNA alterations of Myo1a, we
searched for previously identified single nucleotide polymorphisms (SNPs) using the Mouse
Phenome SNP Database (http://www.jax.org/phenome/snp.html). This database is derived
from many sources, including SNPs identified by the Perlegen/NIEHS project
(http://mouse.perlegen.com/mouse/resequencing) to resequence 16 mouse strains, including
A/J and B6. The search retrieved only seven SNPs within the Myo1a gene that differ between
A/J and B6, and none of them alters the protein coding sequence or splice sites. Although
Myo1a was shown to be expressed in the inner ear (Donaudy et al., 2003), knockout mice
appear to have normal hearing and vestibular function (Tyska et al., 2005). Thus, Myo1a is
unlikely to be the gene responsible for ahl4.

To aid in the identification of the ahl4 gene, efforts are now being made to narrow the candidate
region by generating multiple B6 congenic strains harboring different A/J-derived subregions
of Chr 10 and testing their effects on AHL. The time and effort required to produce congenic
strains is greatly reduced by starting with a specific CS strain as donor (Nadeau et al., 2000).
ABR thresholds of B6.A-Chr10 mice are 30 dB above those of B6 mice by 6 months of age
(Fig. 3B), indicating that the ahl4 effect on hearing is not dependent on interactions with loci
on other chromosomes and supporting the feasibility of the congenic strain approach to isolate
the ahl4 locus.

4.2. Rapid progression of cochlear hair cell loss in A/J mice
Cochlear hair cell loss occurred earlier and progressed more rapidly in A/J mice than in B6
mice (Fig. 8A–B). Hair cell densities were lower in 9-week-old A/J mice than in 20-week-old
B6 mice. A/J mice show minimal loss of OHC and IHC at postnatal day 8, but by 9 weeks of
age, massive OHC and IHC loss was seen in the basal half of the cochlea. These observations
are in agreement with an earlier report of extensive hair cell loss in aging A/J mice (Chole et
al., 1983). Hearing loss of A/J mice selectively starts with high frequencies, which corresponds
to the progression of cochlear hair cell loss from base to apex. Although cochlear hair cell loss
was extensive, hair cell density in the vestibular system appeared normal in 5-month-old A/J
mice. Cross sections through A/J cochleae failed to reveal any gross morphological damage to
the stria vascularis or other non-sensory structures. Except for hair cell loss, the gross
morphological features of the A/J mouse cochlea appeared qualitatively similar to that of the
B6 mouse of the same age (Fig. 9).

IHC loss progressed more slowly than OHC loss. The delayed IHC loss could be the result of
defective gene(s) that are expressed at higher levels in OHCs than IHCs. By 40–50 days of
age, most of the IHC were missing in the basal half of the cochlea (Fig. 8B) whereas most of
the spiral ganglion neurons and nerve fibers in this region were still present and appeared
normal (Fig 9–10). The most parsimonious explanation for the survival of spiral ganglion
neurons in the basal half of the cochlea is that they simply have not had sufficient time to
undergo secondary degeneration due to the loss of trophic support from missing hair cells in
the basal half of the cochlea (Fritzsch et al., 2004). Alternatively, the residual IHC and OHC
present in the apical half of the A/J cochlea could promote the survival of spiral ganglion
neurons in the base by release of neurotrophic substance such as NT-3 and BDNF. However,
this would require the diffusion of these neurotrophic factors from the apical toward the basal
half of the cochlea (Fritzsch et al., 2004). The rapid progression of hearing loss but retention
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of spiral ganglion cells suggest that A/J mice could potentially serve as an animal model for
cochlear implantation (Kretzmer et al., 2004), because a minimal density of spiral ganglion
cells is required for effective cochlear implants (Wake et al., 1998).

In summary, we have genetically mapped a locus (ahl4) on distal Chr 10 that is a significant
contributor to the early onset AHL of A/J mice. The major pathological effect of ahl4 appears
to be an increase in the progression of cochlear hair cell loss. Identification of the ahl4 gene
and determination of its function will help elucidate molecular mechanisms involved in the
cochlear degeneration associated with presbycusis.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
ABR thresholds of A/J and B6 mice. ABR thresholds (dB SPL=sound pressure level in
decibels) of A/J and B6 mice were determined for the four stimuli shown on the X-axis. Each
data point represents an average threshold value (calculated as the arithmetic mean) for each
age group (n=6 mice) described in the adjacent data point legend. Error bars indicate the
standard deviation from the mean, shown only in the positive direction for simplicity.
Rectangles ranging from 0 to a positive value delineate the range of threshold values
empirically determined to fall within a normal hearing range (Zheng et al., 1999). All points
lying outside the rectangles are considered to be hearing impaired.
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Fig. 2.
ABR threshold variation among 14 AXB and 13 BXA recombinant inbred (RI) strains tested
between 6 and 9 months of age. Means and standard error bars for 16 kHz thresholds and the
numbers of mice tested (in parentheses) are shown for each strain. At this age, average
thresholds of parental strain A/J mice are greater than 90 dB, whereas those of B6 mice are
less than 40 dB. A statistically significant association of ABR thresholds was found with loci
on distal Chr 10 (max LOD 4.3).
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Fig. 3. ABR thresholds of B6.A chromosome substitution strains
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A) ABR threshold variation among 21 B6.A chromosome substitution strains tested between
5 and 7 months of age. Means and standard error bars for 16 kHz thresholds are shown for each
strain. A minimum of 8 mice were tested per strain. Note that Chr 10 appears to be the largest
contributor to the increased hearing loss of A/J mice relative to B6 mice.
B) The effect of an A/J-derived Chr 10 (containing ahl4) on ABR thresholds of mice with an
otherwise B6 genome. Means and standard error bars for 16 kHz ABR thresholds of B6 mice
are compared with those of age-matched mice from the B6.A-Chr10 strain. Four or five mice
from each strain were tested at each timepoint.
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Fig. 4.
The effects of the ahl and ahl4 loci on ABR thresholds of (A/J x CAST/Ei) x A/J backcross
mice. Each bar represents the mean 16 kHz ABR threshold (with its associated standard error)
for a given genotype class tested at 3 and 6 months of age. Black bars represent mice with
D10Mit138 AA genotypes, and gray bars represent mice with D10Mit138 AC genotypes, where
A is the A/J-derived allele and C is the CAST/Ei-derived allele.
A) The ahl locus (marked by D10Mit138) has a highly significant effect on ABR thresholds
of (A/J x CAST) x A/J backcross mice. All 180 backcross mice were analyzed for
D10Mit138 genotypes (AC, heterozygous for A/J and CAST alleles; AA, homozygous for A/
J allele). Note that only mice with an AA genotype at D10Mit138 exhibit elevated thresholds
at the ages tested.
B) The ahl4 locus (marked by D10Mit103) has a marked effect on ABR thresholds, but only
in backcross mice that are homozygous for the A/J-derived allele at the ahl locus
(D10Mit138 AA genotypes). Means and standard error bars for 16 kHz ABR thresholds of N2
backcross mice tested at 3 and 6 months of age. Only the 74 mice that were homozygous for
the A/J-derived allele at the D10Mit138 locus were analyzed for threshold associations with
D10Mit103 genotypes (AC, heterozygous for A/J and CAST alleles; AA, homozygous for A/
J allele). C) The ahl4 locus (marked by D10Mit103) has no effect on ABR thresholds in
backcross mice that are heterozygous at the ahl locus (D10Mit138 AC genotypes).
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Fig. 5.
The most likely position of ahl4 on mouse Chr 10 as determined from the (A/J x CAST) x A/
J backcross. LOD scores for the associations of DNA markers with 16 kHz ABR thresholds
of three-month-old N2 mice. To control for the epistatic effect of the ahl locus, only the subset
of backcross mice that were homozygous for the A/J-derived allele at the D10Mit138 locus
were evaluated (74 mice). Backcross mice heterozygous for A/J and CAST-derived alleles of
D10Mit138 exhibited normal thresholds and so were not included in this analysis.
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Fig. 6.
Organ of Corti surface preparations from A/J and B6 mice at two months of age.
Photomicrographs of the organ of Corti from the mid-basal and mid-apical turns of 9 week old
A/J (C and D) and B6 mice (A and B). Magnification is 1000X.
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Fig. 7.
Cytocochleograms showing the percentage of OHC and IHC loss in typical A/J mice at 9 weeks
(B) and 20 weeks (D) of age and B6 mice at 9 weeks (A) and 20 weeks (C) of age. Vertical
bars show the frequency-to-place map for the 8, 16 and 32 kHz test tones (Ehret, 1975).
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Fig. 8.
(A) Scatter plots showing the percentage of OHC missing as a function of age at locations 0–
25%, 25–50%, 50–75% and 75–100% distance from the apex of the cochlea. Boltzmann
sigmoidal function fit to the data (GraphPad Prism 5). Left column and right columns display
data for A/J and B6 mice respectively. Filled circles show data from individual animals in the
current study. Open squares in right column plots show mean (n=10) data from B6 mice from
Spongr et al. (1998). (B) Scatterplots for the percentage of IHC missing as in Figure 8A.

Zheng et al. Page 22

Neurobiol Aging. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9.
Cross sections (3 μm) through the modiolus of cochleae from a 9-week-old A/J (A) and B6
(B)mouse. Hair cells were missing in the A/J mouse, but present in the B6 mouse. The density
of SGN in the A/J mouse was similar to that in the B6 mouse (400X). Cross sections (3 μm)
through Rosenthal’s canal at mid-basal turn (represents 2–4 kHz) shown in 5-month-old A/J
(C) and B6 (D) mice; 1000X magnification. The density and gross appearance of the SGN in
the A/J cochlea were similar to the B6 cochlea.

Zheng et al. Page 23

Neurobiol Aging. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 10.
Cross sections (3 μm) taken through the habenula perforata at mid-basal turn (represents 2–4
kHz) showing the nerve fiber density in a 9-week- and a 5-month-old A/J (A, B) and B6 mouse
(C, D) respectively (1000X magnification). Nerve fiber density in habenular openings of A/J
mice was similar to the density in B6 mice of the same age.
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