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Abstract
We previously mapped a locus (ahl4) on distal Chromosome 10 that contributes to the age-related
hearing loss of A/J strain mice. Here, we report on a refined genetic map position for ahl4 and its
association with a mutation in the citrate synthase gene (Cs). We mapped ahl4 to the distal-most 7
Mb of Chromosome 10 by analysis of a new linkage backcross and then further narrowed the
interval to 5.5 Mb by analysis of eight C57BL/6J congenic lines with different A/J-derived
segments of Chr 10. A nucleotide variant in exon 3 of Cs is the only known DNA difference
within the ahl4 candidate gene interval that is unique to the A/J strain and that causes a
nonsynonymous codon change. Multiple lines of evidence implicate this missense mutation
(H55N) as the underlying cause of ahl4-related hearing loss, likely through its effects on
mitochondrial ATP and free radical production in cochlear hair cells. The A/J mouse thus provides
a new model system for in vivo studies of mitochondrial function and hearing loss.
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1. Introduction
Age-related hearing loss (AHL), or presbycusis, is the most common sensory deficit of
elderly individuals and adversely affects their quality of life (Mulrow et al., 1990). Although
AHL has a significant genetic component (DeStefano et al., 2003), the identification of
susceptibility genes in human populations is extremely difficult because of the late age of
manifestation, extensive genetic heterogeneity, and confounding environmental influences
such as noise and drug exposures, and only limited success has been achieved (Friedman et
al., 2009; Huyghe et al., 2008). Genetically well-defined inbred mouse strains provide a
complementary approach that can circumvent many of these difficulties. Inbred strain mice
exhibit variable degrees of AHL with characteristics similar to human presbycusis, and they
offer the advantages of a short life span and the ability to control both genetic and
environmental variation (Henry, 1982; Hunter and Willott, 1987; Noben-Trauth and
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Johnson, 2009; Ohlemiller, 2006; Zheng et al., 1999). Linkage studies have established a
strong genetic basis for AHL in inbred mouse strains and provided chromosomal map
positions for multiple underlying genes (Noben-Trauth and Johnson, 2009).

C57BL/6J (B6) and A/J are two popular inbred mouse strains that exhibit AHL. The hearing
loss of A/J mice, however, occurs much earlier and progresses more rapidly than that of B6
mice (Zheng et al., 2009). As is typical of AHL in mammals, hearing loss in both A/J and
B6 mice occurs earliest and is most severe at high frequencies. The primary cochlear
pathology associated with AHL in A/J mice is a rapid loss of sensory hair cells, beginning at
the basal turn and progressing toward the apex (Zheng et al., 2009). A similar, but less rapid,
pattern of hair cell loss occurs in B6 mice (Spongr et al., 1997). Some evidence indicates
that hair cell degeneration may also be a primary underlying cause of hearing loss in elderly
humans (Soucek et al., 1986). Because hair cells do not regenerate in mammals, their
cumulative loss eventually leads to AHL.

Although B6 and A/J strain mice exhibit dramatically different time courses of AHL, they
share the same ahl variant of the cadherin 23 gene (Cdh23) that confers increased AHL
susceptibility to many inbred mouse strains (Johnson et al., 2000; Noben-Trauth et al.,
2003). Additional genetic factors, therefore, must contribute to the accelerated rate of
hearing loss in A/J mice relative to that in B6 mice, and two such factors have been
identified: a DNA variant of the mitochondrial tRNA arginine (mt-Tr) gene (Johnson et al.,
2001) and a susceptibility allele (ahl4) that recently was mapped to distal Chr 10 (Zheng et
al., 2009). The identification and characterization of these contributing factors will provide
entry points into molecular pathways and mechanisms that underlie hearing loss in these
strains.

Oxidative damage to cochlear cells caused by high levels of reactive oxygen species (ROS)
is one mechanism that is known to accelerate AHL in inbred mouse strains, as shown by
studies of mice lacking antioxidant enzymes (Keithley et al., 2005; McFadden et al., 1999;
Ohlemiller et al., 2000) and supported by age-related changes in oxidative stress markers
(Jiang et al., 2007; Staecker et al., 2001). Mitochondrial dysfunction, which decreases
cellular energy metabolism and increases ROS production, is thought to play a major role in
the aging process of cochlear hair cells (Someya and Prolla, 2010; Yamasoba et al., 2007)
and probably underlies the hearing loss attributed to the mt-Tr variant of A/J mice. Although
the ahl4 locus contributes more to the hearing loss of A/J mice than mt-Tr, the responsible
gene has not been identified, and the pathological mechanisms underlying its effects are
unknown (Zheng et al., 2009).

In this report, we provide multiple lines of evidence indicating that a missense mutation of
the citrate synthase gene (Cs), unique to the A/J strain, is responsible for the hearing loss
attributed to ahl4. Citrate synthase is the pace-making enzyme in the first step of the citric
acid cycle, which occurs in the mitochondrial matrix and generates high-energy NADH and
FADH2 for oxidative phosphorylation. Impaired citrate synthase activity could thus impact
mitochondrial function and exacerbate AHL, similar to the effect caused by the mt-Tr
variant of A/J mice. In support of a common mitochondrial pathway of pathology, we show
that ahl4 (Cs) and mt-Tr genetically interact to influence AHL severity.

2. Materials and methods
2.1 Mice

All mice used in this study originated from The Jackson Laboratory (http://www.jax.org/),
including mice of the C57BL/6J (Stock Number 000664), A/J (Stock Number 000646),
C57BL/6J-Chr 10A/J/NaJ (Stock Number 004388), and C57BL/6J-mtA/J/NaJ (Stock Number
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005545) inbred strains and genetic admixtures of these strains. Experimental mice were
housed in the Research Animal Facility of the Jackson Laboratory, and all procedures
involving their use were approved by the Institutional Animal Care and Use Committee. The
Jackson Laboratory is accredited by the American Association for the Accreditation of
Laboratory Animal Care.

2.2 Hearing assessment of mice by ABR
Hearing in mice was assessed by ABR threshold analysis, as previously described (Zheng et
al., 1999). Briefly, the evoked brainstem responses of anesthetized mice were amplified and
averaged and their wave patterns displayed on a computer screen. Auditory thresholds were
obtained for each specific auditory stimulus by varying the sound pressure level (SPL) to
identify the lowest level at which an ABR pattern could be recognized. 100 dB was the
maximum SPL presented for all stimuli. With our testing system, average ABR thresholds
(in dB SPL) for normal hearing mice are about 30 dB for 8 kHz, 20 dB for 16 kHz, and 45
dB for 32 kHz stimuli. We considered 20 - 40 dB SPL above normal to be a mild
impairment, 41 - 60 dB above normal to be intermediate, and greater than 60 dB above
normal to be a profound impairment or deafness.

2.3 Genetic mapping
F1 hybrids of matings between C57BL/6J-Chr 10A/J/NaJ and C57BL/6J strain mice were
backcrossed to C57BL/6J-Chr 10A/J/NaJ strain mice. This backcross is herein designated
(B6-Chr10A/J × B6) F1 × B6-Chr10A/J. DNA samples from tail tips of backcross progeny
(N2 generation) mice were genotyped for multiple polymorphic markers located on
Chromosome (Chr) 10. PCR primer pairs designed to amplify specific markers were
purchased from Integrated DNA Technologies (Coralville, IA, USA). Most genetic markers
were DNA microsatellites genotyped by PCR product size differences, as previously
described (Gagnon et al., 2006). Some markers were identified as single nucleotide
polymorphisms (SNPs) and genotyped by KBioscience (Hoddesdon, Hertfordshire, UK)
facilitated through The Jackson Laboratory’s SNP Genotyping Service. All chromosomal
positions (in Mb) given for genomic DNA sequences correspond to NCBI Build m37. ABR
thresholds of individual mice were evaluated as quantitative traits, and linkage analysis was
performed using the computer program Map Manager QTX (Manly et al., 2001). This
program uses a fast regression method to detect and localize quantitative trait loci (QTLs)
within intervals defined by genetic markers and can also perform pair-wise locus analysis to
search for QTL interactive effects.

2.4 Congenic line development
The C57BL/6J-Chr 10A/J/NaJ chromosome substitution (CS) strain was used to generate
eight congenic lines of B6 mice, each with a different sub-region of Chr 10 derived from the
A/J strain by backcross introgression. By using a CS strain rather than a standard inbred
strain to generate congenic lines, only markers on a single chromosome need to be
genotyped and fewer backcrosses are needed for introgression (Nadeau et al., 2000). F1
hybrids of matings between C57BL/6J-Chr 10A/J/NaJ and C57BL/6J strain mice were
backcrossed to C57BL/6J mice. N2 and subsequent backcross generation mice were
genotyped for markers along the length of Chr 10, loci on all other chromosomes being
homozygous for B6 alleles. Mice with selected genotypes were then interbred and their
genetically characterized, homozygous progeny used as progenitors to establish eight
separate congenic lines. Congenic Line 8, which has the smallest A/J-derived Chr 10
segment containing ahl4, is designated B6.A-(rs3676616-D10Utsw1)/Kjn and is publicly
available from The Jackson Laboratory as Stock #14192.
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To create a B6.A-ahl4 congenic line of mice with A/J (rather than B6) mitochondria, female
mice of the C57BL/6J-mtA/J/NaJ mitochondrial substitution strain were mated with male
mice of B6.A-ahl4 Congenic Line 7. Female progeny from this cross, which are
heterozygous for ahl4 and have A/J mitochondria, were then backcrossed to Congenic Line
7 male mice. Male and female N2 progeny with ahl4/ahl4 genotypes were selected from this
backcross and interbred to establish a new B6.A-ahl4 congenic line with A/J mitochondria.

2.5 Genotyping mice for the citrate synthase SNP by DNA sequence analysis
Genotyping was done by DNA sequence analysis. A 250 bp region around exon 3 of the
citrate synthase (Cs) gene, which contains the rs29358506 SNP, was amplified from
genomic DNA by PCR with forward primer GGCAGACCAAGAAACGCTAA and reverse
primer CCTTCGTGGCACACATCTAA. Synthesized primers were purchased from
Integrated DNA Technologies (Coralville, IA, USA). PCR products were purified with the
QIAquick PCR Purification Kit (Qiagen Inc., Valencia, CA) in preparation for DNA
sequencing. The same primers used for DNA amplification were also used for DNA
sequencing on an Applied Biosystems 3700 DNA Sequencer with an optimized Big Dye
Terminator Cycle Sequencing method.

3. Results
3.1 Fine mapping of ahl4 by analysis of a new linkage backcross

To reduce genetic variation, we used the C57BL/6J-Chr 10A/J/NaJ chromosome substitution
(CS) strain (Nadeau et al., 2000), abbreviated B6-Chr10A/J, instead of the A/J strain for
backcross linkage analysis. F1 hybrids between B6-Chr10A/J and B6 mice are heterozygous
only for loci on Chr 10. The F1 hybrids were backcrossed to B6-Chr10A/J mice rather than
B6 mice because homozygosity for A/J alleles is required for ahl4 manifestation (Zheng et
al., 2009). We analyzed 245 N2 mice from this (B6-Chr10A/J × B6) F1 × B6-Chr10A/J

backcross for linkage associations of Chr 10 markers with ABR thresholds, analyzed as
quantitative traits. Genotypes for segregating loci on Chr 10 were either homozygous for
alleles derived from A/J (AA) or heterozygous for alleles derived from A/J and B6 (AB).

The highest linkage association of ABR thresholds was with the distal-most marker
evaluated, D10Mit297 (Fig. 1A). LOD scores for D10Mit297 were statistically highly
significant (greater than 14) for 16 kHz and 32 kHz thresholds at both 6 and 9 months of age
(Supplementary Table 1). The highest LOD score (16.51) was for 16 kHz thresholds at 9
months of age, which could explain 27% of the total (genetic plus environmental) variation
exhibited by the backcross mice. In contrast, the highest LOD score (4.53) for linkage with 8
kHz thresholds could explain only 8% of the total variation, demonstrating that ahl4-related
hearing loss in the backcross mice was mostly restricted to high frequencies. A conservative
2-LOD interval surrounding the peak LOD score was used to estimate a 7 Mb candidate
gene region for ahl4 (Fig. 1A), extending from the 123 Mb position to the distal end of Chr
10 (~130 Mb).

We used the closely linked marker D10Mit297 to infer ahl4 genotypes of backcross mice. At
6 months of age, the average 16 kHz threshold for mice with AA genotypes (ahl4/ahl4) was
46.4 compared with 26.5 for AB mice (ahl4/+), and at 9 months of age the average 16 kHz
threshold was 71.8 for AA mice (ahl4/ahl4) compared with 46.3 for AB mice (ah4/+). Mean
differences between genotypes at both ages were statistically highly significant (Fig. 1B),
confirming that the ahl4 locus had a major effect on the hearing loss susceptibility of the
backcross mice.
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3.2 Refinement of the ahl4 candidate gene region by congenic strain analysis
C57BL/6J congenic lines with different A/J-derived segments of Chr 10 were developed to
further refine the location of ahl4 and to determine the isolated effect of the ahl4/ahl4
genotype on hearing loss. We used the C57BL/6J-Chr 10A/J/NaJ chromosome substitution
strain (Nadeau et al., 2000) and backcross introgression, as described in Section 2.4, to
derive the eight congenic lines shown in Fig. 2.

ABR threshold averages, standard deviations, and standard errors were calculated for mice
from each congenic line, tested at 6 and 9 months of age with 8 kHz, 16 kHz, and 32 kHz
auditory stimuli (Supplementary Table 2). Mice of the two parental strains used to create the
congenic lines, C57BL/6J and C57BL/6J-Chr 10A/J/NaJ, were also tested for comparisons.
Of all auditory stimulus-test age combinations, the 16 kHz ABR thresholds of 9-month-old
mice showed the greatest differences between the two parental strains (Supplementary Table
2) and were chosen to infer ahl4 genotypes for each of the derivative congenic lines (Fig. 2).
Comparisons of these inferred ahl4 genotypes with the known genotypes of Chr 10 marker
loci indicated that ahl4 is distal to D10Mit297 (Fig. 2). Congenic Line 8, which has the most
restricted region of A/J-derived Chr 10, was particularly informative and narrowed the ahl4
candidate gene region to the distal-most 5.5 Mb (124.5-130 Mb) of Chr 10, a region that
includes the citrate synthase gene (Cs).

The congenic strain results also demonstrate that homozygosity for the A/J allele of ahl4 by
itself can accelerate hearing loss in otherwise B6 mice and does not require contributions
from other loci for its manifestation on this strain background.

3.3 Evidence that a citrate synthase mutation underlies ahl4-related hearing loss
The 5.5 Mb candidate region for ahl4 includes 104 annotated genes and a cluster of 59
olfactory receptor genes (Mouse Genome Database, http://www.informatics.jax.org). To
identify the causative gene mutation for ahl4, we first examined known inbred strain SNPs
in the candidate gene region. A/J is the only strain we have studied that shows an ahl4
influence on hearing loss (Zheng et al., 2009). The ahl4 locus was not linked with ABR
thresholds in previously analyzed backcrosses involving BUB/BnJ, DBA/2J, NOD/ShiLtJ,
BALBcByJ, and C57BL/6J strains, even though these strains have the same predisposing ahl
allele as A/J (Johnson et al., 2000). We therefore reasoned that the A/J allele of the gene
responsible for ahl4 must differ from the alleles of these other inbred strains. We first
compared A/J with two other strains having high SNP densities: C57BL/6J, the mouse
genome reference strain, and BALB/cByJ, a strain that is genetically closely related to A/J
(Petkov et al., 2004). All three of these strains have been genotyped for more than 8 million
SNPs (Frazer et al., 2007). We searched the Mouse Phenome SNP Database
(http://phenome.jax.org/SNP/) to identify A/J-specific variants within the ahl4 candidate
interval on Chr 10 (124.5-130 Mb). A total of 15,816 SNPs within the 5.5 Mb interval have
allele data for all three strains, 699 of these occur within known exons. The A/J allele differs
from both BALB/cByJ and C57BL/6J alleles at 116 SNPs in the candidate interval, but only
one of these occurs within an exon – SNP rs29358506, which is located in exon 3 of the
citrate synthase gene (Cs).

The Sanger - Wellcome Trust Mouse Genome Project has sequenced the entire genomes of
14 inbred strains at over 20x coverage with reference to the C57BL/6J genome, including A/
J, BALB/cJ, DBA/2J, and NOD/ShiLtJ,
(http://www.sanger.ac.uk/resources/mouse/genomes/). A search of this database for SNPs
and short insertion/deletions that differ between A/J and these other strains identified the Cs
SNP variant but failed to find any other verifiable A/J-specific exonic DNA sequence
differences in the 5.5 Mb ahl4 candidate region. Thus, both the inbred strain SNP data and
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the DNA sequence data strongly support the Cs variant (rather than an undiscovered variant
in a closely linked gene) as the mutation responsible for the ahl4 hearing loss phenotype of
A/J mice. In the following sections we provide additional lines of evidence supporting this
conclusion.

Further analysis of SNP databases showed that A/J is the only one of 110 strains and
substrains surveyed that has an adenine nucleotide at the Cs SNP; all other strains have
cytosine (Supplementary Fig. 1). The unique A/J variant is predicted to cause an amino acid
change of histidine to asparagine at position 55 (H55N) of the mouse CS protein
(NP_080720). The histidine at this position is evolutionarily conserved in the orthologous
CS proteins of all mammalian species examined and in many other vertebrate and
invertebrate species (Supplementary Table 3), indicating a constrained functional
importance for this residue.

We examined the genealogy of A strain lineages to determine the origin of the A/J-specific
Cs mutation (Fig. 3A). The original A strain was developed by L.C. Strong in 1921, and
from this lineage the A/WySn strain was separated in 1927, the A/J strain in 1928, and the
A/He strain in 1938 (Festing; Ho et al., 2004). The derivative AXB and BXA recombinant
inbred (RI) strains were separated from the A/J production colony around 1975 (Nesbitt and
Skamene, 1984), and the B6.A chromosome substitution (CS) strains were separated from
A/J in the mid 1990s (Nadeau et al., 2000). Genotyping of the rs29358506 SNP in these
strains revealed that the A/WySnJ and A/HeJ inbred strains have the common C nucleotide,
whereas the more recently derived AXB and BXA RI strains and B6.A CS strains have the
mutated A nucleotide (Fig. 3A, B). An archived DNA sample from A/J mice sampled in
1983 also had the A nucleotide. We conclude that the C to A mutation must have occurred
in the A/J lineage between 1928 (when the A/J line was separated from the other A strains)
and 1975 (when the derivative AXB and BXA RI strains were developed). Consistent with
their Cs genotypes (Fig. 3B), the hearing loss of A/J mice occurs earlier and progresses more
rapidly than in mice of the genetically closely related A/WySnJ and A/HeJ strains (Fig. 3C).

Evidence for a genetic interaction of ahl4 (Cs) with mt-Tr
We previously reported that a variant of the mitochondrial arginine tRNA gene (mt-Tr)
contributes to the hearing loss of A/J mice (Johnson et al., 2001). Our evidence that a Cs
mutation underlies ahl4 led us to investigate whether a genetic interaction exists between
ahl4 and mt-Tr, hypothesizing that both mutations impair mitochondrial function. Because
mitochondria are strictly maternally inherited, we first tested for a maternal influence on
hearing loss. B.A-ahl4 congenic line mice are homozygous for the A/J-derived ahl4 variant
but otherwise have a B6 genome and B6 mitochondria. Individual male and female mice of
B6.A-ahl4 Congenic Line 5 (Fig. 2) were mated with A/J mice to produce reciprocal F1
hybrids. Because they have identical nuclear genomes, any differences in the phenotypes of
the reciprocal hybrids are limited to sex-related influences of the parental strains, including
possible mitochondrial effects. We assessed hearing in the reciprocal F1 hybrids at 6 and 9
months of age. The average 16 kHz ABR threshold of (A/J female × B6.A-ahl4 male) F1
hybrids was 9 dB higher than that of reciprocal (B6.A-ahl4 female × A/J male) F1 hybrids at
6 months of age and about 30 dB higher at 9 months (Fig. 4A). Threshold differences at both
test ages were statistically significant. These results demonstrate a maternal effect of the A/J
strain that worsens the hearing loss in genetically identical F1 hybrids with ahl4/ahl4
genotypes.

It is possible that a maternal influence other than mitochondria was responsible for the
differences we observed in the hearing loss phenotypes of the reciprocal F1 hybrids. To
directly test for mitochondrial effects, we constructed a B6.A-ahl4 congenic line with A/J-
derived mitochondria to compare with the previously described B6.A-ahl4 congenic lines
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with B6 mitochondria. Mice of B6.A-ahl4 congenic Line 7 (Fig. 2), which are homozygous
for ahl4 and have B6-derived mitochondria (ahl4/ahl4, B6 mtDNA) and mice of the C57BL/
6J-mtA/J/NaJ mitochondrial substitution strain (+/+, A/J mtDNA) were used to create a new
B6.A-ahl4 congenic line with A/J-derived mitochondria (ahl4/ahl4, A/J mtDNA), as
described in Section 2.4. Except for A/J-derived ahl4 and mtDNA differences, all three
strains are genetically identical to B6 mice (+/+, B6 mtDNA). The average 16 kHz ABR
thresholds of 9-month-old mice from each of these four strains are shown in Fig. 4B.
Thresholds of B6.A-ahl4 congenic mice with A/J mtDNA (ahl4/ahl4, A/J mtDNA) were on
average 10.4 dB higher than those of B6.A-ahl4 congenic mice with B6 mtDNA (ahl4/ahl4,
B6 mtDNA), a statistically significant difference. Although 5 dB higher, the average
thresholds of C57BL/6J-mtA/J/NaJ mice (+/+, A/J mtDNA) were not statistically different
from those of B6 mice (+/+, B6 mtDNA). These results confirm that A/J mitochondria
exacerbate hearing loss in mice with ahl4/ahl4 genotypes, providing genetic evidence that
ahl4 is likely to be involved in a mitochondrial-related mechanism of pathology and further
supporting Cs as the gene responsible for ahl4.

4. Discussion
A splice variant of the gene encoding CDH23, a component of the tip link in hair cell
stereocilia (Siemens et al., 2004), is thought to underlie the progressive hearing loss
attributed to the ahl locus (Noben-Trauth et al., 2003). This variant (Cdh23ahl) encodes a
defective CDH23 isoform that may weaken tip links or impede their repair. A consequent
increase in the frequency of broken tip links could stress cochlear hair cells and lead to their
degeneration over time (Noben-Trauth and Johnson, 2009). The Cdh23ahl/ahl genotype
appears to sensitize hair cells to the detrimental effects of other gene mutations, which
otherwise may not be apparent until much older ages (Johnson et al., 2006). All of the mice
examined in the present study have the predisposing Cdh23ahl/ahl genotype, so phenotypic
differences cannot be ascribed to this gene.

We provide several lines of evidence that a missense mutation of Cs is responsible for the
ahl4-related hearing loss of A/J strain mice. Our backcross linkage analysis placed ahl4
within the distal-most 7 Mb of Chr 10, and this result was confirmed by congenic strain
analysis, which further narrowed the candidate region to 5.5 Mb. The entire genomes of A/J
and four strains known to lack an ahl4 hearing loss effect (C57BL/6J, BALB/cJ, DBA/2J,
and NOD/ShiLtJ) have been sequenced at 20x coverage
(http://www.sanger.ac.uk/resources/mouse/genomes/). The rs29358506 SNP, which is
located in exon 3 of Cs, is the only exon or splice site variant within the 5.5 Mb candidate
region that is unique to the A/J strain. Mice of the genetically closely related strains A/HeJ
and A/WySnJ do not have this mutation and do not exhibit the early onset and rapid
progression of hearing loss characteristic of A/J mice. Examination of A-related mouse
strains for the presence of this mutation combined with knowledge of their genealogy
enabled us to deduce that the Cs mutation must have occurred in the A/J strain lineage at
The Jackson Laboratory sometime between 1928 and 1975 and then became fixed in the
breeding stocks.

The C to A nucleotide change in exon 3 of Cs in A/J mice causes a non-conservative amino
acid change, from histidine (H) to asparagine (N) at position 55 of the CS protein (H55N).
This histidine is highly conserved in the orthologous proteins of all mammals and in many
other species (Supplementary Table 3), indicating that it is likely to be functionally
important. The PolyPhen computer tool (http://coot.embl.de/PolyPhen/), which uses both
phylogenetic and structural information to assess the impact of amino acid substitutions on
protein function, predicts that the H55N mutation is probably damaging. But the strongest
evidence for the deleterious nature of the H55N mutation on protein function comes from a
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recent investigation into the cause of low CS activity (50-65% reduction) in skeletal muscle
of A/J mice compared with other strains (Ratkevicius et al., 2010). This study showed that
A/J mice have the same CS and mitochondrial protein content as mice of other strains, but
differ in CS enzyme kinetics and catalytic properties, thereby implicating the H55N
mutation as the most likely cause for the low CS activity of this strain.

Citrate synthase in mammals is encoded by a single nuclear gene. After translation in the
cytosol, CS is transported into the mitochondrial matrix, where it functions as the first and
rate-limiting enzyme of the citric acid cycle (Cheng et al., 2009) and thus plays a decisive
role in regulating energy generation and ROS production of mitochondrial respiration. A
missense mutation of CS might therefore be expected to have deleterious effects on
mitochondrial function. Mitochondrial dysfunction can lead to progressively impaired
energy metabolism, continuous ROS production, oxidative damage, and eventual cell death
(Balaban et al., 2005; Dirks et al., 2006).

Poor performance in endurance exercises suggests that A/J mice may have reduced energy
metabolism, consistent with the possibility that the H55N mutation negatively affects
mitochondrial ATP production. In a study of genetic variation in aerobic capacity, A/J mice
exhibited the shortest treadmill duration time among the 10 inbred mouse strains tested
(Lightfoot et al., 2001). A more recent study also showed poor treadmill performance in A/J
mice, estimating the endurance capacity of BALB/c mice to be 52% greater than that of
C57BL/6J mice and 217% greater than that of A/J mice (Haramizu et al., 2009). However,
without support from genetic linkage studies or other independent evidence, a causal
relationship between the CS mutation and exercise endurance in A/J mice remains
speculative.

Mitochondrial dysfunction associated with excess ROS generation and decreased energy
metabolism is thought to play a central role in many age-associated neurodegenerative
diseases (Balaban et al., 2005; Lin and Beal, 2006), including AHL (Jiang et al., 2007;
Someya and Prolla, 2010; Yamasoba et al., 2007). The sensory hair cells of the inner ear are
metabolically active and require high levels of ATP for such activities as actin treadmilling,
phosphoinositide turnover, myosin-based motility, and calcium pumping (Shin et al., 2007).
Because of their high energy requirement, hair cells may be especially sensitive to impaired
mitochondrial function such as may be caused by the CS mutation in A/J mice. Diminished
CS activity may decrease the production of ATP by slowing the rate of oxidative
phosphorylation or decreasing the rate of glycolysis. This disruption in energy metabolism
could increase ROS production and oxidative stress in high-energy demanding cells and
trigger stress-activated or other signal transduction pathways resulting in cell death. A study
of yeast cells that lack the mitochondrial citrate synthase gene provides some support for a
relationship between CS deficiency and stress-induced cell death. These cells were shown to
be hyper susceptible to heat- or aging-induced apoptosis, which was preceded by a depletion
of glutathione and an accumulation of ROS in the mitochondria (Lee et al., 2007). A similar
mechanism involving CS deficiency, impaired mitochondrial function, and oxidative stress
may contribute to the progressive hair cell death that is a characteristic feature of cochlear
pathology in A/J mice (Zheng et al., 2009).

In addition to ahl and ahl4 alleles, which are encoded by nuclear genes, A/J mice have a
variant of the mitochondrial arginine tRNA gene (mt-Tr) that also contributes to AHL
susceptibility (Johnson et al., 2001). Cell lines carrying mitochondrial DNA (mt DNA) with
the A/J strain variant of mt-Tr were shown to have a lower per-mitochondrion respiration
capacity and an overall increase in ROS production than lines carrying wild-type mtDNA
(Moreno-Loshuertos et al., 2006), suggesting that negative effects of excess ROS production
may underlie the hearing loss associated with the mt-Tr variant. Because deleterious variants
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of mt-Tr and Cs (the putative ahl4 gene) are both expected to impair mitochondrial function,
we undertook genetic experiments to examine possible interactive effects of these genes. We
found that hearing loss in ahl4/ahl4 mice is indeed exacerbated by the presence of A/J-
derived mitochondria (Fig. 4), suggesting a common mitochondrial pathway of pathology
and indirectly supporting Cs as the gene underlying ahl4. These results identify a new
nuclear-mitochondrial DNA interaction and underscore the magnitude of effects that nuclear
genes can have on modifying the penetrance and severity of hearing loss associated with
mtDNA mutations (Carelli et al., 2003; Kokotas et al., 2007).

Although there appears to be a strong association between mitochondrial dysfunction and
progressive hearing loss, little is known about the underlying genetic factors and molecular
mechanisms that may be involved. Most of what we know about mitochondrial functions
relating to hearing loss in mice has been gleaned from phenotypes associated with acquired
mtDNA mutations in somatic tissues. Mice engineered to carry a mutator allele of
mitochondrial polymerase gamma (POLG) display a large increase in accumulated mtDNA
mutations and display features of accelerated aging (Kujoth et al., 2005), including AHL
(Niu et al., 2007; Someya et al., 2008; Yamasoba et al., 2007). The A/J mouse model
described here provides a complementary in vivo system to study mitochondrial function
and hearing loss, but with respect to specific heritable factors rather than acquired somatic
mtDNA mutations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genetic map position and effect of ahl4 on hearing thresholds of backcross mice
(A) Linkage analysis of 245 mice from the (B6-Chr10A/J × B6) F1 × B6-Chr10A/J backcross
established a 7 Mb candidate gene interval for ahl4, between the 123 Mb position and the
distal-most end of Chr 10 (130 Mb). LOD scores are shown for the linkage associations of
each marker locus with the 16 kHz ABR thresholds of 6-month-old backcross mice. The
peak linkage association (LOD 15.8) was with the distal-most marker evaluated, D10Mit297
at 124.5 Mb. (B) The average16 kHz ABR threshold (in dB SPL, with standard error bars) is
shown for backcross mice of each ahl4 genotype tested at 6 and 9 months of age.
D10Mit297 was used as a marker for ahl4: mice homozygous for A/J-derived alleles are
designated AA (N = 110), and mice heterozygous for A/J and B6 alleles are designated AB
(N = 135). The mean threshold differences between the two genotypes at each age were
statistically highly significant (2-tailed t-test: P < 9 E-14 for the 6-month test age and P < 1
E-16 for the 9-month test age). The ahl4 locus can explain about 26% of the total 16 kHz
ABR threshold variation observed among the backcross mice at both ages.
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Figure 2. Refined localization of ahl4 by means of congenic line analysis
Eight congenic lines, derived from the C57BL/6J-Chr 10A/J/NaJ chromosome substitution
strain, were constructed with different A/J-derived segments of Chr 10 introgressed into the
C57BL/6J genome. The average 16 kHz ABR thresholds of 9-month-old mice were used to
infer ahl4 genotypes for each congenic line. Comparisons of these genotypes with genotypes
of Chr 10 marker loci indicate that ahl4 is located distal to D10Mit297, narrowing the
candidate region to a 5.5 Mb interval (124.5-130 Mb), which includes the citrate synthase
(Cs) candidate gene. The average ABR thresholds of the parental C57BL/6J and C57BL/6J-
Chr 10A/J/NaJ strains are shown for comparisons.
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Figure 3. Genealogy and hearing loss phenotypes of A-strain mice and their associations with a
Cs DNA variant
(A) Genealogy of inbred strains that have been derived from the original A strain developed
by L.C. Strong in 1921 (A/St). Shown are the approximate dates when these A-related
inbred strains were separated from one another. The nucleotide (C or A) corresponding to
the rs29358506 SNP, which is located in exon 3 of Cs, is shown for each strain and indicates
that the C to A mutation must have occurred in the A/J strain lineage sometime between
1928 and 1975. (B) DNA sequence analysis of the rs29358506 SNP in A/HeJ and A/WySnJ
strain mice. Both of these closely related strains have the conserved C nucleotide at this
position, in contrast to the A nucleotide of the A/J strain. (C) Hearing loss occurs earlier and
progresses more rapidly in A/J mice than in A/HeJ or A/WySnJ mice. A scatter plot shows
the 16 kHz ABR thresholds of individual mice from each strain tested at multiple ages
(number of data points: A/J 100, A/WySnJ 86, A/HeJ 67).
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Figure 4. A/J-derived mitochondria worsen the hearing loss of B6.A-ahl4 congenic mice
(A) Maternal effects on hearing loss in reciprocal (B6.A-ahl4 × A/J) F1 hybrids. In the
figure (A/J female × B6.A-ahl4 male) F1 hybrids are denoted as A/J×B6, and (B6.A-ahl4
female × A/J male) F1 hybrids as B6×A/J. Both have identical nuclear genomes and are
homozygous for ahl4. Average 16 kHz ABR thresholds (with standard error bars) are shown
for mice tested at 6 and 9-months of age. Mean thresholds of A/J×B6 hybrids are
statistically significantly higher than those of the reciprocal B6×A/J hybrids (2-tailed t-test:
* P < 0.05 for the 6-month test age, and ** P < 0.01 for the 9-month test age). (B) Genetic
interaction of ahl4 with A/J-derived mitochondria. B6.A-ahl4 congenic mice with B6
mitochondria (ahl4/ahl4, B6 mtDNA), B6.A-ahl4 congenic mice with A/J mitochondria
(ahl4/ahl4, A/J mtDNA), B6 mice with A/J mitochondria (+/+, A/J mtDNA), and B6 mice
with B6 mitochondria (+/+, B6 mtDNA) were assessed for hearing at 9 months of age, and
their average 16 kHz ABR thresholds (with standard error bars) compared. Mean thresholds
of B6.A-ahl4/ahl4 mice with A/J mtDNA were statistically significantly higher than those
with B6 mtDNA (* 2 tailed t-test: P < 0.05). Although higher, the average thresholds of B6
mice with A/J mtDNA were not statistically different from those of B6 mice with B6
mtDNA.
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