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Abstract To understand possible causative roles of

apoptosis gene regulation in age-related hearing loss

(presbycusis), apoptotic gene expression patterns in the

CBA mouse cochlea of four different age and hearing loss

groups were compared, using GeneChip and real-time

(qPCR) microarrays. GeneChip transcriptional expression

patterns of 318 apoptosis-related genes were analyzed.

Thirty eight probes (35 genes) showed significant differ-

ences in expression. The significant gene families include

Caspases, B-cell leukemia/lymphoma2 family, P53, Cal-

pains, Mitogen activated protein kinase family, Jun

oncogene, Nuclear factor of kappa light chain gene

enhancer in B-cells inhibitor-related and tumor necrosis

factor-related genes. The GeneChip results of 31 genes

were validated using the new TaqMan� Low Density Array

(TLDA). Eight genes showed highly correlated results with

the GeneChip data. These genes are: activating transcrip-

tion factor3, B-cell leukemia/lymphoma2, Bcl2-like1,

caspase4 apoptosis-related cysteine protease 4, Calpain2,

dual specificity phosphatase9, tumor necrosis factor

receptor superfamily member12a, and Tumor necrosis

factor superfamily member13b, suggesting they may play

critical roles in inner ear aging.

Keywords Apoptosis � Cochlea � Hearing loss �
Gene expression � PCR � Presbycusis

Introduction

Cell death can be broadly classified into three types:

Apoptosis, oncosis (necrosis), and cell death with autoph-

agy. Apoptosis (derived from Greek; apo means off and

ptosis means falling) is an endogenous programmed cell

death (PCD). It requires active participation of the cell

itself, leaving a dead cell with intact plasma membrane and

cellular organelles in addition to a reduction in cellular

volume (pyknosis) and chromatin condensation that pro-

ceeds later to fragmented nuclei (karyorhexis). In a later

phase, the plasma membrane shows budding, but it pre-

vents the release of any factor that affects neighboring cells

[1–3]. Apoptosis plays an important function in regulating

organogenesis and maintaining normal cellular homeosta-

sis during embryonic development and in adult organisms,

respectively. Reports estimate that either too little or too

much apoptosis can contribute to a significant number of

medical illnesses, including oncogenesis [4, 5].

On the contrary, necrosis is unintentional (accidental) cell

death, usually in response to an outside offense to the cell,

such as toxins or inflammation. This can cause swelling of

the dying cell, rupture of the plasma membrane and release

of cytoplasmic content that may affect surrounding cells.

Cell death with autophagy is typically characterized by

engulfment of cellular contents in autophagosomes inside

the cytoplasm [3, 6–8]. Mixed apoptotic and necrotic cell
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death can be found as the pathogenesis of the same disease.

Some evidence supports that different types of cell death can

share common mechanisms [3, 9–16].

Apoptosis has multiple pathways that differ according to

tissue type and pathological condition. These pathways

have been identified and broadly classified into two main

types: extrinsic and intrinsic pathways. The extrinsic

pathways include death-receptor and survival-factor-with-

drawal pathways. The first is activated by stimulation of

certain membranous receptors like TNF-alpha and Fas

receptors while the latter involves activation of c-Jun and

JNK; by reactive oxygen species (ROS), inflammatory

cytokines, mixed lineage kinases, radiation or excitotox-

icity. Both pathways subsequently activate certain cascades

of factors that ultimately lead to cell death through their

effect on mitochondrial membrane stability (increase in

Bid, Bax, Bak, Noxa, Puma or Hrk, and decrease in Bcl and

Bcl-xL families) and activation of caspases [8, 17–19].

Intrinsic apoptotic pathways are caused either by DNA

damage or stress to the endoplasmic reticulum. DNA

damage causes release of P53 that leads to mitochondrial

membrane dysfunction, while endoplasmic reticulum stress

causes calcium (Ca??) accumulation and calpain activa-

tion that can lead either to activation of caspases or

lysosomes rupture, cathepsins release [2, 20, 21], or PARP-

1 cleavage and ultimately DNA damage. In addition,

Ca?? may activate c-Jun and JNK pathways and start the

extrinsic survival factor withdrawal apoptotic pathway. In

both pathways, cytochrome C is released with activation of

down-stream caspases and cell death. Some exceptions for

which apoptosis do not require caspase activation include

the release of factors like Endo G and AIF from the

mitochondria. These factors can bypass caspase activation

and cause cellular damage and apoptosis [3, 22, 23].

The cochlea is a complex hydro-electro-chemical-

mechanical system consisting of different structures that

work together for effective sound processing and auditory

perception. These structures include the inner and the outer

hair cells, their supporting cells and the stria vascularis,

which produces the potassium-rich endolymph underlying

the endocochlear potential required for sensory transduc-

tion. All these types of cells are vital for sound transduction

and initial processing of sound signals. Damage or death of

one or more types of these cells with age is the main cause

of age-related hearing loss (presbycusis).

Generally in the nervous system, aging can effect

expression for apoptotic pathway genes so it is important to

investigate aging changes in cochlear apoptotic gene

expression and the possible roles in inner ear cell death. It

is hypothesized that certain apoptotic pathways will show

significant transcriptional gene expression changes with

age and hearing loss, and that these will be correlated with

functional hearing loss phenotype measures.

Material and methods

The four CBA mouse subject groups, the auditory brain-

stem response recordings (ABR thresholds), the

otoacoustic emissions (DPOAE amplitudes), and gene

microarray methodologies were the same as those of

Tadros et al. [24].

Animal model

CBA/CaJ mice were bred in-house and housed according to

institutional protocol, with original breeding pairs obtained

from Jackson Laboratories. All animals had similar envi-

ronmental and non-ototoxic history. The CBA mouse is a

model organism for presbycusis. The young adult group

was used as the baseline group for gene expression data

analyses (e.g., calculation of fold changes). Functional

hearing measurements were obtained prior to sacrifice

similar to our previous investigations on all animals [25–

27]. The sample set is segregated into four groups based

upon age, DPOAE and ABR measurements, as given in

Table 1: young adult control with good hearing (N = 8, 4

males and 4 females, age = 3.5 ± 0.4 months), middle-

aged with good hearing (N = 17, 8 males and 9 females,

age = 12.3 ± 1.3 months), old with mild presbycusis

(N = 9, 4 males and 5 females, age = 27.7 ± 3.4 months)

and old with severe presbycusis (N = 6, 2 males and 4

females, age = 30.6 ± 1.9 months).

All animal procedures were approved by the University

of Rochester (Rochester, NY) Medical Center Animal

Resource Review Committee.

Functional hearing assessment

Distortion product otoacoustic emissions (DPOAEs)

Ipsilateral acoustic stimulation and simultaneous mea-

surement of distortion-product otoacoustic emissions were

accomplished with the TDT BioSig III system. Stimuli

were digitally synthesized at 200 kHz using SigGen soft-

ware applications with the ratio of frequency 2 (F2) to

frequency 1 (F1) constant at 1.25; L1 was equal to 65 dB

sound pressure level (SPL) and L2 was equal to 55 dB SPL

as calibrated in a coupler simulating the mouse ear canal.

After synthesis, F1, F2, and the wideband noise were each

passed through an RP2.1 D/A converter to PA5 program-

mable attenuators. Following attenuation, the signals went

to ED1 speaker drivers which fed into the EC1 electrostatic

loudspeakers coupled to the ear canal through short, flex-

ible tubes with rigid plastic tapering tips. For DPOAE

measurements, resultant ear canal sound pressure was

recorded with an ER10B? low-noise microphone and

probe (Etymotic) housed in the same coupler as the F1 and
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F2 speakers. The output of the ER10B? amplifier was put

into an MA3 microphone amplifier, whose output went to

an RP2.1 A/D converter for sampling at 200 kHz. A fast

Fourier transform (FFT) was performed with TDT BioSig

software on the resultant waveform. The magnitude of F1,

F2, 2f1-f2 distortion product, and the noise floor of the

frequency bins surrounding the 2f1-f2 components were

measured from the FFT. The procedure was repeated for

geometric mean frequencies ranging from 5.6 to 44.8 kHz

(eight frequencies per octave) to adequately assess the

neuroethologically functional range of mouse hearing.

Before data acquisition, individual mice were micro-

scopically examined for evidence of external ear canal and

middle ear obstruction. Mice with clearly visualized,

healthy tympanic membranes were included. Mice were

anesthetized with a mixture of ketamine and xylazine (120

and 10 mg/kg body weight, respectively) by intraperitoneal

injection before all experimental sessions. All recording

sessions were completed in a soundproof acoustic chamber

(lined with Sonex) with body temperature maintained with

a heating pad. Before recording, the operating microscope

(Zeiss) was used to place the stimulus probe and micro-

phone in the test ear, with the recording session duration

limited by depth of anesthesia. Duration of testing was

approximately 1 h per animal.

Auditory brainstem responses (ABRs)

Auditory brainstem responses were measured in response

to tone pips of 3, 6, 12, 24, 32, and 48 kHz presented at a

rate of 11 bursts/s. Auditory brainstem responses were

recorded with subcutaneous platinum needle electrodes

placed at the vertex (noninverting input), right-side mastoid

prominence (inverted input), and tail (indifferent site).

Electroencephalographic (EEG) activity was differentially

amplified (50 or 1009) (Grass Model P511 EEG ampli-

fier), then put into an analogue-to-digital converter (AD1,

Tucker-Davis [TDT]) and digitized at 50 kHz. Each aver-

aged response was based on 300–500 stimulus repetitions

recorded over 10-millisec epochs. Contamination by mus-

cle and cardiac activities was prevented by rejecting data

epochs in which the single-trace electroencephalogram

contained peak-to-peak amplitudes exceeding 50 lV.

During this procedure, 5.0 mg/10.0 g body weight general

anesthetic, Avertin (Tribromoethanol, delivered IP), was

used to immobilize the mice. Normal body temperature

was maintained at 38�C with a Servo heating pad. The

ABR was recorded in a small sound-attenuating chamber.

Microarray gene expression processing

GeneChip

One Affymetrix M430A high-density oligonucleotide array

set (A) was used for each cochlear sample. Each array

contains 22,600 probe sets analyzing the expression of over

14,000 mouse genes. Eleven pairs of 25-mer oligonucleo-

tides that span the coding region of the genes represent

each gene. Each probe pair consists of a perfect match

sequence that is complementary to the mRNA target and a

mismatch sequence that has a single base pair mutation in a

region critical for target hybridization; this sequence serves

as a control for non-specific hybridization. Sequences used

Table 1 (A) Mean auditory brainstem response (ABR) thresholds

(dB SPL) for the four CBA mouse groups, and (B) mean distortion

product otoacoustic emission (DPOAE) amplitudes (dB SPL) for the

same four subject groups

Young Middle-

age

Old

mild HL

Old

severe HL

(A)

ABR/3 kHz 53.3 64.4 78.9 85.0

ABR/6 kHz 26.1 33.2 58.3 73.3

ABR/12 kHz 8.3 15.3 37.8 48.3

ABR/24 kHz 14.4 21.5 45.0 66.7

ABR/32 kHz 21.1 30.6 59.4 71.7

ABR/48 kHz 25.0 35.3 67.8 73.3

(B)

DPOAE/5,600 Hz 0.7 4.7 1.4 -8.5

DPOAE/6,107 Hz 1.7 5.5 -9.8 -21.7

DPOAE/6,660 Hz 12.5 13.7 4.9 -18.5

DPOAE/7,262 Hz 12.2 13.1 2.7 -21.0

DPOAE/7,920 Hz 21.9 23.1 8.1 -14.9

DPOAE/8,636 Hz 17.4 17.5 2.7 -19.0

DPOAE/9,418 Hz 20.8 20.8 10.0 -15.5

DPOAE/10,270 Hz 24.9 25.3 10.5 -13.7

DPOAE/11,200 Hz 22.0 21.4 8.0 -15.1

DPOAE/12,214 Hz 19.2 22.2 14.8 -3.9

DPOAE/13,319 Hz 32.0 31.1 22.3 -0.4

DPOAE/14,525 Hz 27.6 26.7 16.8 -11.2

DPOAE/15,839 Hz 21.8 25.5 9.9 -18.3

DPOAE/17,273 Hz 24.1 25.6 10.3 -21.0

DPOAE/18,836 Hz 30.3 27.9 11.2 -18.2

DPOAE/20,541 Hz 21.0 20.6 7.1 -15.3

DPOAE/22,400 Hz 15.2 14.5 3.5 -19.4

DPOAE/24,427 Hz 6.7 6.0 -5.4 -21.5

DPOAE/26,638 Hz 8.0 5.9 -13.8 -22.6

DPOAE/29,049 Hz 20.1 18.8 10.3 -19.1

DPOAE/31,678 Hz 16.0 14.1 1.0 -21.2

DPOAE/34,546 Hz 10.1 7.9 -2.5 -23.1

DPOAE/37,672 Hz 11.2 7.7 2.2 -22.1

DPOAE/41,082 Hz 10.1 4.9 -7.2 -23.6

DPOAE/44,800 Hz 12.3 8.0 -0.8 -19.8
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in the design of the array were selected from GenBank,

dbEST, and RefSeq.

Samples preparation

RNA extraction After completing the functional hearing

assessments of each animal, it was sacrificed and the

cochlear soft tissue, including the organ of Corti, sup-

porting cells and lateral wall of two cochleae from each

subject were dissected from the temporal bone, pooled

together, and were homogenized in 1 ml of Trizol reagent

per 50–100 mg of tissue using a polytron power homoge-

nizer. The total RNA was isolated from the tissue

homogenates of each sample using a modified Trizol pro-

tocol (Gibco BRL). Each sample was centrifuged at

12,000g for 10 min at 4�C and the clear supernatant was

transferred to a new tube and incubated for 5 min at 15–

30�C to permit the complete dissociation of nucleoprotein

complexes. 0.2 ml of chloroform per each ml of Trizol

reagent was added and the tube was shaken vigorously by

hand for 15 s, then incubated at 15–30�C for 2 min and

centrifuged at 12,000g for 15 min at 4�C. The aqueous

phase was transferred to a new tube, 0.5 ml of isopropyl

alcohol per 1 ml Trizol reagent, then incubated at 15–30�C

for 10 min and centrifuged at 12,000g for 10 min at 4�C.

The supernatant was separated and the RNA pellet was

washed once with 1 ml 75% ethanol (EtOH) for each 1 ml

Trizol reagent. The sample was mixed by vortex and then

centrifuged at 7500g for 5 min at 4�C. The new RNA pellet

was air-dried, dissolved in 10–20 ll of RNase-free water

and incubated at 42�C for 5 min. The RNA quality was

assessed by Agilent Bioanalyzer 2100, and absorbance

measurements at A260/A280 using the nanodrop.

cDNA synthesis For gene array analysis, cDNA synthesis

was performed with 20 lg of total RNA using the Super-

script Choice cDNA Synthesis Kit (Invitrogen). For qPCR,

nuGen cDNA reagents kit was used to generate a high

fidelity cDNA, which was modified at the 30 end to contain

an initiation site for T7 RNA polymerase. Detailed protocol

is found in www.nugeninc.com.

In vitro transcription (IVT) and fragmentation Clean up

of double-stranded cDNA was done according to the Af-

fymetrix GeneChip Expression analysis protocol. Synthesis

of Biotin-labeled cRNA was performed by adding 1 lg of

cDNA to 109 IVT labeling buffer, IVT labeling NTP mix,

IVT labeling enzyme mix and RNase-free water, then,

incubated at 37�C for 16 h. The Biotin-labeled cRNA was

cleaned up according to the Affymetrix GeneChip

expression analysis protocol and a 20 lg of full-length

cRNA from each sample was fragmented by adding 59

fragmentation buffer and RNase-free water, followed by

incubation at 94�C for 35 min. The standard fragmentation

procedure produces a distribution of RNA fragment sizes

from approximately 35–200 bases. After the fragmentation,

cDNA, full-length cRNA and fragmented cRNA were

analyzed by electrophoresis using the Agilent Bioanalyzer

2100 to assess the appropriate size distribution prior to

microarray hybridization.

Target hybridization, washing, staining and scanning

GeneChip M430A probe arrays (Affymetrix) were

hybridized, washed and stained according to the manu-

facturer’s instructions in a fluidics station. The arrays were

scanned using a Hewlett Packard confocal laser scanner

and visualized using GeneChip 5.1 software. Three data

files were created, namely image data (.dat), cell intensity

data (.cel) and expression probe analysis data (.chp) files.

Detailed protocols for sample preparation and target

labeling assays for expression analysis can be found at

http://www.Affymetrix.com.

Real-time PCR (qPCR)

TaqMan� Low Density Array (TLDA) custom-designed

format (48 plates) from Applied Biosystems, Inc. (CA)

were used as duplicates for each gene expression per

sample. Total cDNA concentration of 100 ng of each

sample, RNase-free water and 50 ll of TaqMan� Universal

PCR Master Mix were loaded into each reservoir, a total

volume of 100 ll/reservoir. Each plate was centrifuged and

sealed. Each plate had 18S-specific primer/probe as an

endogenous control. The Applied Biosystems 7900HT

Real-Time PCR system was used to perform the real-time

reaction.

The reactions’ thermal cycle conditions were adjusted as

10 min initial setup at 95�C, followed by 40 cycles, each of

which consisted of 15 s denaturing at 95�C and 1 min

annealing/extend at 60�C. The results of each plate were

analyzed using ABI PRISM software to calculate the CT

value of each well and compare these values in studied

gene wells with endogenous control wells. In this investi-

gation, real-time PCR was done to confirm and quantify

gene expression of 31 out of 35 significant apoptosis-

related genes in the cochlea of different age groups of CBA

mice as revealed by the GeneChip microarrays. The pri-

mer/probes of the other four genes were not available for

the custom-designed TLDA. Detailed information about

protocols is found in www.appliedbiosystems.com.
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Statistical analyses

GeneChip expression analysis

After assessing chip quality, the Affymetrix GeneChip

Operating Software (GCOS) automatically generates the

(.cel) image file from the (.dat) data file. The signal log

ratio of each sample determined the difference in expres-

sion of the studied gene in that sample from the mean

expression of that gene in all samples from the young adult

mice. A signal log ratio of 1.0 indicates an increase of the

transcript level by 2-fold and -1.0 indicates a decrease by

2-fold. A signal log ratio of zero indicates no change.

For the 318 apoptosis-related probe genes on GeneChip,

one-way Analysis of Variance (ANOVA) was used to

compare between the signal log ratio values of the different

subject groups. In addition, fold changes of all samples

were calculated from signal log ratios using the following

equations:

Fold change¼ 2signal log ratioif signal log ratio

�0 or ð�1Þ2ð�signal log ratioÞ
if signal log ratio\0

Real time PCR analysis

The threshold cycle (CT) values were measured to detect

the threshold of each of the 31 significant and 18S genes in

all cochleae samples [28, 29]. Each sample was measured

in duplicate and normalized to the reference 18S gene

expression. The CT value of each well was determined and

the average of the two wells of each sample was calculated.

For samples that showed no expression of the test gene, the

results of the sample are not considered in the calculation.

Delta CT (DCT) for test gene of each sample was cal-

culated using the equation:

DCT ¼ CT Test Gene� CT 18S

Delta delta CT (DDCT) was calculated using the

following equation:

DDCT ¼ DCT Sample� Average DCT young group

The fold change in the test gene expression was finally

calculated from the formula:

Fold change ¼ 2 �DDCTð Þ if DDCT� 0 or ð�1Þ=2 �DDCTð Þ

if DDCT [ 0

A statistical evaluation of qPCR results was performed

using one-way ANOVA to compare between DCT for gene

expression in young adult age, middle age, old age mild

presbycusis, and old age severe presbycusis groups.

For the significantly different genes on the GeneChip and

qPCR, linear regression analyses were employed to find

correlations between the signal log ratio values or fold

change and the functional hearing measurements. These

measurements were the distortion product otoacoustic

emission (DPOAE) amplitudes at low frequencies (5.6–

14.5 kHz), mid frequencies (15.8–29.0 kHz) and high fre-

quencies (31.6–44.8 kHz), in addition to auditory brainstem

response thresholds (ABR) at 3, 6, 12, 24, 32 and 48 kHz.

The GraphPad Prism 4 software was used to perform the

one-way ANOVA and the linear regression statistics.

Results

Microarray gene expression

The GeneChip results contain the gene expression values

of more than 14,000 mouse genes. We selected 318

apoptosis-related genes to compare the levels of cochlear

expression of these genes in different age/hearing loss

mouse subject groups. Thirty eight GeneChip probes rep-

resenting 35 genes showed statistical significance between

different age groups (in three cases, there were two probe

sets for the same genes). These 35 genes may play a role

in cochlear presbycusis through coding proteins that are

constituents of different apoptotic pathways, whose activ-

ity levels change with age or hearing loss. For example,

extrinsic death receptor pathways may be affected by

changes of the expression of the tumor necrosis factor

receptor superfamily, member 12a (Tnfrsf12a), tumor

necrosis factor superfamily, member 13b (Tnfsf13b), Tnf

receptor-associated factor 3 (Traf3), rel oncogene (Rela),

nuclear factor of kappa light chain gene enhancer in B-

cells inhibitor, alpha (Nfkbia), nuclear factor of kappa

light chain gene enhancer in B-cells inhibitor, beta (Nfk-

bib), CASP8 and FADD-like apoptosis regulator (Cflar,

also known as Cflip), CD40 antigen (Cd40), C1qTNF-

related protein-3 (C1qtnf3) and C1qTNF-related protein-5

(C1qtnf5). Extrinsic survival factor withdrawal pathways

may be affected by Jun oncogene (Jun), Mitogen activated

protein kinase kinase kinase 1 (Map3k1), Mitogen acti-

vated protein kinase kinase kinase 11 (Map3k11), Mitogen

activated protein kinase 10 (Mapk10), Dual specificity

phosphatase 9 (Dusp9), Activating transcription factor 3

(Atf3) and BH3 interacting domain, Harakiri, BCL2

interacting protein, apoptosis agonist (Hrk). Intrinsic

pathway-related genes including Calpain 2 (Capn2),

Calpain 7 (Capn7) and P53 may also play a role in

apoptotic changes with presbycusis. Data of the present

study show that in addition to these pathways, mitochon-

drial factors including the B-cell leukemia/lymphoma

(Bcl) family may have a significant relation to presbycusis.

These genes include B-cell leukemia/lymphoma 2 tran-

script variant 1 (Bcl2), B-cell leukemia/lymphoma 2
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related protein A1d (Bcl2a1a), Bcl2-like 1 (bcl2l1), Bcl2-

like 2 (Bcl2l2), BCL2-like 11 (also known as Bim or Bod)

(apoptosis facilitator), transcript variant 1 (Bcl2l11), B-cell

leukemia/lymphoma 3 (Bcl3), B-cell CLL/lymphoma 7B

(Bcl7b), Myeloid cell leukemia sequence 1 (Mcl1) and

Solute carrier family 25 (mitochondrial carrier, brain),

member 14 (Slc25a14). Lastly, some downstream pathway

genes significantly change their expression with age and

hearing loss. These include cytochrome C, somatic (Cycs),

Apoptotic peptidase activating factor 1 (Apaf1), Caspase-1

or IL-1B converting enzyme (Casp1), Caspase 4 apoptosis-

related cysteine protease (Casp4), Caspase 7 (Casp7) and

Caspase 9 (Casp9). In Table 2, the 38 significant apopto-

sis-related probes are classified according to their type of

expression (up- or down-regulation) and their pathway

type.

qPCR

The qPCR is used as a quantitative verification test for gene

expression values obtained from high throughput tech-

niques. In this investigation, 8 genes out of the 35 genes

showing statistical changes in the microarray, showed

comparable results for both the GeneChip and the qPCR.

Comparability of results was defined as cases where fold

changes of gene expression have similar quantitative pat-

terns for the three older subject groups in both GeneChip

and qPCR results. We considered the results not compa-

rable if the direction of regulation of gene expression of

any subject group was different, compared to the young

normal hearing group, between the two different tech-

niques. The eight genes showing comparable changes are:

activating transcription factor 3 (Atf3), B-cell leukemia/

lymphoma 2 (Bcl2), Bcl2-like 1 (Bcl2l1), caspase 4

apoptosis-related cysteine protease (Casp4), Calpain 2

(Capn2), dual specificity phosphatase 9 (Dusp9), Tumor

necrosis factor receptor superfamily member 12a

(Tnfrsf12a), and Tumor necrosis factor superfamily mem-

ber 13b (Tnfsf13b) (Fig. 1a–h). Comparing the gene

expressions of the middle age, old age with mild hearing

loss, and old age with severe hearing loss subject groups,

all these genes except Capn2 showed upregulation with

age and hearing loss. Six genes (Atf3, Bcl2, Bcl2l1, Casp4,

Capn2 and Tnfrsf12a) showed down-regulation of the

middle age group relative to the young adult baseline

group, followed by upregulation of the old age groups with

hearing loss.

Correlation between gene expression and hearing

measurements

Linear regression tests were used to analyze the correla-

tions between hearing measurements (ABR and DPOAE)

and gene expression for both GeneChip and qPCR. Table 3

shows the correlation findings between the GeneChip

expression data (signal log ratios of the 35 significant

genes) with the functional hearing measurements. Regres-

sion plots utilized data of all the mice in the study. Notice

in Table 3 that most of the qPCR-significant genes (as

Atf3, Casp4, Capn2, Dusp9, Tnfrsf12a and Tnfsf13b)

showed strong correlations between the genomic data and

the hearing measurements. For instance, note that for the

gene Bcl2ala, very strong correlations were discovered,

with r values ranging from 0.61 to 0.77. Similarly, for gene

Slc25a14, r values ranged from 0.45 to 0.65. Specific

examples of some statistically significant correlations are

given graphically in Fig. 2a–g.

Discussion

Gene expression changes for apoptotic pathways in the

cochlea have been investigated and these new findings

point to the importance of different pathways in playing a

role in cell death in the aging cochlea, as shown in Fig. 3.

Relative to noise-, aminoglycoside- and cisplatin-induced

hair cell damage, the age-related gene expression changes

discovered in the present investigation appear to share a

downstream final pathway via the release of cytochrome C

into the cytoplasm and casp3 activation [30, 31]. Major

upstream caspase activation, such as casp8 and casp9, has

also been reported, but the protective effect of their inhi-

bition, especially casp8, seems to be minor. Intracellular

upstream events involving caspase activation, including

JNK and c-jun activation have been explored and a pro-

tective effect of their inhibition was found for

aminoglycoside- and noise-induced, but not cisplatin-

induced, hair cell death [31–37]. P53 suppression was

found to have a protective effect for cisplatin-induced

apoptosis in both cochlear and vestibular hair cells [31, 38].

Data supported a protective effect of Bcl2 in the inner ear

and demonstrated the translocation of Bax from cytoplasm

to the mitochondria in hair cells of rats treated with cis-

platin. Similar findings were reported in aged gerbils where

immunohistochemical studies showed decreased expres-

sion of Bcl2 and increased expression of Bax in hair cells

[39]. Other factors, such as mitochondrial uncoupling

proteins (UCPs) [40] and nuclear factor kappaB (NF-jB)

[41] play roles in protecting cochlear cells from amino-

glycoside- and noise-induced damage, respectively.

GeneChip results are considered semi-quantitative and

must be confirmed by qPCR for firm conclusions. The

percentage of GeneChip results confirmed by qPCR varies

across studies. In the present investigation, after validation

of the GeneChip results with a novel qPCR array, the gene

expression changes of eight genes were confirmed. These
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genes were Tnfrsf12a, Tnfsf13b, Dusp9, Atf3, Bcl2,

Bcl2l1, Casp4 and Calp2 (Fig. 3). The discovery that most

of the qPCR validated genes showed strong correlations

between their transcriptional expression changes and the

functional hearing tests (ABR and DPOAE), adds more

implications for focusing on possible therapeutic

Table 2 Statistical data for the 38 probes (35 genes) that showed significant gene expression differences (main effects) for the cochlear samples

of all the subject groups from the gene microarrays

Probeset name Symbol P-value; F

Probeset up-regulated with age/hearing loss

Tumor necrosis factor receptor superfamily, member 12a Tnfrsf12a 0.001**; 8.33

Tumor necrosis factor receptor superfamily, member 12a Tnfrsf12a 0.001**; 8.84

Tumor necrosis factor superfamily, member 13b Tnfsf13b 0.036*; 3.73

Rel oncogene Rela 0.035*; 3.78

Nuclear factor of kappa light chain gene enhancer in B-cells inhibitor, alpha Nfkbia 0.002**; 7.92

Nuclear factor of kappa light chain gene enhancer in B-cells inhibitor, beta Nfkbib 0.034*; 3.80

CASP8 and FADD-like apoptosis regulator Cflar/Cflip 0.04*; 3.6

CD40 antigen Cd40 0.042*; 3.55

Jun oncogene Jun 0.0125*; 5.12

Mitogen activated protein kinase kinase kinase 1 Map3k1 0.047*; 4.4

Mitogen activated protein kinase kinase kinase 11 Map3k11 0.028*; 4.05

Dual specificity phosphatase 9 Dusp9/Mkp4 0.042*; 3.56

Activating transcription factor 3 Atf3 0.0001***; 12.85

C1q and tumor necrosis factor related protein 3 C1qtnf3 0.024*; 4.25

C1q and tumor necrosis factor related protein 5 C1qtnf5 0.016*; 4.81

Transformation related protein 53 P53 0.014*; 4.97

BH3 interacting domain, Harakiri, BCL2 interacting protein, apoptosis agonist Hrk 0.005**; 6.39

B-cell leukemia/lymphoma 2 (Bcl2), transcript variant 1 Bcl2 0.042*; 3.53

B-cell leukemia/lymphoma 2 related protein A1d Bcl2a1a 0.001**; 8.83

B-cell leukemia/lymphoma 2 related protein A1d Bcl2a1a \0.0001***; 31.11

Bcl2-like 1 Bcl2l1 0.0135*; 5.01

Bim/Bod/BCL2-like 11 (apoptosis facilitator), transcript variant 1 Bcl2l11 0.016*; 4.80

Bim/Bod/BCL2-like 11 (apoptosis facilitator), transcript variant 1 Bcl2l11 0.043*; 3.52

B-cell leukemia/lymphoma 3 Bcl3 0.039*; 3.62

Myeloid cell leukemia sequence 1 Mcl1 0.033*; 3.84

Caspase-1/IL-1B converting enzyme Casp1 0.029*; 4.03

Caspase-9 Casp9 0.036*; 3.73

Caspase 4/11, apoptosis-related cysteine protease Casp4/11 0.008**; 5.70

Apoptotic peptidase activating factor 1 Apaf1 0.034*; 3.82

Cytochrome c, somatic Cycs 0.018*; 4.61

Probeset down-regulated with age/hearing loss

Tnf receptor-associated factor 3 Traf3 0.03*; 3.96

Mitogen activated protein kinase 10 Mapk10 0.024*; 4.23

Calpain 2 Capn2 0.002**; 7.725

Calpain 7 Capn7 0.049*; 3.36

Bcl2-like 2 Bcl2l2 0.002**; 8.02

B-cell CLL/lymphoma 7B Bcl7b 0.034*; 3.82

Caspase 7 Casp7 0.035*; 3.78

Solute carrier family 25 (mitochondrial carrier, brain), member 14 Slc25a14 0.009**; 5.6

F The F ratio for the main effects of the ANOVAs

* 0.01 \ P \ 0.05

** 0.001 \ P \ 0.01

*** 0.0001 \ P \ 0.001
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applications of the observed expression changes of these

genes on neurodegenerative pathways involved in cochlear

hearing loss.

Tumor necrosis factor (TNF) and TNF receptor family

Research efforts for the past two decades have revealed the

existence of a superfamily of 18 genes encoding 19 TNF

ligands that signal through 30 receptors. One ligand has

been found to bind to as many as five different receptors.

This superfamily is associated with several disease condi-

tions including acute and chronic inflammatory and genetic

diseases [42–44]. TNF family and their corresponding

receptors play important roles in cell death or survival,

proliferation and maturation. A specific characteristic of all

members of the TNF superfamily is that, through

Fig. 1 The averages of fold

changes of gene expression of

the eight genes where GeneChip

and real time PCR results in

middle age; old mild hearing

loss; and old severe hearing loss

subject groups were the same.

a Atf3. b Bcl2. c Bcl2l1.

d Casp4/11. e Capn2.

f Dusp9/Mkp4. g Tnfsf13b.

h Tnfrsf12a. Comparing the

gene expression between the

three older mouse groups; note

that all of these cell death-

related genes were upregulated

with age and hearing loss;

except Capn2. Error bars are

SEM. MA = middle age group;

OM = old mild hearing loss

group; and OS = old severe

hearing loss group. Statistical

significance of these gene

expression changes can be

found in Table 2
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recruitment of TNF receptor-associated factors (TRAFs),

they all activate NF-jB, a transcription factor that causes

suppression of apoptosis, cell survival and proliferation.

Some TNF ligands can activate both apoptosis and anti-

apoptosis cell survival pathways according to certain con-

ditions. The balance between these two types of pathways

gives this superfamily the ability to act as switches for cell

death or survival [43, 45].

The cytokine tumor necrosis factor-like weak inducer of

apoptosis (TWEAK) is a member of the TNF superfamily.

In addition to its known characteristic of inducing cell

proliferation, survival and migration, TWEAK can also

induce apoptosis [46–52]. Tumor necrosis factor receptor

superfamily, member 12a (Tnfrsf12a), also known as

Tweak receptor (TweakR) or fibroblast growth factor-

inducible 14 receptor (Fn14 receptor), a type I

Fig. 1 continued
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transmembrane protein, is currently the only known

receptor to bind TWEAK.

Tnfrsf12a is expressed by endothelial cells and fibro-

blasts in a variety of adult tissues as heart, kidney, lung and

placenta [43, 53–55]. Recent studies showed that this

receptor is involved in the pathogenesis of several human

diseases as atherosclerosis, stroke, rheumatoid arthritis and

cancer [52, 55]. Up-regulation of both TWEAK and its

receptor may induce neurodegeneration through mediation

of NF-jB which can play a pro-apoptotic role in addition to

its well-known role as an anti-apoptotic factor [50, 56–60].

In the present investigation, we report for the first

time that the Tnfrsf12a is expressed in CBA mouse

cochlea and this expression is up-regulated with and

correlated to age and hearing loss. The up-regulation of

this receptor may play a significant role in induction of

cochlear cell death and age-related hearing loss.

Tumor necrosis factor superfamily, member 13b

(Tnfsf13b) (also known as B lymphocyte stimulator

(BLyS), B-cell activation factor (BAFF), TNF homo-

logue that activates apoptosis (THANK), TNF and Apol-

related leukocyte-expressed ligand 1 (TALL1 or zTNF4)

has typical structural characteristics of a TNF superfamily

member. Tnfsf13b binds to three types of receptors, all of

which are type III transmembrane proteins: Transmem-

brane activator and calcium modulator ligand interactor

(TACI; Tnfrsf13b), B-cell maturation antigen (BCMA)

and BAFF receptor (BAFF-R; Tnfrsf13c). Tnfsf13b is

expressed in T cells, monocytes, macrophages and den-

dritic cells [61–64] while its receptors are expressed in B

and T cells. Strictly regulated expression of Tnfsf13b is

essential to maintain B cell survival without triggering

autoimmunity through stimulation of the anti-apoptotic

effect of NF-jB [65, 66]. Overexpression of Tnfsf13b has

been reported in autoimmune diseases as in systemic

lupus erythematosus [67, 68]. Our results indicate that

Tnfsf13b has significantly higher expression in old aged

hearing loss groups. This may indicate the autoimmune

factor in age-related hearing loss.

MAPK and dual-specificity MAPK phosphatase

(MKP) families

Mitogen-activated protein kinases (MAPKs) are a family

of kinases that transduce signals from cell membrane to

nucleus in response to a wide range of stimuli, including

stress. MAPK signaling pathway can modulate gene

expression, mitosis, proliferation, motility, metabolism

and programmed cell death. MAPKs are classified into

four subfamilies: Extracellular signal-regulated kinases

(ERKs), c-Jun N-terminal kinases (JNKs), p38-MAPKs

and ERK5, also known as Big MAP kinase 1 (BMK1).

Different subfamily members control different apoptoticT
a
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signaling pathways, relaying different types of stimulus

information, which can lead either to cell death or survival

[69–76]. Because the magnitude and duration of MAPK

activation has a crucial effect on physiological outcomes [77,

78], negative regulatory mechanisms by dephosphorylation

of either threonine or tyrosine residues is extremely impor-

tant. In mammalian cells, dual-specificity MAPK

phosphatases (MKPs) are a subfamily of ten catalytically

active proteins that form part of a complex regulatory net-

work controlling the MAPK pathway [76, 79].

DUSP9 is a cytoplasmic extracellular signal regulated

kinase (ERK)-specific MKP that may also be able to

inactivate p38 MAPK [76, 79–84]. The DUSP9 gene is on

the X chromosome. Deletion of this gene causes a lethal

embryonic abnormality, indicating that DUSP9 performs

an essential role during placental development. Though

DUSP9 does not lead to a significant changes in the basal

phosphorylation state of MAPKs in adult kidney and testis

[84] or play any role to control JNK activation in response

to oxidative stress [85], it is possible that it is required to

regulate MAPK signaling in adult tissue during undefined

conditions of stress [76]. Our investigation shows that there

is a significant upregulation of DUSP9 expression in CBA

mouse cochlea with age and hearing loss. This may be

Fig. 2 a–g Representative

examples of the correlation

between signal log ratios of

different gene expressions in

cochlear GeneChip samples and

hearing measurements (ABR

and DPOAE) for different

frequencies. Low-frequency and

mid-frequency DPOAEs in f
and b represent the average

DPOAE amplitudes in the

frequency ranges of 5.6–

14.5 kHz; and 15.8–29.0 kHz;

respectively. Statistical

significance of these; including

P values and r (correlation

coefficient) values can be found

in Table 3

1314 Apoptosis (2008) 13:1303–1321
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explained as a defensive mechanism to block MAPK sig-

naling and extrinsic apoptotic pathways due to stress in

presbycusis.

Activating transcription factor 3 (Atf3)

Activating transcription factor 3 (Atf3) is a member of the

CREB (cyclic adenosine monophosphate-responsive ele-

ment binding protein)/ATF family. It is induced in vivo in

response to seizure, toxic chemicals, mechanical injury and

ischemia or in vitro as exposure to growth-stimulating

factors, cytokines, homocysteine, oxidized low density

lipoprotein, tumor necrosis factor a (TNFa) [86–92], UV,

anisomycine and cyclohexamide [88, 93–95], suggesting

that Atf3 plays a role in the stress-responsive pathway.

Previous reports indicated that JNK signaling pathways are

involved in the induction of Atf3, however, further

investigations showed that interleukin 6 (IL-6) and p53

also play a role in Atf3 induction [88, 96, 97]. Atf3 has

different activities as a homodimer or heterodimers. As a

homodimer, Atf3 acts as a transcriptional repressor. Atf3

forms heterodimers with Atf2 [98], c-Jun [99], JunB [100],

and JunD [101, 102]. In its heterodimeric form, Atf3 can

act as activator or repressor according to the promoter

context [88].

The target promoters of Atf3 are CHOP (also known as

GADD153) [103, 104] and Atf3 itself which may explain

the transient nature of its induction. Atf3 and c-Jun have

been implicated in the survival, repair and neurite out-

growth, but they may also trigger apoptosis under certain

conditions by repressing the CRE (Cyclic-AMP response

element)-dependent gene expression of cell survival factors

[105–109]. As Atf3 is specifically induced in sensory and

motor neurons after nerve injury, it may be considered as a

neuronal marker of nerve injury in the nervous system

[110].

Our results show that Atf3 expression is upregulated

with age and hearing loss in the CBA mouse cochlea. This

may be a sign of cellular stress, induction of stress-

response apoptotic pathways, or a tool for cell survival.

B-cell leukemia/lymphoma family (Bcl2)

The Bcl2 family consists of approximately 15 members.

The family can be divided into anti-apoptotic and pro-

apoptotic subgroups that share one or more Bcl2 homology

domains (BH1–BH4). The anti-apoptotic members [Bcl2,

Bcl-xL (the long isoform encoded by Bcl2l1), Bcl-W

(Bcl2l2), Mcl1 and A1/Bfl1 (Bcl2a1)] all have BH1 and

BH2 domains. They are thought to exert their effects by

stabilizing the mitochondrial membrane potential and

preventing the release of cytochrome C and apoptosis

inducing factor (AIF). The release of cytochrome C into

the cytoplasm would result in activation of an apoptosome

complex composed of APAF1, cytochrome C and desoxy-

ATP. This complex can activate casp9 which then cleaves

and activates downstream effector caspases as casp3.

Activated casp3 initiates cell death by degrading different

cell proteins and DNA fragments through the cleavage of

CAD (Caspase activated DNase). Bcl2 and Bcl-xL can

block cell death caused by a wide variety of apoptotic

stimuli as chemotherapeutic drugs, ultraviolet radiation,

heat shock, free radicals, calcium ions, TNF and interleu-

kin-3 [111–113]. The pro-apoptotic members [Bax, Bak,

Bok, Bid, Bad, Bcl-xS (the short isoform encoded by

Bcl2l1), Bim (Bcl2l11), Bik, Blk and Hrk] all have the

BH3 domain which is necessary for their pro-apoptotic

effect. Interaction between anti-apoptotic and pro-apoptotic

members participates in the determination of the sensitivity

of a cell to apoptosis [114–117].

While Bcl-xL (Bcl2l1) appears to be the most dominant

anti-apoptotic factor in developing central nervous system

and adult neurons, both Bcl2 and Bcl-xL are expressed in

Fig. 3 A simplified schematic diagram for different apoptotic

pathways showing the position of each gene or group of genes in

these pathways; highlighting the importance that these results may

have for future therapeutic manipulations of the expression of some of

the significant genes to reduce apoptosis in aging sensory systems.

Genes whose expression was significantly altered with age and

hearing loss in the present investigation are indicated with red font

(Please see on-line version for color coding)
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embryonic neurons [118]. Bcl-xL expression levels have

been found to be high prior to birth, undetectable in neo-

natal tissue, low in young adult brain, and elevated again in

the human aged brain [119], while over-expression of Bcl2

prevents neomycin-induced hearing loss in adult mouse

[120]. Our findings showing the higher expressions of Bcl-

xL and Bcl2 in aged mice are consistent with these pre-

vious findings and suggest protective effects of these genes

during cochlear aging. The significantly higher expression

of these genes with age and hearing loss in CBA mouse

cochlea may be a defensive response to increased exposure

to age-related oxidative stress.

Caspase family

Caspases are a family of cysteine proteases that play a

critical role in mammalian apoptosis, activation of cyto-

kines and induction of inflammation. To date, 11 human

and 10 murine caspases have been identified. They can be

subdivided into two main groups: Upstream or initiator

caspases (Casp1, 2, 4, 5, 8, 9, 10, 12, 13) and downstream

or effector caspases (Casp3, 6, 7). Upstream caspases are

responsible for caspase activation or regulation of inflam-

matory processes and they have long N-terminal

prodomains [Caspase recruitment domains (CARDs) or

death effector domains (DEDs)]. Downstream caspases

cause the actual demolition of the cell and they tend to

have short or absent domains [121]. Another classification

of caspases is Interleukin-1b converting enzyme (ICE)

caspases (Human Casp1, 4, 5, 13, 14 and mouse casp11 and

12) and CED-3 caspases (Casp3, 6, 7, 8, 9 and 10) [122].

ICE (Casp1) family plays an important role in induction

of cellular inflammation through interleukin-1b (IL-1b)

and interleukin-18 (IL-18) production in addition to their

role at the onset of apoptosis [123]. Casp11 is the murine

homolog of human casp4 with 59% identical amino acid

sequence [124]. Casp11 acts as an upstream activator of

Casp1 as it does not process pro-IL-1b directly, but only

through activation of Casp1. Mice deficient in Casp11 have

a similar phenotype as Casp1-/- mice while overexpres-

sion of either Casp1 or 11 induces apoptosis which can be

prevented by Bcl2. Unlike Casp1, Casp11 mediates the

lipopolysaccharide (LPS) neurotoxicity [125] and regulates

cell migration [126]. In Fas- and TNF-mediated apoptosis,

the Casp1 proteases family seem to act downstream of

Casp8 and Casp10 and upstream to the Casp3 proteases

family [127]. Human Casp4 may also be involved in a

different apoptotic pathway as it has been found that to be

activated by agents that cause stress of the endoplasmic

reticulum (ER), inducing activation of Casp3 [124].

Our results show that Casp4 (also known as Casp11) is

upregulated in CBA mouse cochlea with age and hearing

loss. This may play an important causative role for

presbycusis through activation of Casp3. Recent studies

showed that hearing loss due to cisplatin ototoxicity can be

prevented by Casp3 and Casp9 inhibitors [128]. Therefore,

inhibition of human Casp4 or mouse Casp11 may also play

a role in slowing down or prevention of age-related hearing

loss.

Calpain family

Calpains are cytoplasmic cysteine proteases similar to

caspases. Fourteen human genes have been identified as

members of the calpain family. These genes express sev-

eral tissue-specific isoforms (n-calpains and two ubiquitous

isoforms [l-calpain (Calp1) and m-calpain (Calp2)]. Calp1

binds to calcium with relatively high affinity while Calp2

binds to calcium in relatively low affinity [129–131].

Unlike caspases, they require calcium ions for activity and

have no sequence preferences at cleavage sites [130]. In

addition, calpains have different substrates than caspases,

including IjBa [145], calpastatin, p53, Casp9, and Casp12.

Calpains play an important role in apoptosis and patho-

logical conditions. Calp1 and Calp2 are well-documented

factors in pathogenesis of acute neurological injuries and

Alzheimer’s disease.

Calp2 is involved in different apoptotic pathways. In the

endoplasmic reticulum (ER) stress pathway, ER stress

causes release of calcium that leads to activation of Calp2

which in turn causes cleavage of Procasp12 to generate

active Casp12. Casp12 activates the downstream Casp3, 6

and 7 leading to cell death. Indeed, this apoptotic pathway

is one of the pathways responsible for kanamycin-induced

cochlear hair cell death [132]. In a different apoptotic

pathway, Calp2 causes fragmentation of Bcl-xL (Bcl2l1)

and Bcl2 in addition to cleavage of Bax to increase the

Bax/bcl2 ratio, a step that mediates cytochrome C release,

activates Casp3 and initiates the apoptotic execution.

In this investigation, we have found that Calp2 is down-

regulated with age and hearing loss. This down-regulation

may play a role in the previously reported up-regulation of

Bcl-xL and Bcl2 as a protective mechanism against apop-

tosis. The Calp2 down-regulation, in addition to the non-

significant change of the other calpains, may exclude the

endoplasmic reticulum stress apoptotic pathway as a cause

of presbycusis.

Age changes in the brain

Gene expression profiling of the aging brain has revealed

some provocative similarities with the results of the present

investigation of the sensory cells of the inner ear. Specif-

ically, expression changes of mouse genes involved in

inflammatory responses, oxidative stress and neurotrophic

support have been observed, which can activate a variety of
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apoptotic pathways [133, 134]. It is interesting to note that

some evidence suggests that an enriched environment or

caloric restriction in mice can decrease the age-related

upregulation of apoptosis-related genes. A study of gene

expression changes in the aging human retina also had

some parallels with the current investigation, as changes in

genes involved in energy metabolism, stress responses, cell

growth, and neuronal transmission/signaling were observed

[135].

Conclusion

The present investigation suggests that apoptosis in

cochlear age-related hearing loss is induced by more than

one pathway. The significant changes in gene expression

related to extrinsic apoptotic pathways exceeded those of

the intrinsic pathways. Therapeutic strategies to decrease

the rate of progression or to prevent age-related hearing

loss could focus on extrinsic pathways; particularly the

death receptor pathway and survival factor withdrawal

pathway. For example, antagonists of TNF-related factors

such as TWEAK and BAFF or a TweakR blocker could be

administered to inhibit apoptosis in the aging inner ear.

Therapeutic maneuvering of MKP4, MAPK and c-Jun

might also help achieve this goal. In addition, overex-

pression of Bcl2 or Bcl-xL and/or induction of caspase-4

antagonists may have important biotherapeutic impacts.
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