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Age-related hearing loss (AHL) is the loss of hearing that gradually

occur in most individuals as they grow older (Berlin, 2000; Erway et al.,

1996). AHL may be caused by accumulated exposure to noise, environmental

chemical exposure, diet, and genetics (Gacek and Schuknecht, 1969; NIDCD,

2004). However, the molecular mechanisms of AHL remain unknown. In

order to understand the molecular mechanisms of AHL, I examined gene

expression profiles of AHL in cochlea of DBA/2J (DBA) mice, a well-known

model of AHL, and then tested whether mitochondrial DNA (mtDNA)

mutations, known to be associated with the aging process, play a causal role

in the progression of AHL using PolgD257A (D257A) knock-in mice, which

exhibit increased spontaneous mutation rates in mtDNA during aging. In

order to understand how AHL can be retarded, I examined effects of calorie

restriction (CR) on the progression of AHL using C57BL/6 (B6) mice.
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The DBA strain exhibits early onset of hearing loss and has been

extensively studied as a model of AHL (Zheng et  al., 1999; Johnson et al.,

1997). The auditory brainstem response (ABR) results revealed that aged

DBA mice (36 weeks of age, n=5) exhibited severe hearing loss, whereas

control DBA mice (7 weeks of age, n=5) exhibited moderate hearing loss.

Histological analysis revealed that aged DBA mice exhibited severe loss of

hair cells and spiral ganglion cells, whereas control DBA mice exhibited mild

degeneration of the organ of Corti. Aged DBA cochlea (n=3) and control DBA

cochlea (n=3) were compared using microarrays representing 22,626 genes

and ESTs. The gene expression profile results revealed suppression of

hearing-related genes, decreased energy metabolism, and induction of

apoptosis-related genes, such as Bakl and Scot in, which mediate

pss-dpendent apoptosis (Berlin, 2000; Johnson et al., 1997; Jimenez et al.,

2001; Keithley et al., 2003; Bourdon et al., 2002). AHL was also

characterized by gene expression profiles consistent with suppression of

neurotransmission, ion transport, muscle contraction, structural modulation,

DNA synthesis, DNA repair, protein synthesis, and induction of stress

response, inflammatory response, and proteolysis. Taken together, these

results suggest that AHL develops by mechanisms that may be related to

decreased energy metabolism and induction of apoptosis.

The D257A mouse was created by introducing a specific point

mutation in the exonuclease domain of DNA polymerase gamma (Polg).

Because this mouse model expresses a mtDNA polymerase with decreased

proof-reading activity, D257A mice exhibit increased spontaneous mutation



iii

rates in mtDNA, which in turn accelerate several aspects of aging (Kujoth el

al., 2005). The ABR results revealed that old D257A mice (9 months of age, n

=5) exhibited moderate hearing loss , whereas young D257A mice (2 months

of age, n=5), young wild-type (wt) mice (2 months of age, n=5), and old wt

mice (9 months of age, n=5) exhibited normal hearing. Histological analysis

revealed that old D257A mice exhibited server loss of spiral ganglion cells

and mild loss of hair cells, whereas old wt mice and young D257A mice

exhibited no degeneration of the organ of Corti. Old D257A cochlea (n=5)

and old wt cochlea (n=5) were compared using microarrays representing

45,037 genes and ESTs. The gene expression profile results revealed

suppression of hearing-related genes, decreased energy metabolism, and

induction of apoptosis-related genes, such as Check1, Bc12111, and Tnfrsfla,

which mediate p53-dependent apoptosis (Vogelstein et al., 2000; Prives and

Hall, 1999; Urist et al., 2004; Gross et al., 1999; O'Connor et al., 1998;

Bigelow et al., 2004; Inagaki-Ohara et al., 2001). The TUNEL (Terminal

deoxynucleotidyl transferase biotin-dUTP nick end labeling) assay results

revealed that TUNEL-positive cells were found in spiral ganglion cells in the

young D257A mice, but not in the young wt mice. Taken together, these

results suggest that mtDNA mutations play a causal role in the progression

of AHL, and that apoptosis plays a role in the progression of AHL.

Mitochondrial DNA damage can activate p53, which in turn induces

apoptosis (Vogelstein et al., 2000; Prives and Hall, 1999; Urist et al.,). Thus,

these results from the DBA mouse and D2siA mouse studies suggest that
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AHL develops by mechanisms that may be related to induction of apoptosis

and mitochondrial dysfunction.

CR, the only intervention known to retard aging in mammals, results

in delayed onset of age-associated pathological and physiological changes,

and extends lifespan in mammals (Lee et al., 2002; Lee et al., 1999; Lee et al,

1999; Prolla, 2002). The ABR results revealed that CR B6 mice (15 months of

age, 63 kcal/week of restricted diet, n=6) retained good hearing, whereas

control B6 mice (15 months of age, 84 kcal/week of control diet, n=6)

exhibited moderate hearing loss. Histological analysis revealed that CR B6

mice exhibited no degeneration of the organ of Corti, whereas control B6

mice exhibited severe loss of hair cells and spiral ganglion cells. CR B6

cochlea (n=3) and control B6 cochlea (n=3) were compared using

microarrays representing 45,037 genes and ESTs. The gene expression

profile results revealed that AHL-related changes in the gene expression

were remarkably reversed by CR. CR resulted in induction of

hearing-related genes, energy metabolism-related genes such as Slrtl, which

mediates life-extending effects of CR (Lin et al, 2002; Vaziri et al., 2001;

Tissenbaum et al., 2001; Gasser et al., 2001; Lin et al., 2000), and

suppression of apoptosis-related genes such as Mdm2 and I16, which mediate

p53-dependent apoptosis (Prives and Hall, 1999; Vogelstein et al, 2000;

Afford et al, 1992; Margulies and Sehgal, 1993). Taken together, these

results suggest that CR prevents the progression of AHL by induction of

increased energy metabolism and suppression of apoptosis. CR extends

lifespan in numerous species (Lee et al, 2002; Lee et al, 1999; Lee et al,
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1999; Prolla, 2002; Drew et al., 2002). In yeast, the SIR2 gene mediates the

life-extending effects of CR (Lin et al., 2002; Vaziri et al., 2001; Tissenbaum

et al., 2001; Gasser et al., 2001; Lin et al., 2000). The mammalian SIR2

orthologue, Sirt1 also mediates cell survival in mammals, and Sirtl protein

represses p53-dependent apoptosis in response to DNA damage in mammals

(Koubova et al., 2003; Luo et al., 2001; Picard et al., 2004). Thus, these

suggest that CR retards the progression of AHL by mechanisms that may be

related to induction of energy metabolism-related genes such as Sirt1, and

suppression of p53-dependent apoptosis.

Based on these findings, I propose a model of how CR retards the

progression of AHL: CR causes a metabolic shift toward increased energy

metabolism, perhaps by increasing the NAD+/NADH ratio. This metabolic

shift induces energy metabolism-related genes such as Sirt1, which in turn

represses p53-dependent apoptosis by interacting with p53. This repression

leads to preventing the cochlea from loss of hair cells and spiral ganglion

cells, and hence to slowing down the progression of AHL. I also propose a

model of how AHL develops in mammals: mtDNA mutations and other

lesions accumulate in DNA in the cochlea during aging, and the resulting

DNA damages result in the induction of apoptosis-related genes such as

Chek1, Bak, Scot in, which in turn induce p53-dependent apoptosis by

interacting with p53. This leads to loss of hair cells and spiral ganglion cells

in the cochlea. AHL develops when loss of these cells reaches a critical level.
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CR extends lifespan in yeast, and this effect requires Sir2 protein

(Lin et al., 2002; Vaziri et al., 2001; Tissenbaum et al., 2001; Gasser et al.,

2001; Lin et al., 2000; Brunet et al., 2004). Resveratrol, a polyphenol found in

red wine, mimics CR by activating Sir2, and extends lifespan in yeast

(Howltz et al., 2003; Wood et al., 2004). Thus, polyphenols which activate

Sirtl in mammals could be good candidates for a new preventive

intervention or new functional supplement which could slow down the

progression of AHL in humans. Our laboratory has identified several

candidate polyphenols from Japanese persimmons and Chinese white teas

(Suzuki et al., 2005; Hu et al., 2005). Currently, we are planning to test

effects of these polyphenols on the progression of AHL.
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Chapter1:Introduction

Age-related hearing loss(AHL)ischaracterized by the progressive

deterioration ofauditory sensitivity associated with aging(Berlin, 2000;

Johnson et al, 1997;Jimenez et al.,2001;Keithley et al., 2003). Histological

changes associated with aging occur throughout the auditory system from

the hair cells of the cochlea to the auditory cortex in the brain(Figure 1-1)

(John et al., 1989; Johnson and Zheng,2001;Kros et al., 1998;McFdden et

al, 1998;Schwartz et al., 2002;Seidman, 2002;Seideman et al, 2000;

Takahashi et al, 1999). Gacek and Schuknecht identified4sites of aging in

the cochlea and divided AHL into fbur types based on these sites(Gacek and

Schuknecht, 1969):1)Sensory AHL results from epithelial atrophy with loss

of sensory hair cells and supporting cells in the organ of Corti, which

originates in the basal turn of the cochlea of the inner ear and slowly

progresses toward the apex. 2)Neural AHL results from atrophy of nerve

cells in the cochlea and central neural pathways. Effbcts are not noticeable

until old age because pure-tone average is not affected until 90%of neurons

are lost(Jimenez et al, 2001;Berlin, 2000).3)Metabolic AHL results from

atrophy of the stria vascularis. The stria vascularis usually maintains the

chemical and bioelectric balance and metabolic health of the cochlea

(Willems,2004;Willott, 2001;Yost, 2000).4)Mechanical AHL results from

thickening and secondary stiffening of the basilar membrane of the cochlea

(Wilott et al,1998). The thickening is more severe in the basal turn of the
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Figure  1-1. The cochlea and the organ of Corti.(a)Athree-dimensional

section of the cochlea,  showing the compartments,  tectorial membrane,  and

the organ of Corti. (b)Diagrammatic and sectional views of the receptor hair

cells and spiral ganglion cells  of cochlea nerve in the organ of Corti(Martini,

2004).
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cochlea where the basilar membrane is narrow(Johnson et al., 1997;

Johnson et al., 2000). This correlates with a gradually sloping

high-frequency sensorineural hearing loss that is slowly progressive(Berlin,

2000; Johnson et al., 1997; Johnson et al., 2000). The development of AHL

typically involves simultaneous changes at multiple sites(Gacek and

Schuknecht, 1969).

AHL is an important problem in society. In the US, it is estimated

that approximately 30-35 percent of people between 65 and 75 years of age,

and 40-50 percent of people over 75 years of age, have a hearing loss(NIDCD,

2004; Seidman, 2002). This older population(people over 65 years of age)

numbered 35.9 million in 2003, representing 12.3% of the U. S. population

(Administration on aging, 2004). By 2030, this population will increase by

more than twice their number(Administration on aging, 2004). On a

comparative basis, people over 65 years of age represented 12.4% of the

population in the year 2000, but are expected to grow to be 20% of the

population by 2030(Administration on aging, 2004). Nonetheless, no

preventive or therapeutic interventions have been established for AHL

(NIDCD, 2004; Seidman, 2002; Seidman, 2000; Seidman et al., 2000;

Seidman et al., 2002).

Mitochondrial mutations may contribute to AHL(Damdimpopoulos

et al., 2002; Fischel-Ghodsian, 1999; Johnson et al., 2001). Many

mitochondrial disorders appear late in life(Drew and Leeuwenburgh, 2004;

Green and Leeuwenburgh, 2002; Kanungo, 1994; Patenaude et al., 129), and
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tend to affect cell types that are postmitotic, and have high energy

requirements, including those that are heavily involved in ion pumping

(Fischel-Ghodsian, 1999; Mekerhofer et al., 2004; Pollack and Leeuwenburgh,

2001; Pollack et al, 2002). Mitochondria defects commonly appear in the

brain, eye, and ear (Scheffler, 1999). Since mitochondrial DNA (mtDNA) is

situated near the major site of reactive oxygen species (ROS) production, it

becomes particularly vulnerable to ROS damage (Dirks and Leeuwenburgh,

2002; Harmon, 1956; Fischel-Ghodsian, 1999; Hosokawa, 2002). In addition,

mtDNA is not protected by histones and has more limited repair mechanisms

than does nuclear DNA (Fischel-Ghodsian, 1999). While some repair and

maintenance mechanisms exist for mtDNA, they are in general limited

compared with those for nuclear DNA. Mitochondrial DNA polymerase

gamma (Po1g) has proofreading capability that corrects DNA replication

errors resulting from nucleotide misincorporation (Kujoth el al, 2005;

Tissenbaum et al., 2004). In S. cerevisiae, a specific point mutation in the

exonuclease domain of the Polg resulted in decreased proofreading activity,

which in turn led to a 200-hold increase in mtDNA mutation rates (Kujoth e t

al., 2005; Tissenbaum et al., 2004). In fact, inherited point mutations can

lead to mitochondrial syndromes that can have deafness, such as MELAS

(mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes),

MERRF (myoclonic epilepsy and ragged red fibres), and MEADF (myoclonic

epilepsy, ataxia and deafness) (Fischel-Ghodsian, 1999).

The mouse is an excellent animal model for the study of human

genetic deafness (Zheng et al, 1999). The mouse cochlea is anatomically
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similar to that of humans, and hereditary abnormalities of the inner ear

have been shown to be similar in both humans and mice (Erway et al., 1996;

Fischel-Ghodsian; Johnson et al., 1997; weil et al., 1997; well et al., 1996).

Because of the similarities between the human and the mouse auditory

systems, identification of the genes causing hearing impairment or deafness

in mice may also allow for the identification of homologous human genes and

genetic diseases (Erway et al., 1996; Fischel-Ghodsian; Johnson et al., 1997;

Zheng et al., 1999). In fact, genetic analysis of mouse deafness mutations

already has proven valuable for the identification of genes causing human

nonsyndromic deafness, such as MYO7A, MYO15, and POU4F3 (Johnson et

al., 1997; Er way et al., 1996; Di Palma et al., 2001; Hudspeth et al., 1998;

Noben-Trauth et al., 2003; Robertoson et al, 1998; Skvorak et al., 1999,

Siemens et al, 2004; Sollner et al., 2004; Wada et al., 2001). In contrast,

certain inbred strains of mice exhibit a progressive, nonsyndromic hearing

loss, with onset at more advanced ages (Zheng et al., 1999). These strains,

such as DBA/2J and C57BL/6, have provided useful models for human AHL

(Zheng et al., 1999; Johnson et al., 1997; Johnson et al., 2000; Zheng et al.,

2001).

AHL may be caused by multifactor, such as arteriosclerosis, diet,

accumulated exposure to noise, drug, environmental chemical exposure,

stress, and genetics (Gacek and Schuknecht, 1969; NIDCD, 2004). mtDNA

mutations may also contribute to AHL (Damdimpopoulos et al., 2002;

Fischel-Ghodsian, 1999; Johnson et al., 2001). However, the molecular

mechanisms of how AHL develops remain unknown. Thus, in order to
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understand the molecular mechanisms of AHL,I first examined gene

expression profiles of AHL in cochlea of DBA/2J (DBA) mice, a well-known

model of AHL, and then tested whether mitochondrial DNA (mtDNA)

mutations, known to be associated with the aging process, play a causal role

in the progression of AHL usingPolgD257A(D257A) mice. In order to

understand how AHL can be retarded, I examined effects of calorie

restriction (CR) on the progression of AHL using C57BL/6 (B6) mice.
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Chapter 2: Materials and Methods

DBA/2J mice

Male DBA/2J (DBA) mice, 4-5 weeks of age, were purchased from

Clear Japan, Inc. (Tokyo, Japan). The mice were divided into two groups: a

7-week-old control  group (control), and a 37-week-old group (aged). All mice

were housed in the standard animal facility under normal mouse rearing

conditions at Department of Otolaryngology, University of Tokyo.

PolgD257A mice

Male PolgD257A (D257A) transgenic mice were created and housed in

the specific pathogen-free facility at Departments of Genetics and Medical

Genetics, University of Wisconsin-Madison. The mice were divided into four

groups: a 2-month-old wild-type group (young wt), a 2-month-old mutant

group (young D257A), a g-month-old wild-type group (old wt), and a

9-month-old  mutant group (old D257A). All mice were housed individually

and provided acidified water ad libitum in the specific pathogen-free facility

at the University of Wisconsin-Madison.

C57BL/6mice

Male C57BL/6 (B6) mice, 1.5 months of age, were purchased from

Charles River Laboratories (Wilmington, MA). The mice were housed singly

in the specific pathogen-free facility at University of Wisconsin-Madison, and
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p r o v i d e d  a  nonpurified  diet and acidified water ad libitum. The mice were

then divided into two groups: a 15-month-old control group(control)and a

15-month-old calorie-restricted group (CR). Each control B6 mouse was fed

84 kcal/week of the control diet (TD91349; Teklad, Madison, WI), which is

5-20% less than the range of individual ad libitum intakes . This dietary

intake was used so that the control B6 mice were not obese . Each CR B6

mouse was fed 62 kcal/week of the restricted diet (TD91351; Teklad),

resulting in a 26% reduction of calorie intake. The latter diet was enriched in

protein, vitamin, and minerals such that CR and control mice were fed

nearly identical amounts of these components (Pugh et al., 1999; Weindruch

et al., 2002).

Assessment of hearing

When mice reached the designated age, auditory brainstem

responses(ABRs)were measured with a tone burst stimulus (4,8, and 16

kHz) in the mice using an ABR recording system (Intelligent Hearing

System, Miami, FL)(Figure 2-1). Animals were anesthetized with a mixture

of xylazine hydrochloride (10 mg/kg, i.m.) and ketamine hydrochloride (40

mg/kg,i.m.), and needle electrodes were placed subcutaneously at the vertex

(active electrode), beneath the pinna of the measured ear(reference

electrode), and beneath the opposite ear (ground). The stimulus duration,

presentation rate, and rise/fall time were 5 ins, 19.3/s, and 1 ms respectively.

Responses of 1024 sweeps were averaged at each intensity level (5 dB steps)

to assess threshold. One hundred dB was defined as the maximum sound
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Figure 2-1.Auditory brainstem response analysis. The auditory brainstem

response analysis (ABR) is an electrical response starting in the inner ear

that travels through the auditory pathway to the auditory cortex. The

electrodes are placed at the vertex (across the top) of the animal's scalp and

on each earlobe. Earphones are placed over the ears to deliver a series of tone

noises to each ear separately. The electrodes measure the responses to the

tone sound from the stimulus to the ear, the hearing nerve, the balance nerve

and the brain stem.
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Pressure.  Threshold was defined as the lowest intensity level at which a

clear reproducible waveform was visible in the trace. We used five mice per

group for the DBA mouse study and the D2siAA mouse study, and six mice

per group for the B6 mouse  study.

Histolopathology

Mice were decapitated under deep anesthesia with a mixture of

xylazine hydrochloride and ketamine hydrochloride. After removing the

temporal bones, the cochleae were perfused with 2% paraformaldehyde and

2.5% glutaraldehyde in phosphatebuffetedd saline (PBS) through the round

and oval windows, immersed in the same fixative for 24h, and decalcified in

10% EDTA (pH 7.2) for 24 h. The cochleae were then rinsed with PBS,

dehydrated through a graded series of alcohol, and embedded in epoxy resin.

Thin sections cut parallel to the modiolus were stained with 0.5% toluidine

blue and were observed under a light microscope. We used two mice per

group for all the studies.

Sample preparations and hybridization for gene expressionprofitingg

Five days after the ABR measurements, the mice were killed by

cervical dislocation, and the cochleae were dissected, placed in a

microcentrifuge tube, flash-frozen in liquid nitrogen, and stored at -80°C.

Total RNA was extracted from cochlea tissue by using TRIZOL reagent (Life

Technologies, Inc., Grand Island, NY). Detailed protocols for hybridization

for gene expression analysis using Affymetrix microarrays have been
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described by Prolla, Lee et al., Edwards et al., and Affymetrix (Prolla , 2002;

Lee et al., 2004; Edwards et al., 2003; Affymetirx, 2004). Ten micrograms of

total RNA were converted into double-stranded cDNA (ds-cDNA) by using

SuperScript Choice System (Life Technologies, Inc., Grand Island, NY) with

an oligo-dT primer containing a T7 RNA polymerase promoter (Genset, La

Jolla, CA)(Figure 2-2). After second-stranded synthesis, the reaction mixture

was extracted with phenol-chloroform-isoamyl alcohol, and ds-DNA was

recovered by ethanol precipitation using Pellet Paint Coprecipitant (Novagen,

Madison, WI). Biotin-labeled antisense cRNA was synthesized in vitro using

a high-yield RNA transcript labeling kit (BioArray, Enzo, Farmingdale, NY).

The biotin-labeled antisense cRNA was purified using the RNeasy affinity

column (Qiagen) and fragmented randomly to sizes ranging from 35 to 200

bases by incubating at  94℃ for 35 min. The hybridization cocktail(200μ1)

containing 10 μl of fragmented cRNA was injected into the MOE 43oA arrays

for the DBA mouse study and the Mouse Genome 430 2.0 arrays for the

D257A mouse study and the B6 mouse study (Affymetirx, Santa Clara, CA).

The GeneChip was placed in a  45℃  oven at 60 rpm for 16 h. After

hybridization, the GeneChips were washed and stained in a fluidic station

(Affymetrix GeneChip Fluidics Station 400) with signal amplification

protocol using antibody. The MOE 430A GeneChips were scanned at a

resolution of 6  μm  twice using a Hewlett Packard GeneArray Scanner, and

the Mouse Genome 430 2.0 GeneChips were scanned at a resolution of 2 .5

μm once using GeneChip Scanner 3000.
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Figure 2-2.  The schematic outline of the gene expression analysis. Double

stranded-cDNA is synthesized from total RNA samples, isolated from cochlea

tissue. An in vitro transcription (IVT) reaction is then done to produce

biotin-labeled cRNA from the cDNA. The cRNA is fragmented before

hybridization. The cRNA sample is then hybridized to the probe array during

a 16-hour incubation. Immediately following the hybridization, the probe

array undergoes an atutomated washing and staining protocol on the fluidics

station. Once the probe array has been hybridized, washed, and stained , it is

scanned. The software defines the probe cells and computes an intensity for

each cell. Data is analyzed using the Microarray Suit Expression Analysis

software (Affymetirx, 2004).



15



16

Data analysis

Detailed protocols for data analysis of Affymetrix microarrays and

extensive documentation of the sensitivity and quantitative aspects of the

methods have been described by Prolla, Edwards et al., Bowtell and

Sambrook, Speed, Stekel, and Liphshutz et al. (Prolla, 2002; Edwards et al .,

2003; Edwards et al., 2004; Bowtell and Sambrook, 2002; Speed, 2003; Stekel ,

2003; Liphshutz et al., 1999): The Affymetrix Genechip was built on the basis

of the cDNA sequences from the UniGene and TIGR databases. The MOE

430A array allows measurement of mRNA levels for 22, 626 genes and ESTs.

The Mouse Genome 430 2.0 array allows measurement of mRNA levels for

45, 037 genes and ESTs. Approximately 20 probe pairs of oligonucleotide

probes in a probe set (total of 40 probes; 20 for perfect match and 20 for

mismatch control probes) are used to measure the transcript level of a gene.

Each probe pair consists of a perfect match (PM) probe and a mismatch

probe (MM), which allow direct subtraction of cross-hybridization signals

after background subtraction. Affymetrix software determines the presence

of mRNA in the samples and computes the signals of probe sets . The

software calculates differences and ratios between perfect match and

mismatch signals, which are representative of the hybridization levels of

their targets in each probe set. These values are integrated to make a

matrix-based decision concerning the presence or absence of an mRNA

molecule in a sample. To determine relative mRNA levels, the average of the

differences representing PM minus MM for each gene-specific probe family is

calculated after removing the maximum, the minimum, and any outliers
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beyond 3 standard deviations. Signals in each image are normalized to

minimize an overall variability in hybridization intensities by a global

scaling method. Global scaling is the computational technique in which the

average signal of all probe sets in an image is scaled to target average

intensity by multiplying a scaling factor. This scaling factor, 1500, was

multiplied to each probe set signal to give the raw signal intensity. All genes

considered absent as determined by Affymetrix software for all groups were

eliminated from our analysis. Genes that had a small Pvalue (less than 0.01),

had a large fold change (more than 1.1), and had at least one present call

were categorized as genes significantly altered in the expression by AHL. To

determine the effects of AHL for the DBA mouse study, each control DBA

mouse (n=3) was compared to each aged DBA mouse, generating a total of

nine pairwise comparisons. To determine the effects of AHL for the D257A

mouse study, each old wt mouse (n=5) was compared to each old D257A

mouse (n=5), generating a total of twenty-five pairwise comparisons. To

determine the effects of CR for the B6 mouse study, each control sample (n=

3, two mice per GeneChip) was compared to each CR sample (n=3, two mice

per Genechip), generating a total of nine pairwise comparisons.

TUNEL assay

POD In Situ Cell Death Detection Kit (Beringer Mannheim Inc.,

Berlin, German) was used to detect TUNEL (terminal deoxynucleotidyl

transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick

end labeling)-positive cells. One slide from each mouse was deparafinized
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and rehydrated.To block endogenous peroxidase activity , the specimens

were treated with 0.3% hydrogen peroxidase in ethanol for 30 min at room

temperature. After washing with PBS,the specimens were incubated with

0.1% Triton X in 0.1% sodium citrate for 2 min on ice to permiabilize the cells ,

and were incubated with TdT and a nucleotide mixture for 60 min at  37℃ in

a humidified chamber. After washing three times with PBS, a

POD-conjugated antifluoresenin antibody was applied for 30 min at 37℃  in

a humidified chamber,and the nick end labeling was visualized with

diaminobenzdine (DAB) solution.
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Chapter 3:Gene Expression Profile of Age-related Hearing Loss in Cochlea

of DBA/2J Mice

Introduction

The DBA/2J strain exhibits early onset of hearing loss and has been

extensively studied as a model of AHL(Zheng et al.,1999;Johnson et al.,

2000).The mouse cochlea is anatomically similar to that of humans,and

hereditary abnormalities of the inner ear have been shown to be similar in

both humans and mice(Erway et al.,1996;Fischel-Ghodsian;Johnson et al.,

1997).Because of the similarities between the human and the mouse

auditory systems,identification of the genes causing hearing impairment or

deafness in mice may also allow for the identification of homologous human

genes and genetic diseases(Erway et al.,1996;Fischel-Ghodsian;Johnson et

al.,1997;Zheng et al.,1999).In fact,genetic analysis of mouse deafness

mutations already has proven valuable for the identification of genes causing

human nonsyndromic deafness,such as MYO7A, MYO15,and POU4F3

(Johnson et al.,1997;Erway et al.,1996).In contrast,certain inbred strains

of mice exhibit a progressive,nonsyndromic hearing loss,with onset at more

advanced ages(Zheng et al.,1999).These strains,such as DBA/2J,have

provided useful models for human AHL(Zheng et al.,1999;Johnson et al.,

1997).In order to understand the molecular mechanisms of AHL,I first

examined gene expression profiles of AHL in cochlea of the DBA mice.
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ABR analysis

To assess hearing impairment,ABR thresholds were measured at 4

kHz, 8 kHz, and 16 kHz. The mean of ABR thresholds for the control DBA

mice were determined to be 56.0 dB SPL at 4 kHz,54.9 dB SPL at 8 kHz,and

65.9 dB SPL at 16 kHz,exhibiting moderate hearing loss(Figure 3-1).No

ABR waveforms were determined in any aged DBA mice even by stimuli at

100 dB SPL;the ABR thresholds for these animals were determined to be

100.0 dB SPL at all frequency tested, indicating severe hearing loss(Figure

3-1). These results show that aged DBA mice exhibit age-related profound

hearing loss.

Histology

Histological analysis revealed that aged DBA mice exhibited severe

loss of outer hair cells,inner hair cells,and supporting cells in the organ of

Corti,and severe loss of spiral ganglion cells in the cochlea,whereas control

DBA mice exhibited mild degeneration of the organ of Corti(Figure 3-2) .

These results support the ABR findings,

Gene Expression Analysis

To examine transcriptional changes induced by AHL, I used

oligonucleotide arrays representing 22, 626 genes and ESTs.A comparison of

the cochlea from the control DBA mice and the aged DBA mice revealed that

AHL is associated with significant alterations in mRNA levels.Of the 22 ,626

genes and ESTs surveyed in the oligonucleotide arrays,we identified 99
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Figure 3-1.Comparison of ABR thresholds. ABR thresholds were measured

at 4 kHz, 8 kHz, and 16 kHz. The 7-week-old DBA mice(control,n=5)

exhibited moderate hearing loss, whereas the 36-week-old DBA mice(aged, n

=5)exhibited severe hearing loss .
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Figure 3-2.Comparison of cochleae.Representative light micrographs of the

lower basal cochlear turn from the 7-week-old DBA mouse(control)and the

36 -week-oldDBAmouse(aged) .The aged DBA mouse exhibited severe loss of

outer hair cells(OHC),inner hair cells(IHC),and supporting cell in the

organ of Corti, and severe loss of spiral ganglion cells(SGC)in the cochlea,

whereas the control DBA mouse showed mild degeneration of the organ of

Corti in the cochlea.
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genes down-regulated by AHL and 57 genes up-regulated by AHL(Table 3-1).

Of the 99 genes that decreased with AHL,17 genes were hearing-related

genes,such as potassium voltage-gated channel,Isk-related subfamily,

member 1(Kcnel),otospiralin(Otos),solute carrier family 26 member 4

(Slc26a4),insulin-like growth factor 1(Igfl),gap junction membrane channel

protein beta 6(Gjb6),and coagulation factor C homolog(limulus

polyphemu3)(coch).These results were consistent with those of the ABR

analysis and the histology analysis.The gene with the largest

downregulation  in this transcriptional class was Kane 1 gene(fold change=

-12.0).This gene is expressed in the inner hair cells ,and Kcne 1 protein

mediates potassium secretion into the endolymph(Vetter et al .,1996).

Mutations in the gene are considered to cause a non-syndromic ,progressive

hearing loss(Vetter et al., 1996).Otos gene is expressed in glical cells

surrounding the spiral ganglion cells in the cochlea, and Otos protein is

essential for survival of neurosensory epithelium(Delprat et al ., 2002).

Downregulation of this gene is thought to causes hair cells degeneration and

deafness(Delprat et al., 2002).Gjb6 gene is expressed in supporting cells in

the organ of Corti.Gjb6 protein is a member of connexins involved in

formation of gap junctions between cells(Forge et al ., 2003;Kelley et al.,

1999).Mutations in this gene are thought to cause non-syndromic autosomal

recessive deafness(Forge et al., 2003;Kelley et al ., 1999).Seven genes

involved in energy metabolism,such as cytochrome c oxidase ,subunit VIIal

(Cox7a1),lactate dehydrogenasae 2,B chanin(Ldh2),ATP synthase ,H+

transporting,mitochondrial FO complex,subunit F(Atpsj),NADH
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Table 3-1. List of selected genes altered in the expression by AHL. This table

lists genes of selected classes that were significantly (P value=0.01>,FC=

1.2≦) altered in the gene expression with AHL. 22,626 genes and ESTs

were screened using GeneChips (MOE 430A). The fold change shown

represents the average of all nine possible pairwise comparisons among

individual samples (n=3 for each group) determined by the Microarray Suit

Expression Analysis software. GenBank accession numbers are listed under

Gene ID.
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dehydrogenase(ubiquinone)1 alpha subcomplex, 5(Ndufas), and ATP

synthase, H+ transporting, mitochondrial FIF0 complex, subunit e(Atp5k),

also displayed a decrease in the gene expression. These results correlate well

with the studies of mitochondria mutations and hearing loss, which suggest

that mitochondrial dysfunction may be associated with AHL

(Damdimpopoulos et al., 2002;Fischel-Ghodsian, 1999;Johnson et al., 2001;

Seidman et al., 2002). The gene with the largest downregulation in this

transcriptional class was Coxial gene(fold change=-3.1). This gene is

expressed in mitochondria in numerous tissues,and Cox7al protein is

involved in cytochrome c oxidase activity(Mootha et al., 2003). Atpsj protein

is involved in hydrogen-transporting ATP synthase activity in mitochondria

(Mootha et al., 2003), and Ndufas protein is involved in NADH

dehydrogenase(ubiquinone)activity in mitochondria(Mootha et al., 2003).

AHL also lowered the gene expression of six neurotransmission-related

genes,including S100 protein,beta polypeptide,neural(S100b),enabled

homolog(Drosophila)(Enah), and proteolipid protein(myelin)(Pip).The

gene with the largest downregulation in this transcriptional class was S100b

gene(fold change=-3.4).The S100 protein family is the largest subgroup

within the superfamily of proteins carrying the Ca2+-binding EF-hand motif.

Various diseases such as cardiomyopathies,neurodegenerative and

inflammatory disorders,and cancer are associated with altered S100 protein

levels(Marenholz et al., 2004).

AHL induced 18 apoptosis-related genes,such as peptidoglycan
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recognition protein 1(Pglyrp1), BCL2-antagonist/Killer 1(Bakl), PYD and

CARD domain containing(Pycard),Scotin gene(Scotin), and eukaryotic

translation initiation factor 5A(Eif5a). These results were consistent with

the histological findings. These results also correlate well with the studies of

apoptosis and AHL, which show that apoptosis may be associated with AHL

(Fischel-Ghodsian, 1999;Seidman, 2002;Dirks and Leeuwenburgh, 2002).

The gene with the largest up regulation in this transcriptional class was

Pglyrpl(fold change=17.8). The Pglyrp 1 protein induces apoptotic death in

several tumor-derived cell lines by interacting with the Hsp70(Sashchenko

et al., 2003). p53 is a transcription factor that induces growth arrest or

apoptosis in response to cellular stress, and it has a direct signaling role at

mitochondria in induction of apoptosis(Prives and Hall,1999;Vogelstein et

al., 2000).p53 activates Bakl gene,which causes release of cytochrome c

from mitochondria,and hence to induction of apoptosis(Berlin,2000;

Johnson et al, 1997;Jimenez et al., 200;Keithley et al., 2003). p53 also

activates Scot in gene,which in turn induce apoptosis(Bourdon et al, 2002).

Six genes involved in stress response, such as myeloperoxidase(Mpo),

advillin(Avil), protein phosphatase 3, catalytic subunit, alpha isoform

(Pppsca), eosinophil peroxidase(Epx), and methionine sulfoxide reductase A

(Msra), also displayed an increase in the gene expression. These results

correlate well with the studies of oxidative stress in AHL, which suggest that

oxidative stress, which is caused by mitochondrial dysfunction, may be 

associated with AHL(Staecker et al, 2001;Coling et al., 2003).The gene

with the largest up regulation in this transcriptional class was Mpo(fold
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change=12.1). Mpo protein is involved in response to oxidative stress, and

catalyzes the reaction of hydrogen peroxide with chloride ion to produce

 hypochlorous acid (Aratani et al., 1999). AHL induced the gene expression of

26 inflammatory response-related genes, including immunoglobulin heavy

chain 4 (serum IgG1), regenerating islet-derived 3 gamma, cathelicidin

antimicrobial peptide, Leukocyte specific transcript 1, and paired-Ig-like

receptor B. These results were consistent with the histological findings since

severe degeneration of cells was found in the AHL cochlea. AHL also induced

the gene expression of 7 proteolysis-related genes including haptoglobin ,

mucin 5, subtype B, tracheobronchial, and proteinase 3.

AHL lowered the gene expression of 11 ion transport-related genes

including, potassium voltage-gated channel, Isk-related subfamily, member 1,

solute carrier family 13 (sodium-dependent dicarboxylate transporter) ,

member 3, and transferring. AHL also lowered transcripts associated with

muscle contraction, such as myosin, light polypeptide 3, tropomyosin 3,

gamma, and actin, alpha 1, skeletal muscle. AHL was also characterized by

reductions in the gene expression for genes involved in structural

modulation, growth factor, biosynthesis, DNA synthesis, DNA repair, protein

synthesis, and fatty acid metabolism.

Summary of findings

A summary of global view of transcriptional changes induced by AHL

is shown in Table 3-2. These results revealed that AHL results in
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Table 3-2. Global view of transcriptional changes induced by AHL. This table

lists selected classes of transcriptional changes induced by AHL.
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suppression of hearing-related genes, decreased energy metabolism, and

induction of apoptosis-related genes, such as Bakl and Scot in, which

mediate pss-dpendent apoptosis (Lew et al., 2004; Degenhardt et al., 2002;

Bourdon et al., 2002), and increased stress response. AHL was also

characterized by reductions in the gene expression for genes involved in ion

transport, muscle contraction, structural modulation, growth factor,

biosynthesis, DNA synthesis, DNA repair, protein synthesis, and fatty acid

metabolism. Mitochondrial dysfunction may induce apoptosis, which in turn

leads to loss of vulnerable cells in the cochlea (Fischel-Ghodsian, 1999). Thus,

these results suggest that AHL develops by mechanisms that may be related

to mitochondrial dysfunction and induction of apoptosis.




