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Abstract

The aim of the current study is to analyze the relationship between presbycusis and the immune system, which is affected by

pathogenic environments, and to devise a strategy for the prevention of presbycusis using the SAMP1 mouse, an animal model

for accelerated senescence that shows both immunological dysfunction and hearing loss caused by the impairment of spiral

ganglion cells in the cochlea. When these mice were bred in different pathogenic environments, we found that the development

of age-related diseases such as presbycusis was delayed in the mice bred under clean conditions. Prednisolone administration

showed no significant prevention of the development of presbycusis in the mice, suggesting that autoimmune mechanisms are

not involved in the acceleration of presbycusis. It is conceivable that pathogen-induced infections impose a severe stress on the

host, impairing the host’s immune functions. A reduction in the number of pathogens may therefore prevent the acceleration of

the aging process. These findings suggest that not only the gene backgrounds but also immune functions affect the development

of presbycusis in SAMP1 mice. Further studies into the relationship between systemic immune functions and the neuro-

generation system may provide additional information about the treatment for age-related diseases.
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1. Introduction

There has been no strategy for the prevention and

treatment of age-related hearing loss, presbycusis,

which is seen concomitantly with physical signs of

aging (Staecker et al., 2001).

There is a widespread presumption based on

clinical observations that presbycusis is an inherited

disorder, and that genetic factors may influence both

the rate and severity of the hearing loss (Gates and

Myers, 1999; Paparella et al., 1975). However,

the genetic factors are still unclear, since more than

one pathologic process may be acting upon

0531-5565/03/$ - see front matter q 2002 Elsevier Science Inc. All rights reserved.

PII: S0 53 1 -5 56 5 (0 2) 00 1 77 -8

Experimental Gerontology 38 (2003) 319–325

www.elsevier.com/locate/expgero

* Corresponding author. Tel.: þ81-6-6993-9429; fax: þ81-6-

6994-8283.

E-mail address: ikehara@takii.kmu.ac.jp (S. Ikehara).

http://www.elsevier.com/locate/expgero


the auditory system (Staecker et al., 2001), and

environmental factors are also involved (Chen et al.,

1998).

Since an age-related decline of various physical

functions is generally preceded by a decline in

immune functions, it is suggested that immune

impairment may be a cause of age-related disease

(Hosono et al., 1997). Laboratory animals show

longer lifespans in immunologically clean environ-

ments as a result of the absence of immune stress,

which is mainly due to infections by pathogenic

invaders (Hosono et al., 1997).

Of the animal models for presbycusis, the SAMP1

mouse, a strain of the senescence-accelerated mouse

(SAM), is most suitable by virtue of its progressive

hearing loss. The mouse shows the early onset of

hearing loss and accelerated senescence including

diminished physical activity, alopecia, periophthal-

mic lesions, cataracts, skin ulcers, and increased

lordokyphosis of the spine (Saitoh et al., 1994) as well

as shortened lifespan (Takeda et al., 1981; Hosokawa

et al., 1984) in an inherited pattern (Hosono et al.,

1997; Saitoh et al., 1994). Molecular studies, such as

transfer experiments of the Akv-1 gene (Hosono et al.,

1997) and apoA-II gene (Kitado et al., 1994) are in

progress. Age-accelerated somatic mutations were

also found in the hypoxanthine phosphoribosyl

transferase (Hprt) locus of splenic lymphocytes

(Odagiri et al., 1998).

This mouse strain shows an early occurrence of

accelerated dysfunctions of immunocompetent cells,

particularly T cells (Hosono et al., 1997; Hosokawa

et al., 1987) followed by age-related diseases. The

time onset of those age-related diseases and the mean

survival time of SAMP1 mice also depend on the

environment, which can consist of specific pathogen-

free (SPF) conditions or conventional (CV) conditions

(Flood and Morley, 1992).

We have previously shown that allogeneic bone

marrow transplantation, which replaces ab-

normal hematopoietic stem cells with normal

hematopoietic stem cells and normalizes immune

functions, has a preventive effect on the early

development of presbycusis of SAMP1 mice (Iwai

et al., 2001). These findings suggest that some types

of accelerated presbycusis result not from defects

in the cochlea but from defects in the immune

system.

The aim of the current study is to analyze the

mechanisms of presbycusis related to immune

functions and to devise a strategy for the prevention

of presbycusis using the animal model of accelerated

senescence bred in different pathogenic environments.

2. Materials and methods

2.1. Animals and breeding conditions

Inbred SAMP1 mice were donated by the Chest

Disease Research Institute, Kyoto University, Kyoto,

Japan and bred under SPF conditions in our animal

facilities where regular examinations confirmed the

exclusion of the following specific pathogens: Der-

matophytes, Citrobacter rodentium, Pasteurella

pneumotropica, Bordetella bronchiseptica, Coryne-

bacterium kutscheri, Pseudomonas aeruginosa, Sal-

monella spp., Sraphylococcus aureus, Mycoplasma

pulmonis, Clostridium piliforme, Helicobacter hepa-

ticus, Helocobacter bilis, Giardia muris, Spironucleus

muris, Syphacia spp., Aspiculuris tetraptera, Mouse

hepatitis virus, Sialodacryoadenitis virus, and Sendai

virus. The mated mice were divided into two groups:

one group continued to breed under SPF conditions

and the other group were bred under conventional

(CV) conditions. The first offspring of these groups of

mated mice were audiologically, gerontologically,

and immunologically examined at 2, 5, 8, and 11

months of age.

2.2. Steroid administration

The SAMP1 mice bred under CV conditions were

randomly assigned either to a group that was

administered prednisolone as a steroid hormone or

to an untreated control group. Prednisolone sodium

phosphate (Spectrum Quality Products, Inc., Gardena,

CA) (15 mg) was dissolved in a standard 500 ml

drinking water bottle for the steroid group of mice

(approximately 5 mg/kg/day/mouse). This dose has

been shown to maintain elevated systemic levels (Van

der Kraan et al., 1993; Hunneyball et al., 1986). The

steroid hormone was delivered to the 2-month-old

mice in the steroid group for 3 months. The untreated

control mice were given regular tap water in their

bottles.
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2.3. Evaluation of degree of senescence

A grading system for SAMP1 mice, which had

been established by Hosokawa et al. (1984), was

adopted to evaluate the development of senescence.

The criteria for grading were the behavioral findings

(reactivity and passivity), body surface (skin ulcers

and glossiness, coarseness and loss of hair), eyes

(periophthalmic lesions, corneal opacity, ulcers of the

cornea, cataract), and spine (lordokyphosis of the

spine). In this method, there are five grades: 0 points

(intact) to 4 points (severe). The scores are totaled to

produce a grade for each animal at 8 months old.

2.4. Splenic lymphocyte counts and mitogen responses

Splenic lymphocytes were counted at 8 months of

age just before mitogen response. The proliferative

responses of the cells to mitogens were evaluated by

counting the incorporation of [3H]-thymidine into

DNA, as previously described (Iwai et al., 1987). The

spleen cells (2 £ 105) were cultured for 72 h in 96-well

flat-bottomed microculture plates (Corning Glass

Works 25860, Corning, NY) with concanavalin A

(Con A; 2.5 mg/ml, Calchem-Behring Corp., San

Diego, CA) or phytohemagglutinin (PHA; 25 mg/ml,

Difco, Detroit, MI, USA) in RPMI-1640 medium

containing 10% FCS, 5 £ 1025 M 2-mercaptoethanol

(2-ME; Wako, Osaka, Japan) and 2 mM glutamine,

100 U/ml penicillin, and 100 mg/ml streptomycin.

[3H]-thymidine (0.5 mCi; 1 Ci ¼ 3.7 £ 1010 Bq, New

England Nuclear, Boston, MA) was introduced to each

culture 16 h prior to termination. The cells were then

aspirated from the wells with a semiautomatic sample

collector and dried on filters, and their radioactivity was

then determined using a liquid scintillation counter.

2.5. Auditory brainstem response

The auditory function of the mice was evaluated by

their auditory brainstem response (ABR) at 2, 5, 8, and

11 months old. ABR is an evoked potential measure-

ment of auditory activity of the cochlea, auditory nerve,

and central auditory pathway in the brainstem. It is

often used as a technique in auditory aging research in

humans and laboratory animals (Backoff and Caspary,

1994; Costa et al., 1990). Prior to testing, the mice were

anesthetized with sodium pentobarbital (60 mg/kg,

i.p.) and atropine sulfate (0.5 mg/kg, i.p.). Otoscopic

and histopathological examinations revealed that the

tympanic membranes or tympanic cavities were

normal in all mice. Needle electrodes were inserted

into the occiput, vertex and hindpaw (ground). For the

kinetics study, the click stimuli (0.1 ms) were produced

using a sound stimulator (Neuropack S MEB-5504,

Nihon Kohden, Tokyo, Japan). The stimulus was set at

the rate of 20 clicks per second, and averaged 1000

clicks. The peak frequency of the stimulus was set to

4000 Hz since SAMP1 mice have been reported to

show the age-related hearing impairment above

2000 Hz (Saitoh et al., 1994). Stimuli of pure tones of

5, 10, and 20 kHz were also used for the mice of 8

months old. The speaker was located 100 cm from the

tragus of the stimulated ear. The frequency and

intensity (dBpeSPL) of the stimuli at the eardrum of

each mouse were confirmed using an oscilloscope and a

calibration microphone in a preliminary study. ABRs

were obtained by decreasing the stimuli in 2- or 4-dB

steps from a maximum intensity of 106 dBpeSPL. The

threshold was visually defined as the lowest intensity

producing a clearly visible first wave corresponding

with activity recorded directly from the cochlea and

auditory nerve.

2.6. Statistical analyses

Values presented are the mean ^ SD. The signifi-

cant differences were determined using Student’s

paired t test in the splenic lymphocytes per spleen,

ABR and mitogen responses or using the Mann–

Whitney U test in total grading score.

The care and use of the mice reported in this study

were approved by a grant application agency (grants-

in-aid for scientific research (11671712 and

14571648) from the Ministry of Education, Science,

Sports and Culture and a special research grant (C1)

from the Japan Private School Promotion Foundation.

3. Results

3.1. Delayed development of senescence in SAMP1

mice bred under SPF conditions

Thegradingscorefor thedegreeofsenescenceof two

groups bred under SPF or CV conditions was evaluated
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at theageof8monthsasshowninTable1.TheSPFmice

showed a score of 3.0 ^ 2.3, which was significantly

different from the score of 6.5 ^ 2.3 in the CV mice.

3.2. Preservation of immune functions in SAMP1 mice

bred under SPF conditions

There was a significant difference in the mean

numbers of splenic lymphocytes between SPF mice

(2.41 ^ 1.33 £ 108 cells/spleen) and CV mice

(1.18 ^ 0.53 £ 108 cells/spleen) at the age of 8

months (Table 1).

The spleen cells of SPF mice (8 months old)

showed significantly higher responses to T cell

mitogens (Con A and PHA) than those of CV mice

at the same age (Fig. 1).

3.3. Delay of accelerated hearing loss in SAMP1 mice

bred under SPF conditions

SPF mice showed significantly higher mean

thresholds of click stimuli at the ages of 5 months

(43:3^10:9 dBpeSPL), 8 months (55:0^11:4 dBpeSPL),

and 11 months (62.5 ^ 9.1 dBpeSPL) than CV mice at

the same age (57.0 ^ 12.2, 70.7 ^ 13.4, and

75.8 ^ 10.8 dBpeSPL, respectively), while similar

mean thresholds were obtained in the SPF and CV

mice at the age of 2 months (44.1 ^ 7.3 and 46.9^

8.7 dBpeSPL, respectively), as shown in Fig. 2.

The SPF and CV mice at the age of 8 months also

showed significantly different thresholds in relation to

the pure tones of 5 kHz (75.5 ^ 2.6 and 99.5 ^

13.7 dBpeSPL, respectively), 10 kHz (65.5 ^ 1.0 and

91.3 ^ 12.1 dBpeSPL, respectively), and 20 kHz

(66.0 ^ 4.2 and 82.0 ^ 7.1 dBpeSPL, respectively),

as shown in Fig. 3.

Table 1

Effect of breeding under SPF conditions on development of

senescence and disappearance of splenic lymphocytes in SAMP1

mice (8 months old)

Breeding

conditions

Total grading

scores ðn ¼ 18Þ

Number of splenic

lymphocytes (n þ 8)

CV 6.5 ^ 2.3 1.18 ^ 0.53 £ 108

SPF 3.0 ^ 2.3* 2.41 ^ 1.33 £ 108**

Values presented are the mean ^ SD. *p ¼ 0.0011 between

groups of CV conditions and SPF conditions using Mann-Whitney

U test. **p ¼ 0.029 between groups of CV conditions and SPF

conditions using Student’s paired t test.

Fig. 1. Effect of breeding conditions on mitogen responses in the

SAMP1 mice. The proliferative responses of splenic lymphocytes to

T cell mitogens (PHA and ConA) were evaluated by counting the

incorporation of [3H]-thymidine into DNA. The data are shown as

ratios of cpm in the presence of Con A/cpm with medium alone or

cpm in the presence of PHA/cpm with medium alone. Each group of

SPF (black bars) and CV (white bars) conditions includes 8 mice (8

months old). Values are shown as mean ^ SE. *p ¼ 0.0198 in Con

A response and **p ¼ 0.0227 in PHA response between groups of

CV conditions and SPF conditions using Student’s paired t test.

Fig. 2. Effect of breeding under conditions on kinetics of accelerated

hearing loss for click sounds in the SAMP1 mice. The auditory

function of the SAMP1 mice was evaluated by their ABR using click

sounds at 2, 5, 8, and 11 months old under SPF (black dots) or CV

(white dots) conditions. *p . 0.05 at 2 months old (n ¼ 11 of CV

mice, n ¼ 11 of SPF mice), **p ¼ 0.015 at 5 months old (n ¼ 12 of

CV mice, n ¼ 11 of SPF mice), and ***p ¼ 0.002 at 8 months old

(n ¼ 19 of CV mice, n ¼ 16 of SPF mice) and at months (n ¼ 15 of

CV mice, n ¼ 17 of SPF mice) using Student’s paired t test.
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3.4. No effects of prednisolone administration

on accelerated hearing loss in SAMP1 mice

In the next step, we examined the ABR thresholds

of the SAMP1 mice in relation to age-related hearing

loss with or without prednisolone administration.

However, no difference in the mean thresholds was

observed in the CV mice with steroid administration

(53.8 ^ 9.1 dBpeSPL) or without administration

(52.2 ^ 12.2 dBpeSPL), as shown in Fig. 4.

4. Discussion

First, we have demonstrated using the grading

system (Hosokawa et al., 1984) that the development

of age-related diseases and decreased lymphocyte

counts in the spleen are delayed in the SAMP1 mice

when bred under SPF conditions (immunologically

clean conditions), in contrast to those when bred

under CV conditions (pathogenic environmental

conditions) (Table 1). Second, we have shown that

the age-related impairment of T cell functions is

preserved in the mice under SPF conditions in

comparison with the mice in CV conditions (Fig. 1).

Third, we have demonstrated that the age-related

auditory dysfunction is also delayed in the mice bred

under SPF conditions (Figs. 2 and 3). Pathogens

present under CV conditions cause infection, which

puts stress on and impairs the host immune function

and thus accelerates the aging process, which is

preceded by an early decline of immune functions

(Hosono et al., 1997). Although the SAMP1 mouse

shows accelerated presbycusis (Saitoh et al., 1994) in

an inherited pattern, our findings suggest that not only

the genetic background but also the immune environ-

ment affect the development of presbycusis. In

addition, presbycusis may be similar to age-associated

diseases such as diabetes mellitus, hypertension, and

malignant neoplasm, since these are influenced by the

lifestyle or habits of the host.

On the other hand, it has been reported that

SAMP1 mice show an early increase in the levels of

autoantibodies due to the age-related loss of immune

regulation by T cells or due to the ‘obtrusive’

function of highly sensitized T cells, and that

immunological stresses on the T cells by pathogenic

invaders accelerate autoimmune reaction (Hosono

et al., 1997). We have previously shown that the

deposits of autoantibodies produced by abnormal

lymphocytes in the cochlea contribute to the

development of the hearing loss in the MRL/lpr

mouse, which is a model of hearing loss and

systemic lupus erythematosus (SLE) (Iwai et al.,

1998; Lee et al., 2000). Therefore, we examined

Fig. 3. Effect of breeding conditions on development of accelerated

hearing loss for pure tones in the SAMP1 mice. The auditory

function of the SAMP1 mice (8 months old) was evaluated by their

ABR using pure tones when bred under SPF (black dots) or CV

(white dots) conditions. *p ¼ 0.017 at 5 kHz, **p ¼ 0.007 at

10 kHz, and ***p ¼ 0.018 at 20 kHz using Student’s paired t test.

Each group consists of four mice.

Fig. 4. No effects of prednisolone administration on accelerated

hearing loss in SAMP1 mice. The auditory function of the SAMP1

mice was evaluated by their ABR using click sounds at 2 and 5

months old with (grey dots) or without (black dots) prednisolone

administration. *p . 0.05 at 2 months old (n ¼ 11 of both groups)

or 5 months old with ðn ¼ 10Þ or without ðn ¼ 12Þ prednisolone

administration.
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whether autoimmune mechanisms contribute to

accelerated presbycusis as a consequence of immune

dysfunction in the mice bred under CV conditions

using prednisolone as a steroid hormone that has

been shown to treat acute and autoimmune hearing

loss in guinea pig (Lamm and Arnold, 1998), MRL/

lpr mice (Trune et al., 1999a,b) and humans

(Kanzaki and Ouchi, 1983). The results, however,

indicated that prednisolone administration did not

significantly delay the development of presbycusis

in the CV mice (Fig. 4). Therefore, it is likely that

no autoimmune mechanism participates in the

acceleration of presbycusis in SAMP1 mice.

These findings raise the question as to why

systemic immune functions affect the cochlear func-

tion. We have demonstrated that T cells in the

systemic circulation infiltrate the inner ear and

proliferate locally as a consequence of the immune

response in a mouse model of graft-versus-host

disease using BALB/c and C57BL/6 mice (Iwai

et al., 1999). Subramanian et al. (2001) have

demonstrated that activated T cells enter the central

nervous system and modulate the development and

function of bone marrow-derived macrophages as

antigen-presenting cells in SCID mice transplanted

with rat T cells and/or bone marrow cells. It has been

shown that macrophages support the regeneration of

the central and peripheral nervous system (Lazarov-

Siegler et al., 1996; David et al., 1990); the cells

secrete Interleukin-1 (IL-1) (Dinarello, 1984) and

mediate the release of nerve growth factor (NGF) in a

variety of cells such as Schwann cells (Hahn et al.,

1997; Saporito, 1993; Fagan and Gage, 1990). NGF

leads to increased neural survival and regeneration

(Fagan and Gage, 1990; Capsoni et al., 2000; Thoenen

et al., 1987) and is involved in age-related neuro-

degeneration diseases such as Alzheimer’s disease

(Capsoni et al., 2000; Connor and Dragunow, 1998).

Komeda et al. (1999) have indicated that the blockage

of IL-1 activity in the cochlea induces spiral ganglion

degeneration. We have immunohistochemically

demonstrated apoptosis of spiral ganglion cells

followed by cell degeneration in the aged SAMP1

mice (Iwai et al., 2001).

It is therefore conceivable that, when immune

functions are preserved under clean environments, T

cells improve the neuro-degeneration system in

the inner ear, thereby delaying both accelerated

degeneration of the spiral ganglion cells and acceler-

ated presbycusis in SAMP1 mice, although there has

been no evidence until now that the immune system is

necessarily involved in the development of presby-

cusis, which has been considered to be an incurable

disease. Further studies into the relationship between

T cell functions and neuro-degeneration may provide

additional information pertinent to the treatment of

age-related diseases.
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