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Abstract
C57BL/6 (B6) mice experience hearing loss and cochlear degeneration beginning about mid-life,
whereas CAST/Ei (CAST) mice retain normal hearing until old age. A locus contributing to the
hearing loss of B6 mice, named age-related hearing loss (ahl), was mapped to Chromosome 10. A
homozygous, congenic strain of mice (B6.CAST-+ahl), generated by crossing B6 (ahl/ahl) and
CAST (+ahl/+ahl) mice has the same genomic material as the B6 mice except in the region of the
ahl locus, which is derived from CAST. In this study, we have determined the extent of the
CAST-derived region of Chromosome 10 in the congenic strain and have examined mice of all
three strains for hearing loss and cochlear morphology between 9 and 25 months of age. Results
for B6 mice were similar to those described previously. CAST mice showed no detectable hearing
loss even at 24 months of age; however, they had a small amount of ganglion cell degeneration.
B6.CAST-+ahl mice were protected from early onset hearing loss and basal turn degeneration, but
older animals did show some hearing loss and ganglion cell degeneration. We conclude that loci in
addition to ahl contribute to the differences in hearing loss between B6 and CAST mice. These
results illustrate the complex inheritance of age-related hearing loss in mice and may have
implications for the study of human presbycusis.
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1. Introduction
The C57BL/6 inbred strain of mice, hereafter referred to as B6, was found to have age-
related hearing loss (Mikaelian, 1979; Henry and Chole, 1980) and has been used in many
studies to evaluate cochlear structure and function (Willott, 1986; Willott et al., 1988;
Willott, 1991; Hultcrantz and Li, 1993; White et al., 2000; McFadden et al., 2001;
Bartolome et al., 2001). Cochleae of these mice are characterized by early degeneration of
outer hair cells and spiral ganglion cells and ultimately by the degeneration of the entire
organ of Corti and most of the spiral ganglion cells in the basal turn. The phenotype is
similar to that seen in some humans with presbycusis in which the basal turn of the cochlea
is degenerated (Schuknecht and Gacek, 1993), and it was assumed that by studying cochlear
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pathology insight would be gained about the mechanisms of age-related hearing loss.
Recently Hequembourg and Liberman (2001) provided evidence that the cellular origin of
the cochlear degeneration might be the early degeneration of the type IV fibrocytes in the
spiral ligament. The loss of these cells might lead to insu/cient potassium recycling to the
endolymph and subsequent degeneration of the organ of Corti; however, it is not known
whether the observed degree of fibrocyte degeneration is extensive enough to cause this
secondary pathology.

In a genetic approach to understanding presbycusis, a locus associated with the B6 hearing
loss phenotype was mapped to Chromosome 10 and given the name ‘age-related hearing
loss’, symbol ahl (Erway et al., 1993; Johnson et al., 1997, 2000). The modifier of deaf
waddler gene (mdfw), which modifies the hearing loss phenotype in mice with mutations of
the Atp2b2 gene (a member of the plasma membrane Ca2+ pump family of genes) may be
allelic with ahl (Zheng and Johnson, 2001). The ahl locus also has been identified as a
contributor to susceptibility to acoustic trauma (Davis et al., 2001; Jimenez et al., 2001).
Recent evidence indicates that inbred strain-specific alleles of the cadherin 23 gene (Cdh23)
are responsible for the hearing loss effects attributed to the ahl/mdfw locus (Noben-Trauth et
al., 2003).

Quite unlike the B6 animals, CAST/Ei mice (henceforth CAST), which are inbred from
wild-derived Mus musculus castaneus, still have good hearing at 15 months of age (Zheng et
al., 1999). It was by crossing these mice with B6 mice that the ahl locus was mapped and its
effect evaluated up to 18 month of age (Johnson et al., 1997). It is assumed that CAST mice
are homozygous for a dominant, wild-type allele at the ahl locus (+ahl) that confers
resistance to hearing loss.

B6.CAST-+ahl is an inbred strain of congenic mice that is identical to the B6 strain except
for a small region of Chromosome 10 containing the ahl locus from the CAST strain
(Johnson et al., 1997). This congenic strain was still under development at the time of the
1997 publication in which it was originally described. Since then it has been backcrossed
twice more to B6 mice and then inbred for many additional generations. The 1997 paper
reported results for N7 or N8 generation backcross mice that were either homozygous for B6
alleles or heterozygous for B6 and CAST alleles at the ahl locus. The current study reports
on the completed B6.CAST-+Ahl congenic strain after 10 back-cross generations (N10) and
extensive inbreeding so that all loci are now homozygous. We compare auditory brainstem
response (ABR) thresholds and cochlear pathology of mice from this congenic strain with
those of mice from the parental B6 and CAST inbred strains sampled at different ages.
These comparisons provide a means to evaluate the isolated genetic effect of the ahl locus
on hearing loss in these mice.

2. Materials and methods
2.1. Mice

Three strains of mice from The Jackson Laboratory (Bar Harbor, ME, USA) were compared
for their age-related hearing loss and cochlear degeneration pattern. The first group (n = 32)
consisted of mice of the common B6 inbred strain, which are homozygous for the recessive
Chromosome 10 ahl susceptibility allele (ahl/ahl). The second group (n = 19) consisted of
mice of the CAST strain, which are homozygous for the resistance allele (+ahl/+ahl). The
third group (n = 33) consisted of inbred congenic mice, B6.CAST-+ahl, which also are
homozygous for the resistance allele (+ahl/+ahl), but on an otherwise B6 genetic background.
The animals were housed in the standard animal facility under normal mouse rearing
conditions at The Jackson Laboratory. All experimental procedures involving the mice were
approved by the Animal Care and Use Committee at The Jackson Laboratory.
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2.2. Assessment of hearing
When mice reached the designated age, they were anesthetized with Avertin
(tribromoethanol stabilized in tertiary amyl hydrate), and hearing was measured with a click
stimulus and at 8, 16, and 32 kHz using tone pips (3 ms duration) in a closed acoustic
system. Stimuli were presented to both ears simultaneously at decreasing intensities (5 dB
steps) in an ABR recording system (Intelligent Hearing System, Miami, FL, USA) (see
Zheng et al., 1999 for details). The threshold response was recorded for each animal for each
stimulus.

2.3. Tissue preparation
Following the ABR measurement, while still under deep anesthesia, the animals were
perfused with saline followed by 4% paraformaldehyde. The animals were decapitated and
the tissue was sent to the University of California, San Diego, CA, USA, for tissue
processing. The cochleae were dissected and decalcified in 8% EDTA (pH 7.2) for 1–2
weeks and then cryosectioned (10 μm) parallel to the modiolus from dorsal to ventral.
Sections were collected on superfrost plus slides (Fisher Scientific, Inc.) and stored at
−20°C until they were stained with osmium and cresyl violet.

2.4. Histopathology
Histological evaluation of each cochlea was performed by an individual who was unaware
of the animal’s age or genotype. Because the B6 mouse is characterized by a loss of the
entire organ of Corti in the basal turn (Henry and Chole, 1980; Willott, 1991), each cochlea
was scored for presence or absence of any cells of the organ of Corti. Comparisons were
then made among the three strains to determine whether one strain was more likely to have
total degeneration than another. It was not possible to identify hair cell loss in the sections.
The stria vascularis was evaluated for a loss of cells as indicated by a thinning or distortion
of the normal structure. Spiral ganglion cells (types I and II) in Rosenthal’s canal were
counted in cochlear sections. Two to five cross-sections of each turn were evaluated for each
cochlea. The mouse cochlea has approximately 1 and 3/4 to 2 turns. The canal therefore,
was divided into three segments of unequal length, basal, middle and apical (Keithley and
Feldman, 1979; Dazert et al., 1996). The basal turn including the hook is represented in the
first half turn, the middle is three quarters of a turn and the apical portion comprises the final
half turn. The density of cells was calculated by dividing the number of cells present within
each cross-sectional profile of Rosenthal’s canal by the area of that profile as measured with
the computer program Image-Pro Plus (Media Cybernetics, Silver Spring, MD, USA).
Digital photomicrographs of each profile were collected and the perimeter of the canal
traced, by hand, with a calibrated cursor. The area within the outlined canal was calculated
with a computer. The density of cells (number of cells/area) was determined for the apical,
middle and basal turns of each cochlea by averaging the individual densities for each turn.
An analysis of variance (ANOVA) was used to test the following hypotheses: (1) there is a
loss of cells over time within each strain for each cochlear turn and,(2) there is a difference
among the strains in the amount of ganglion cell loss in the basal cochlear turn.

3. Results
3.1. Genetic definition of the B6.CAST-+ahl congenic region

The B6.CAST-+ahl congenic strain was still under development when it was originally
described (Johnson et al., 1997). To better define the extent of the CAST/Ei-derived region
in the now completed congenic strain, we typed 15 genetic markers along the length of
Chromosome 0 (Table 1). The genetic map positions for these markers as assigned by the
Mouse Genome Database (MGD) indicate that the congenic region extends for a genetic
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distance of about 9 cM. The DNA sequence positions in megabases (Mb) for these markers
as assigned by Ensembl (http://www.ensembl.org) from the public sequence and by the
Celera Discovery System (http://cds.celera.com) indicate that the congenic region consists
of about 27 Mb. Cdh23, the gene most likely responsible for the ahl phenotype (Noben-
Trauth et al., 2003), lies within this congenic interval.

3.2. ABR thresholds
The CAST animals (+ahl/+ahl) retained good hearing until the oldest age studied, 24 months
(Table 2). The variation in ABR thresholds among CAST mice was very small. There were
no statistically significant differences among the animals in the different age groups for any
of the presented stimuli, although a slight threshold elevation (about 10 dB for the 32 kHz
stimulus) was observed at the oldest age tested.

The B6 mice (ahl/ahl), on the other hand, exhibited elevated ABR thresholds by 15–16
months of age (Table 2). The number of animals with hearing loss and the magnitude of the
loss increased with age. The thresholds in this group had a great deal of variation (as high as
50 dB) among animals tested at the same age. By 24 months, however, all B6 mice were
deaf.

The congenic B6.CAST-+ahl mice (+ahl/+ahl) also had hearing loss with age, but less than
that of B6 mice (Table 2). At 15 months of age and older, the average 16 kHz ABR
thresholds of B6.CAST-+ahl mice were about 20 dB below those of equivalently aged B6
mice. ABR threshold variation among mice within this group was especially high at the 21
and 24 month test ages, whereas variation among B6 mice was highest between 15 and 21
months. A comparison of the hearing loss progression among the three strains is illustrated
in Fig. 1. The degree of hearing loss in the B6.CAST-+ahl mice was delayed by
approximately 3–6 months compared with B6 mice. For example, the average thresholds of
B6 mice at 18 months of age were about the same as B6.CAST-+ahl mice at 21–24 months
of age.

3.3. Histological results
Consistent with their excellent hearing, the CAST animals had excellent morphology of the
organ of Corti even at the oldest ages (Fig. 2a). None of the animals showed total
degeneration of the organ of Corti in any turn. The spiral ganglion cell density, however,
decreased over the life span of the animal with a significant loss of cells in the apical,
middle and basal turns (one-way ANOVA, P < 0.001 for each turn, apical turn F(3, 27) =
17.19; middle turn F(3, 40) = 10.95; basal turn F(3, 28) = 8.47) (Fig. 3a–c). The stria
vascularis showed little or no age-related degenerative changes, except in two animals (18
and 24 months) in which it was degenerated in the apical turn.

By 12 months of age the organ of Corti in the B6 mice had totally degenerated in three of
four cochleae (Fig. 2b) in agreement with previously published descriptions (Henry and
Chole, 1980;Willott, 1991). Older animals all showed a loss of the organ of Corti in the
basal turn with the exception of one mouse at 21 and another at 24 months that did retain an
organ of Corti in the basal turn. Over all ages, only four of the 27 B6 mouse cochleae had an
organ of Corti in the basal turn. There was also a decrease in the ganglion cell density
relative to the 9-month-old animals for each turn over time, with the largest loss of cells
occurring in the basal turn (ANOVA, P < 0.001 for each turn; apical turn F(4, 40) = 9.69;
middle turn F(4, 84) = 11.59; basal turn F(4, 45) = 14.36) (Fig. 3a–c). The stria vascularis
did not show age-related degeneration; except in the apical turns of cochleae from three
mice and the basal turns of cochleae from three other mice.
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The cochleae of the congenic B6.CAST-+ahl mice (Fig. 2c) resembled those of CAST mice.
The organ of Corti in the basal turn was present in 26 of 30 animals that were evaluated.
Two of the animals with degeneration were 24 months old. There was a decrease in spiral
ganglion cell density with age for all cochlear turns (ANOVA, P < 0.001; apical turn F(4,
53) = 9.22; middle turn F(4, 85) = 20.18; basal turn F(4, 38) = 9.42). As in the two parental
mouse strains, the stria vascularis showed little atrophy even in the oldest animals studied.
Two animals, one 12 months and one 18 months of age, had some atrophic changes in the
stria vascularis of the apical turn.

Comparison of the organ of Corti degeneration among the strains showed that the B6
cochleae are significantly different than the other two strains (chi-square, P < 0.001).
Comparison of the spiral ganglion cell density in the basal turn only, where B6 mice have
the greatest cell loss, showed that, at 12 months of age and older, there was no difference in
spiral ganglion cell density between B6.CAST-+ahl mice and CAST mice (one-way
ANOVA, P < 0.001, F(2, 112) = 14.42). Both these strains had significantly more ganglion
cells than B6 mice in the basal turn. It seems, then, that the normal allele at the ahl locus
(+ahl) in the congenic mice did prevent the well-known degeneration of the organ of Corti
and spiral ganglion cells characteristic of B6 mice. The loss of ganglion cells with age in the
middle and apical turns may not be related to this allele, however.

4. Discussion
These are exciting times in the study of presbycusis, as the components and interactions
between the different contributors to this condition are being identified (Fischel-Ghodsian et
al., 1997; Seidman et al., 2002; Fransen et al., 2003). Since researchers began using mice as
experimental animals and creating inbred strains, many genetic loci that affect inner ear
structure and function have been mapped. With the advent of molecular biological
techniques for identifying the genes associated with the described phenotypes, it will
ultimately be possible to define profiles of the genes that affect particular structures and
functions of the inner ear.

The well-known, age-related hearing loss that occurs in B6 mice (Mikaelian, 1979; Henry
and Chole, 1980; Willott, 1991) has been attributed, in part, to the ahl gene on Chromosome
10 (Erway et al., 1993; Johnson et al., 1997). In order to test the isolated role of the ahl gene
in the age-related hearing loss and cochlear degeneration of B6 mice, a congenic strain was
created (Johnson et al., 1997). These congenic mice have a small portion of Chromosome
10, including the normal +ahl allele, from CAST, with the remaining genome B6. We show
that the congenic interval of the now completed B6.CAST-+ahl inbred strain extends for a
genetic distance of about 9 cM and contains about 27 Mb of DNA derived from the CAST/
Ei strain. Phenotypic differences between the B6 and B6.CAST-+ahl strains, therefore, can
be attributed to this Chromosome 10 region. The congenic region includes Cdh23, the gene
thought to be responsible for the hearing loss attributed to the ahl locus (Noben-Trauth et al.,
2003).

The B6.CAST-+ahl mice exhibited a hearing loss similar to that of B6 mice, although
progression was delayed by about 3–6 months, whereas CAST mice retained normal hearing
until old age (Fig. 1). Thus, the +ahl allele from CAST delays progression but does not
prevent eventual hearing loss in old B6 mice. The typical B6 degenerative pattern of the
basal turn, on the other hand, was not seen in the congenic mice even at the oldest ages.
These results indicate that the loss of the organ of Corti and the spiral ganglion cells in the
basal turn of B6 mice is related to the ahl locus. The apical turn degeneration seems not to
be determined by the ahl locus, however. It follows, then, that genes other than ahl must
contribute to the maintenance of good auditory thresholds over the life span of CAST mice.
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In fact, a second locus contributing to the retention of hearing in CAST mice was recently
identified on Chromosome 5 and named ahl2 (Johnson and Zheng, 2002). CAST mice are
among the few animal models that show very little age-related hearing loss and are worthy
of further investigation to identify genes that maintain hearing. Although we detected no
statistically significant ABR threshold elevations, these mice do develop a small amount of
age-related spiral ganglion cell degeneration.

The original linkage cross that was used to map ahl (Johnson et al., 1997) was not large
enough (38 progeny) to detect loci that make small contributions to age-related hearing loss
in B6 mice. Use of the B6.CAST-+ahl congenic strain rather than B6 in a linkage cross with
CAST would control for the large effect of ahl and improve chances for finding additional
loci; however, a much larger cross than was used to initially map ahl would be needed to
map these less in£uential loci.

We noted that, at certain ages, there were significant differences in hearing loss among
genetically identical mice of the B6 and B6.CAST-+ahl inbred strains, which were reared in
very similar environments. A similar variability of hearing loss among age-matched mice of
the same inbred strain has been reported previously for B6 mice (Li and Borg, 1991; Prosen
et al., 2003) and also for other strains with age-related hearing loss (Erway et al., 1993;
Zheng et al., 1999). This within-strain, non-genetic variation must be caused by minor
environmental differences or possibly by random stochastic factors. Over time,
environmental insults (and perhaps negative stochastic events – for example, see Herndon et
al., 2002) contribute to an accumulation of damage to the cochlea. Genetic factors like ahl
presumably modulate the extent of this damage by altering resistance or repair mechanisms.
It is only when the accumulated cochlear damage reaches a threshold level that we can
measure a significant hearing loss.

In conclusion, our histopathology results show that the ahl gene is a major contributor to the
loss of the organ of Corti and spiral ganglion cells in the basal turn of B6 mice. Our ABR
threshold results show that progression of hearing loss in B6.CAST-+ahl mice is delayed
relative to B6 mice but is not prevented. Additional genes, therefore, must contribute to the
maintenance of normal auditory thresholds and ganglion cell survival characteristic of
CAST mice, especially in old age.
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Fig. 1.
Comparison of hearing loss progression in B6, CAST, and B6.CAST-+ahl mice. Means
(with standard error bars) of ABR thresholds (dB SPL) for each of the three strains for click,
8, 16, and 32 kHz stimuli. The numbers of mice tested for each strain at each age are given
in Table 2.
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Fig. 2.
Photomicrographs of the cochlear basal turn from mice of each strain. Arrow, spiral
ganglion cells, arrowhead, organ of Corti. (a) B6, 24 months old. There is no organ of Corti
and the spiral ganglion is severely degenerated. (b) CAST, 21 months old. The organ of
Corti and spiral ganglion look normal. (c) B6.CAST-+ahl, 18 months old. The organ of Corti
and spiral ganglion look normal. Scale bar for all three photographs, 100 μm.
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Fig. 3.
Mean (S.E.M.) spiral ganglion cell density in the basal, middle and apical regions of
Rosenthal’s canal for each of the three mouse strains as a function of age. All strains show a
decrease in ganglion cell density in each turn with age (ANOVA, P < 0.001). In the basal
turn, the B6 mice have severe spiral ganglion cell degeneration. Comparison among the
strains show that the B6.CAST-+ahl and CAST mice have significantly more cells in the
basal turn than do the B6 mice even at the oldest ages (ANOVA, P < 0.001). Sixty-seven
cochleae were used in this analysis: 9 months, B6, n = 7 cochleae, CAST, n = 0, B6.CAST-
+ahl, n = 3; 12 months, B6, n = 4, CAST, n = 1, B6.CAST-+ahl, n = 5; 15–16 months, B6, n
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= 6, CAST, n = 7, B6.CAST-+ahl, n = 6; 18–21 months, B6, n = 4, CAST, n = 6, B6.CAST-
+ahl, n = 9; 24 months B6, n = 7, CAST, n = 4, B6.CAST-+ahl, n = 7.
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Table 1

The extent of the congenic interval in the B6.CAST-+Ahl inbred strain, as determined from the genotypes of
Chr 10 markers

Genetic marker Genotype MGD position (cM) Ensembl position (Mb) Celera position (Mb)

D10Mit80 BB 4 11.4 8.5

D10Mit169 BB 11 19.6 16.7

D10Mit4 BB 19 25.7 23.9

D10Mit251 BB 21 27.7 25.8

D10Mit52 BB 23 33.5 31.6

D10Mit156 BB 23 36.2 34.3

D10Mit53 BB 25.5 39.9 37.9

D10Mit108 CC 25.5 42.6 40.6

D10Mit138 CC 30 53.7 51.5

D10Mit59 CC 30 56.8 54.6

Cdh23a CC 30.3 59.9–60.3 58.4–58.8

D10Mit130 CC 31.5 66.1 64.5

D10Mit113 BB 34 67.2 65.5

D10Mit31 BB 36 68 66.3

D10Mit21 BB 43 80.3 78.4

D10Mit134 BB 59 104 103.5

C57BL/6J-derived alleles are designated ‘BB’ and CAST/Ei-derived alleles ‘CC’.

a
Cdh23 is the gene most likely responsible for the ahl phenotype (Noben-Trauth et al., 2003).
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