ANTIOXIDANTS & REDOX SIGNALING
Volume 16, Number 3, 2012

© Mary Ann Liebert, Inc.

DOI: 10.1089/ars.2011.4037

ORIGINAL REseaArRcH COMMUNICATION

Oxidative Stress, Inflammation, and Autophagic Stress
as the Key Mechanisms of Premature Age-Related
Hearing Loss in SAMP8 Mouse Cochlea

Julien Menardo,?*

Jérome Bourien!? Jérome Ruel!? Guy Rebillard? Tangui Maurice,* Jean-Luc Pue

Yong Tang,"?* Sabine Ladrech,? Marc Lenoir,*? Francois Casas,® Christophe Michel;?
112 and Jing Wang'*?

Abstract

Aims: In our aging society, age-related hearing loss (ARHL) or presbycusis is increasingly important. Here, we
study the mechanism of ARHL using the senescence-accelerated mouse prone 8 (SAMP8) which is a useful
model to probe the effects of aging on biological processes. Results: We found that the SAMPS strain displays
premature hearing loss and cochlear degeneration recapitulating the processes observed in human presbycusis
(i.e., strial, sensory, and neural degeneration). The molecular mechanisms associated with premature ARHL in
SAMPS8 mice involve oxidative stress, altered levels of antioxidant enzymes, and decreased activity of Com-
plexes I, II, and IV, which in turn lead to chronic inflammation and triggering of apoptotic cell death pathways.
In addition, spiral ganglion neurons (SGNs) also undergo autophagic stress and accumulated lipofuscin. In-
novation and Conclusion: Our results provide evidence that targeting oxidative stress, chronic inflammation, or
apoptotic pathways may have therapeutic potential. Modulation of autophagy may be another strategy. The fact
that autophagic stress and protein aggregation occurred specifically in SGNs also offers promising perspectives
for the prevention of neural presbycusis. Antioxid. Redox Signal. 16, 263-274.

Introduction .
Innovation

IN INDUSTRIAL COUNTRIES, age-related hearing loss (ARHL)
or presbycusis is a major health problem, with hearing
impairment affecting 16% of the adult population, and over
half of those over the age of 60 (26). Presbycusis can vary in
severity from mild to severe, the more severe forms affecting
communication and contributing to social isolation, depres-
sion, and possibly dementia. There is a general agreement that
cumulative effects of aging on hearing are exacerbated by
genetic and environmental factors such as noise or drug ex-
posure. Due to environmental noise and increasing life ex-
pectancy, the prevalence of presbycusis is expected to grow
dramatically.

Based on observations of temporal bones from patients
with presbycusis, Schuknecht (31) proposed classification into
three major forms, namely sensory, neural, and strial ARHL,

To date, only caloric restriction (33) and the over-
expression of endogenous caspase inhibitor XIAP (40) or
catalase (34) in mice have been shown to modulate ARHL.
Our results provide further evidence that targeting oxidative
stress, chronic inflammation, or apoptotic pathways, which
have been successful following noise- and ototoxic drug
exposure (9, 32, 39) may be efficient at preventing ARHL.
Another strategy may be the modulation of autophagy, as
done with rapamycin fed to extend the lifespan in the mice
(11). Our finding that SGN degeneration shares common
mechanisms with other neurodegenerative diseases (i.e.,
autophagic stress and protein aggregation) offers promising
perspectives for the prevention of neural presbycusis.

according to the location of damage (sensory epithelium,
spiral ganglion, or stria vascularis). Several mouse models
have been produced to mimic the different forms of human
ARHL (23). While these models exhibit degeneration of the

organ of Corti and spiral ganglion neurons (SGNs), damage to
the stria vascularis is generally not observed (21-23). Since the
incidence of strial presbycusis has been estimated at 30% in
humans (31), the lack of stria vascularis injury limits their use
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1 month vs. 6 months for OHCs, and 1 month vs. 12 months for SGNs. (To see this illustration in color the reader is referred
to the web version of this article at www liebertonline.com/ars).

as models of presbycusis. Moreover, the delay in hearing loss
in these models entails a thorough investigation over the en-
tire life span of the mouse, which is both labor-intensive and
expensive.

The senescence-accelerated mouse strain is derived from
AKR /] mice by continuous brother-sister mating selected for
a phenotype toward either accelerated senescence or resis-
tance senescence (37). There are nine strains of senescence
accelerated prone mice (SAMP) and three strains of senes-
cence-accelerated resistant mice (SAMR). Among these
strains, SAMPS8 mice have drawn attention for use as models
in gerontological research (7).

The present study was designed to study the influence of
age on hearing loss in SAMP8 mice. When compared with
SAMR1, SAMPS8 mice display premature ARHL and co-
chlear degeneration recapitulating those observed in human
presbycusis (i.e., sensory, neural, and strial degeneration).
Based on complementary approaches combining biochem-
istry, and cellular and molecular biology, we show that
premature SAMP8 ARHL is due to oxidative stress, alter-
ations of antioxidant enzymes, and decreased activity of
Complexes I, II, and IV, which in turn lead to chronic in-
flammation and triggering of apoptotic cell death pathways.
Moreover, autophagic stress and lipofuscin accumulation
only accounts for degeneration of SGNs, but not injury of
sensory or striatal cells.

Results
Phenotypic description

Age-related functional impairment of hearing. The com-
pound action potential (CAP), reflecting the synchronous
activity of the auditory nerve fibers, and distortion product
otoacoustic emissions (DPOAESs) which reflect outer hair cell
(OHCs) function, showed a predominant high frequency

ARHL in both the SAMP8 and SAMR1 mice (Supplementary
Fig. S1; Supplementary Data are available online at
www.liebertonline.com/ars). The CAP threshold increased
and DPOAE decreased 3 months earlier in SAMPS than in
SAMRI1 mice at 20 kHz (Fig. 1A).The time course of CAP
threshold shift was 1.6 times faster in the SAMPS8 strain than
in SAMRI mice (5.1 versus 3.1 dB/month, respectively), with
a decrease in DPOAE amplitude occurring 4 times faster (4.6
versus 1.1 dB/month). While the endocochlear potential (EP)
generated by the stria vascularis fell dramatically at a rate of
4.3mV/month between the 3™ (102mV +5.45) and the 18"
month (38.3mV +1.66) in SAMPS, it only slightly decreased
(0.5 mV/month) in SAMRI.

Morphological correlates. Counting of the sensory hair
cells was performed using scanning electron microscopy
(SEM, see Supplementary Fig. S2). Loss of sensory hair cells
occurred earlier in SAMPS8 than in SAMR1 mice [1 vs. 6
months for OHCs, and 6 vs. 12 months for inner hair cells
(IHCs)]. However, the time course of degeneration was
similar between strains [4.3 vs. 4.2 percentage points (pp)/
month for OHCs, and 8.3 vs. 7.5 pp/month for IHCs in
SAMPS8 and SAMRI, respectively] (Fig. 1B). The measure-
ment of SGN density (Supplementary Fig. S3) revealed ear-
lier (3 vs. 12 months) and more severe degeneration of SGNs
in SAMP8 compared to SAMRI. SGN loss reached 60% in
SAMPS versus 20% in SAMRI1 by 18 months. The degener-
ation of SGNs began 6 months before that of IHCs in SAMPS,
demonstrating that the loss of SGNs was not secondary to
IHC death (Fig. 1B).

Ultrastructural assessments.

Degeneration of the organ of Corti. Transmission electron
microscopy (TEM) was used to investigate the status of the
hair cells in SAMPS8 mice. The hair cells and their innervation
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FIG. 2. Ultrastructural anal-
ysis of SAMPS organ of Corti.
(A and B) Normal appearing
IHC (I) and OHC (O) at 1
month. Arrowheads point to
stereociliary bundles. Lower
inset in A: Normal innervation
patterns of the IHC, with a
synapse between an afferent
dendrite (a) and the THC (I)
while a lateral efferent ending
(e) contacts the afferent fiber.
Inset in B: Normal innervation
below the OHC. Note that a
large efferent ending (e) and a
small afferent buttons (a) con-
tact the OHC. Upper inset in A:
Normal appearing IHC mito-
chondria with well-
defined cristae. (ip: inner pillar
cell). (C, D) 3 months. The
cytoplasm of both the THC (in
C) and the OHC (in D) show
numerous vacuoles (asterisks).
(E-H) 6 months. (E) An IHC
with damaged stereocilia (ar-
rowhead) and electron-dense
cytoplasm. Note the swollen
afferent dendrites (asterisks)
surrounding the IHC basal
pole. (F) OHCs showing dis-
torted cell bodies and chro-
matin compaction. One OHC
(right) is being extruded from
the epithelium. Inset: A dam-
aged mitochondria with al-
tered cristae and a broken
lateral wall (arrow). (G, H)
Abnormal electron-dense ef-
ferent terminals contacting an
IHC (G) and an OHC (H). (I)
Organ of Corti at 12 months.
The OHCs are missing and
have been partially replaced
by Deiters cells (D). The IHC is
vacuolated and the afferent
dendrites (asterisks) at its basal
pole are swollen. Note the
apoptotic body floating in the
endolymphatic space (arrow-
head). Inset: A macrophage
underneath the basilar mem-
brane. (ep: external pillar; tC:
tunnel of Corti). Scale bars: A—
F=10 um; G, H=1um;
I=20um; Insets in A, B,
I=1 um; Upper Insets in B and
E=100nm. 30 cochleae have
been used for TEM analysis
(n=3 per age and per strain).

1 month

had a healthy appearance at 1 month (Figs. 2A and 2B, and months, the IHCs generally had an electron dense cytoplasm
lower insets of Figs. 2A and 2B). The mitochondria displayed  (Fig. 2E), and the remaining OHCs presented apoptotic con-
a normal aspect with well defined lamellar cristae (Upper densed cell body and chromatin compaction (Fig. 2F). Mi-
inset Fig. 2A). By 3 months, the IHCs and the OHCs generally ~ tochondrial cristae were generally undistinguishable and
showed intracytoplasmic vacuoles (Figs. 2C and 2D). At 6 some mitochondria even displayed a broken lateral wall.
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FIG. 3. Ultrastructural analysis of SGNs, stria vascularis, and fibrocytes in SAMPS8 (A-B, D-F, H-M) and SAMR1 (C, G,
0O) SGNs, stria vascularis, and fibrocytes. (A-C) SGNs. (A) 1 month (SAMPS). Shape and intracellular content of SGNs
appear normal (n: SGN nucleus; S: satellite cell). (B) 12 months (SAMP8). The SGNs show cell body retraction, a deformed
nucleus, cytoplasmic vacuoles, disorganized myelin (asterisks), mitochondria with disorganized or absent cristae (arrowheads),
and electron-dense cytoplasmic inclusions (arrows) often associated with a lipid-like droplet. Upper left inset: An autophagic
vacuole. Upper right inset: A dense inclusion with lipid-like droplet. Note the accumulation of membrane lamellae and
particles, and the lipid-like droplet (arrow). Lower inset: Two mitochondria with degenerated cristae, but preserved lateral
wall. (C) 12 months (SAMR1). The SGNs have a normal appearance with a round nucleus and a homogeneous cytoplasmic
content. (D-G) stria vascularis. (D) (SAMPS) at 1 month, the three layers of strial cells, marginal (Mc), intermediate (Ic), and
basal (Bc) cells, and the blood vessels (Vx) appear normal. (E) 6 months (SAMPS). Intercellular spaces (arrowheads) between
intermediate cells are enlarged. (F) 12 months (SAMPS). Enlarged intercellular spaces (arrowheads) and perivascular edema
(asterisks) are seen. (G) 12 months (SAMR1). The stria vascularis has a normal appearance. (H-O) Fibrocytes of the spiral
limbus and types II and IV fibrocytes. (H, J, L) (SAMP8) at 6 months, all types of fibrocytes appeared normal. (I, K, M) 12
months (SAMPS). Intercellular spaces (asterisks) are enlarged between the fibrocytes of the spiral limbus and between type II
and IV fibrocytes. (O) 12 months (SAMRI1). Normal appearing type IV fibrocytes. Scale bars: A, B, C=5 ym; D-G =10 ym; H-
O =5 um. Insets=500nnm. 30 cochleae have been used for TEM analysis (1 =3 per age and per strain).

Swollen afferent dendrites surrounded the basal pole of the
IHCs (Fig. 2E), and dark efferent terminals were observed
under both IHCs (Fig. 2G) and OHCs (Fig. 2H). At 12 months
(Fig. 2I), most of the OHCs were lost and the IHCs were
profoundly damaged. Between 12 and 18 months, macro-
phages were visualized within and around (Fig. 2I) the organ
of Corti. In SAMR1, the degeneration of the organ of Corti
occurred later (after 6 months, not shown).

Degeneration of the spiral ganglion. One-month-old SAMPS8
SGNs showed a normal appearance (Fig. 3A). At 12 months,
the remaining SGNs showed cell body retraction, cytoplasm
vacuolization, and nucleus deformation (Fig. 3B). SGN mito-
chondria were disorganized with missing cristae (lower inset

Fig. 3B). Abundant lipofuscin-like cytoplasmic inclusions
containing electron-dense particles often associated with
lipid-like droplets were observed in the SGNs (Fig. 3B and
upper right inset of Fig. 3B). In addition, characteristic double-
membrane-bound autophagic vacuoles were present in the
damaged neurons (Upper left inset of Fig. 3B). No damage
was observed in SAMR1 SGNs at 12 months (Fig. 3C).

Degeneration of the stria vascularis and fibrocytes. No ultra-
structural abnormality was detected in the stria vascularis of
1-month-old SAMPS8 mice (Fig. 3D). At age 6 months (Fig. 3E),
enlargement of the intercellular spaces of the intermediate cell
region occurred, and at 12 months, perivascular edema and
enlarged blood vessels were seen in this layer (Fig. 3F). In
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FIG. 4. Oxidative stress, mi- A
tochondriogenesis, and mito- 5 -
chondrial bioenergetics. (A, D,
G-I) MDA levels (A), catalase
(D), SOD (G), CS (H), and com-
plex I(CxI), complex II (CxII),
and COX activities (I) in whole
cochlear extracts from SAMRI1
and SAMP8 mice at 1 and 9
months of age (n=8 per age and
per strain). (B, C) Confocal im-
ages of transverse cryostat sec-
tions of the organ of Corti (upper 3]
and middle panels) and SGNs
(lower panel) from SAMR1 (B) 0
and SAMPS (C) mice at 1 (upper
and lower left) and 9 (middle and

lower right) months (n=4 per age L *
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(blue). Note that one OHC is absent (middle panel in F) and that the catalase expression is strongly decreased in remaining sensory
hair cells and in SGNs (middle and lower right in F) of 9-month-old SAMPS8 cochleae. D, Deiters cells; I, Inner hair cells; O, outer
hair cells. Scale bars: Upper and middle images=35 um, lower images=25 ym. (To see this illustration in color the reader is
referred to the web version of this article at www.liebertonline.com/ars).

contrast, no strial abnormalities were observed in SAMR1
cochleae at 12 months (Fig. 3G).

Fibrocytes located in the spiral limbus and type I and type
IV fibrocytes located in the area of the spiral ligament had a
normal appearance in 6-month-old SAMP8 mice (Figs. 3H, 3],
and 3L). Retraction of fibrocyte cell bodies was detected at 12
months (Figs. 31, 3K, 3M). SAMRLI fibrocytes showed a normal
appearance until 12 months (Fig. 30).

Cellular and molecular mechanisms

Oxidative stress. To determine whether oxidative stress
contributed to the ARHL, the levels of malondialdehyde
(MDA), a lipid peroxidation product were measured at 1
month (where almost all of the hair cells are present) and at 9

months. MDA levels were significantly higher in 1-month-old
SAMPS8 cochleae than those in SAMR1 (4.25+0.6 vs.
1.79+0.18 nmol/mg, p <0.001, Fig. 4A). At9 months, although
MDA was decreased in SAMPS8 cochleae, probably due to the
loss of cochlear cells in older cochleae, it remained higher
when compared with SAMR1 (2.84+0.38 vs. 1.69 +0.28 nmol/
mg, p<0.05, Fig. 4A). This was then confirmed by confocal
microscopy analysis of 7, 8-dihydro-8-oxoguanine (8-oxoG), a
key biomarker of oxidative mitochondrial and nuclear DNA
damage (38). When compared with 1-month-old SAMRI co-
chleae (Upper and lower left Fig. 4B), 1-month-old SAMPS8
cochleae exhibited higher density dot-like 8-0x0G staining in
the cytoplasm of sensory hair cells, supporting cells, and
SGNs, suggesting mitochondrial DNA damage (upper and
lower left Fig. 4C). At 9 months, 8-OxoG staining increased in
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FIG. 5. Cytochrome c oxidase
expression and Bax activation.
(A-F) confocal images of trans-
verse cryostat sections of the
organ of Corti (A, D), spiral
ganglion (B, E) and stria vascu-
laris (sv, in C, F) from SAMPS8
mice at 1 (A-C) and 12 months
(D-F) (n=4 per age and per
strain). The sections were la-
beled for cytochrome c¢ oxidase
(green) and for parvalbumin
(red) and counter-stained with
Hoechst 33342 dye (blue). (A-C)
Normal pattern of intense
punctate staining for cyto-
chrome c oxidase in 1-month-old
SAMPS. (D-F) show decreased
or an absence of cytochrome c
oxidase staining in 12-month-old
SAMPS8. Note that the three
OHC:s (in D) and some ganglion
neurons (SGNs, in E) are absent.
The arrows (in E) indicate the
condensed nuclei in the SGNs.
The arrowheads (in D) point to
macrophages below the basilar
membrane. The asterisk (in E)
indicates a swollen SGN. b,
border cell; bm, basilar mem-
brane, DC, Deiters cells; ip, inner
pillar cell; op, outer pillar cell;
Sc, satellite cell, sl, spiral liga-
ment. Scale bars: A-F=10 um.
(G) Representative ~ Western

SAMP8

™ %R

12 months
6 months
12 months

blots using antibodies to the ac-

tivated form of Bax (Bax-NT) or f-actin in SAMR1 and SAMPS at 1, 6, and 12 months. (H) Histograms representing the Bax-
NT activation in both strains. Data are expressed as level of activation with respect to that in 1-month animals. The cochleae
were collected from SAMR1 and SAMP8 mice at 1, 6, and 12 months (n=7 per age and per strain). (To see this illustration in
color the reader is referred to the web version of this article at www.liebertonline.com/ars).

both strains, with SAMP8 (middle and lower right Fig. 4C)
displaying higher levels of staining than SAMR1 (middle and
lower right Fig. 4B). In addition, nuclear DNA damage was
seen in some SGNs (lower right Figs. 4B and 4C).

Antioxidant functions. Antioxidant enzymes such as cat-
alase and superoxide dismutase (SOD) are recruited to
counteract free radical damage. No significant difference
was found between the catalase activity measured in 1-
month-old SAMR1 cochleae (reference 100% +13.2) and that
in SAMPS8 (90.5% £14.8). At 9 months, whilst the catalase
activity had been maintained in SAMRI1 (93.4% +13.9), it was
strongly reduced to 47.7 % +7.1 in SAMPS8 (p <0.05, Fig. 4D).
These results were supported by confocal microscopy ob-
servations showing very strong catalase expression in the
cytoplasm of sensory hair cells, SGNs (upper and lower left
Figs. 4E and 4F) and strial cells (not shown) of both strains at
1 month. At 9 months, although the expression remained
unchanged in SAMR1 (middle and lower right Fig. 4E), it
strongly decreased in SAMPS8 (middle and lower right Fig.
4F). Finally SOD activity was lower at 1 month in SAMP8
than in SAMR1 (62.1% £8.6 vs. 100% +18.6), and further re-
duced in both strains at 9 months (67.1%%11.26 and
55% * 6.4 respectively, Fig. 4G).

Early mitochondrial dysfunction

Mitochondriogenesis. As a marker of mitochondrial density,
we assessed the activity of the enzyme citrate synthase (CS).
When compared with 1-month-old SAMRI (arbitrarily re-
ferred to as 100%), CS activity was about 2-fold higher in
SAMPS of the same age (195% +17.3, Fig. 4H). Thereafter, the
CS activity increased with age in SAMR]1 to reach 206% +24.8
at 9 months (p <0.001), but it strongly decreased in SAMPS to
reach 109.4% 9.9 at the same age (p <0.001). To confirm that
the observed increase in CS activity reflected an increased
number of mitochondria, we assessed the amount of mito-
chondrial DNA (mt-DNA). This value was normalized to the
relative amount of nuclear DNA. The mt-DNA /nuclear DNA
ratio time course correlated with that of CS activity (Supple-
mentary Fig. S4), thus supporting the notion of an overactive
mitochondriogenesis in SAMPS cochlea at young ages.

Mitochondrial bioenergy. To investigate the mechanisms
underlying the observed mitochondrial damage, we com-
pared the enzymatic activity of complexes I and II and cyto-
chrome ¢ oxidase (COX) between 1 and 9 months. Here, we
report a significant decrease (p <0.01) in complex I activity in
SAMPS, but not in SAMR1 mice cochleae (Fig. 4I). In contrast,
complex II activity was reduced in both strains (SAMR1:
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FIG. 6. Macrophages and pro-
inflammatory cytokines. (A, B) Con-
focal images of transverse cryostat
sections of the cochleae from SAMPS8
mice at 1 month (A) and at 12 months
(B). The cryostat sections were double-
labeled for CD45 (green) allowing
macrophage identification and for
MAP2 (red) to identify the hair cell
body. Sections were counterstained
with Hoechst 33342 to label nuclear
chromatin (blue). Note that no CD45
(green) positive cells were observed in
1-month-old SAMPS cochleae (in A).
The CD45 positive cells were seen in

the scala tympani (ST), the scala ves- |EIalixtsBiglelsity]

tibuli (SV), scala media (SM), the bas-

ilar membrane (bm), and the stria C 210, BAMR
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SAMPS (in B). White box focused on £

lipofuscin granules in the spiral gan- |5 5.

glion (sg). oC, organ of Corti; Rm, |&

Reissner’s membrane, Scale bar: A and |2 120+

B=100 um. (C, D) quantitative analy- [E

sis of IL-1 beta and TNF-alpha by g 90
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p<0.05, SAMPS: p <0.0009), making it unlikely to fully ac-
count for the premature SAMP8 ARHL. Similarly, both
strains showed reduced COX activity, however, this was
significantly more marked in SAMPS8 (p <0.01, Fig. 4I). The
observed reduced COX activity was confirmed by confocal
microscopy analysis. One-month-old SAMPS8 cochleae ex-
hibited punctuated COX staining in the cytoplasm of sensory
hair cells, SGNs, and strial cells (Figs. 5A-5C). At 12 months,
this labeling disappeared (Figs. 5D-5F). Note that COX-
negative cochlear cells harbored apoptotic condensed nuclei
(Fig. 5E).

Apoptotic cell death. To determine whether mitochon-
drial impairment contributed to the apoptotic cell death, we
studied the expression of the pro-apoptotic protein Bax.
Western blotting showed a significant increase in levels of Bax
expression from as early as 6 months in SAMPS (Figs. 5G and
5H). The same phenomenon occurred later in SAMR1 mice, at
12 months (Figs. 5G and 5H).

Macrophage invasion and proinflammatory cyto-
kines. An interesting finding was the invasion of cochlear
scalae and injured tissues by CD45-positive macrophages
(Figs. 5D, 6B). Assessment of proinflammatory cytokine (i.e.,
TNF-alpha, IL-1f, and IL-6) and anti-inflammatory cytokine
(IL-10) levels showed a significant increase in the levels of IL1-
f (Fig. 6C) and TNF-alpha (Fig. 6D) from as early as 6 months
in SAMPS, while such an increase was only seen in 12- or 18-
month-old SAMRI1 cochleae.

Autophagic stress. We assessed the level of autophagic
stress using the marker microtubule-associated protein light
chain 3-II (LC3-II). Cytosolic LC3-I staining was diffuse and
uniformly distributed throughout the cytoplasm of cochlear
cells in 1-month-old SAMRI mice: (i.e., detected in the organ
of Corti) (Fig. 7A), the spiral ganglion (Fig. 7B), and the stria
vascularis (Fig. 7C). In SAMPS8 mice, however, an intense and
punctuated LC3-II staining was observed as early as 1 month
in SGNs (Fig. 7E), but not in the organ of Corti or the stria
vascularis (Figs. 7D and 7F). At 6 and 12 months, this punc-
tiform staining increased in the SGNs (Fig. 7H), but remained
absent from the organ of Corti (Fig. 7G) and the stria vascu-
laris (Fig. 7I). Western blot semi-quantitative analysis showed
that LC3- I expression did not change until 12 months in either
strain, when the LC3-II/LC3-I ratio significantly increased in
SAMRI mice. In contrast, an overexpression of LC3-II was
seen as soon as the first month in SAMP8 mice, the level of
which was maintained until 12 months (Figs. 7]-7K).

Lipofuscin  accumulation. Autofluorescent lipofuscin
granules were present in the cytoplasm of SGNs (Fig. 8A)
from both strains. Quantitative analysis was performed by
measuring the ratio of lipofuscin volume/SGN cytoplasm
volume. At 1 month, this ratio was significantly higher in
SAMPS8 compared to SAMR1 (0.8% vs. 0%, p<0.05, Fig. 8B)
and significantly increased as early as 6 months (3.8%)
reaching 13% at 18 months (Fig. 8B). The age-related increase
of lipofuscin total volume in SAMRI1 had a slower rate of
growth (Fig. 8B). Interestingly, the SGNs containing abundant
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Stria FIG. 7. Autophagic stress in
the spiral ganglion neurons.
(A-I) Confocal images of cryo-
stat sections of the organ of
Corti (A, D, G), spiral ganglion
(B, E, H) and stria vascularis
(Stria, C, F, and I) from 1-
month-old SAMRI1 (A--C) and
SAMP8 (D-F) and from 12-
month-old SAMPS8 (G-I). The
sections were labeled for LC3
(green) and counterstained with
rhodamine-conjugated phalloi-
din (red) and with Hoechst
33342 (blue). (A-C) Diffuse
pattern of LC3 staining in 1-
month-old SAMRI1. (D-I) dif-
fuse pattern of LC3 staining in
the organ of Corti (D, G) and
the stria (F, I), and punctuate
staining for LC3 in the SGNs (E,
H) in 1-month- (E) and 12
month- (H) old SAMPS8. bc,
border cells; bm, basilar mem-
brane; DC, Deiter’s cells; ip, in-
ner pillar cells; op: outer pillar
cells; sc, satellite cells; sl, spiral
ligament. Scale bars: A, D, and
G=50um, B, E, H C, F,
I=10um. (J) Representative
western blot using antibodies
to the LC3 or f-actin in both
strains at 1, 6, and 12 months.
(K) Histogram representing the
change in LC3-II/LC3-I ratio
during the aging process in
both strains. The cochleae were
collected from SAMRI1 and
SAMPS8 mice at 1, 6, and 12
months (n=7 per age and per
strain). (To see this illustration
in color the reader is referred to
the web version of this article at
www liebertonline.com/ars).
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lipofuscin granules generally displayed apoptotic condensed
nuclei (Fig. 8A).

Discussion

The SAMPS strain is a widely used animal model of ac-
celerated senescence and various disorders observed in aging
humans (37). Here, we have shown that the SAMPS8 strain
displays early hearing loss with the sequential degeneration
of OHCs, SGNs, stria vascularis, and ultimately IHCs that
mimic human presbycusis (31). The pronounced reduction in
EP probably results from stria vascularis and fibrocyte dam-
age, as both are involved in the endocochlear cycling of po-
tassium ions (35). The fact that SGN loss occurred before IHC
death indicates that degeneration of SGNs is not a conse-
quence of hair cell loss.

Oxidative stress and mitochondrial dysfunction

Oxidative damage in lipid, nucleic acids, and protein has
been implicated as a causative factor for a wide variety of age-

related diseases (19). In this study, 1-month-old SAMPS8 co-
chleae already exhibit very higher levels of oxidative stress as
demonstrated by the overproduction of MDA and 8-oxoG,
with the higher level of oxidative damage products being
maintained at least up to 9 months. Since the increase of ROS
can impair antioxidant function, we also probed the activity of
catalase and SOD. Consistent with the study of Wei and col-
laborators (41) in skin fibroblasts, we found a drastic decline
of catalase and SOD activities, and catalase expression in aged
SAMPS cochleae (9 months). Altogether, these results provide
strong evidence that oxidative stress contributes to the pre-
mature ARHL in SAMPS8 mice.

We then probed mitochondriogenesis and found high
levels of mt-DNA and CS activity in SAMP8 mice at 1 month,
suggesting that the cells attempt to maintain normal respira-
tory chain activity by strong early stimulation of mitochon-
driogenesis. Together with the reduced CS activity and levels
of mt-DNA in older animals, the decrease in activity levels of
complex I, II, and COX also attests to a dramatic impairment
of mitochondria function. The decrease of COX activity with
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FIG. 8. Lipofuscin accumula-
tion in spiral ganglion neurons.
(A) Confocal images of transverse
cryostat sections of the SGNs
from SAMP8 mice at 12 months.
Hoechst 33342 dye was used to
label chromatin (blue). Note the
autofluorescence lipofuscin gran-
ules in the cytoplasm of SGNs.
The asterisks indicate the con-
densed and pyknotic nuclei (scale
bars: A=10um). (B) Quantifica-
tion analysis of lipofuscin accu-
mulation. The ratio of total
lipofuscin volume relative to the
total neuron cytoplasm volume is
plotted as a function of age. In
SAMRI, lipofuscin accumulation
is approximated with a first-order
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exponential fit (R*=0.96). Note the absence of saturation in SAMPS. Here, the best approximation was a linear fit (R*=0.95).
The cochleae were collected from SAMR1 and SAMP8 mice at 1, 3, 6, 9, 12, and 18 months (n=>5 per age and per strain). (To
see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com/ars).

age also fits well with previous data from temporal bone
analysis of patients with presbycusis, indicating the high
frequency of mutations in the mitochondrial-encoded COX II
gene (6). Although the exact cause of altered mitochondrial
respiration impairment needs to be elucidated, four unique
mt-DNA mutations have been identified in SAM mouse
strains (20), suggesting their potential role as a causal factor of
premature aging in these strains.

Chronic inflammation

The increase in ROS generation, along with a concomitant
disruption in redox balance, may lead to a state of chronic
inflammation (12). Indeed, the production of pro-inflamma-
tory cytokines including IL-1, IL-6, and TNF-alpha is greatly
influenced by oxidative status (3). Accordingly, we observed
higher oxidative stress and drastic decline of catalase and
SOD activity in SAMPS8 cochleae with a concomitant increase
of pro-inflammatory cytokines TNF-alpha and IL-1f. In ad-
dition, SAMPS cochleae show an abundance of macrophages
such as that observed in noise- (8, 13) and aminoglycoside-
(15) exposed cochleae. This suggests that oxidative stress and
chronic inflammation are causal factors triggering premature
ARHL in SAMPS8 mice.

Autophagic stress and lipofuscin
accumulation in SGNs

An important difference between these both strains was the
premature occurrence of autophagic stress and lipofuscin ac-
cumulation uniquely in the SAMP8 SGNis. This was attested by
i) premature higher expression levels of autophagic marker
LC3-I, ii) accumulation of damaged mitochondria, iii) autop-
hagic vacuoles, and iv) protein aggregates. Early upregulation
of autophagy may serve to remove damaged mitochondria and
aberrant proteins induced by oxidative stress and chronic in-
flammation (17, 25). Indeed, once the pro-survival attempt fails,
giant nonfunctional mitochondria and protein aggregates ac-
cumulate (10, 30), which in turn may trigger noxious intracel-
lular reactions, including the activation of either apoptotic,

autophagic, or both cell death pathways (29). Thus, autophagy
may have a dual role in the SGNs: a pro-survival function in
young SAMPS cochleae and an autophagic SGN death function
in older animals when it is widely triggered.

Materials and Methods
Animals

The SAMR1 and SAMPS8 mice of both sexes were pur-
chased from Harlan SARL Laboratory and housed in a
pathogen-free animal care facility. All experiments were
conducted according to protocols approved by the «Institut
National de la Santé et de la Recherche Medicale» (INSERM)
and the French «Ministere de 1’Alimentation, de I’Agriculture
et de la Péche».

Functional assessments

Animals were anesthetized by an intraperitoneal injec-
tion of a mixture of Rompun 2% (3mg/kg) and Zoletil 50
(40mg/kg).

Compound action potential of the auditory nerve. Asilver
electrode was placed on the round window to record the
CAPs evoked by tone bursts (9 msec duration, 1 msec rise/
fall, 10/sec). The CAP thresholds (2, 4, 6, 8, 10, 12, 16, 20, 26,
and 32 kHz) were defined as the minimum sound intensity
necessary to elicit a distinguishable response (27).

Distortion product otoacoustic emissions. The technique
used to record DPOAEs has been described in detail else-
where (27). Briefly, distortions were recorded in the external
auditory canal using an ER-10C S/N 2525 probe (Etymotic
Research Inc. Elk Grove Village, IL).

Endocochlear potential. A glass microelectrode filled
with 0.15 M KCI recorded the EP in the scala media of the
cochlear basal turn. A silver-silver chloride reference wire
was placed in the animal’s neck musculature (27).
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Morphological assessments

Sensory hair cell counting. Sensory hair cell loss was
quantitatively evaluated by counting missing hair cells in
apical, middle, and basal regions of the cochlea (24) using
SEM (Hitachi S4000). See Supplementary Figure S2 for
details.

Spiral ganglion neuron counting. Double blind counting
of SGN density in the basal turn was performed within a
3600 um? area of the spiral ganglion under light microscopy
(see Supplementary Fig. S3) using a calibrated ocular grid,
centered over Rosenthal’s canal.

Lipofuscin counting. The counting of lipofuscin in SGNs
from the basal turn was performed by quantifying the total
volume of lipofuscin relative to the total volume of neuron
cytoplasm (see Supplementary Fig. S5 for details).

Ultrastructural analysis. Cochleae were prepared ac-
cording to a standard protocol for fixation and plastic em-
bedding (15). Ultrathin radial sections of the organ of Corti
were observed with TEM (Hitachi 7100).

Molecular assessment

Lipid peroxidation, enzymatic activity, and MtDNA copy
number. Cochlear homogenates were prepared as described
by Casas (4). Lipid peroxide was estimated by the thiobarbi-
turic acid-reactive substances (TBARS) method as described
by Sunderman et al. (36) and expressed in nmol/mg MDA.
Protein concentration was measured using the Bio-Rad pro-
tein assay kit. Complex I, complex II, and COX activities were
measured as described previously (14, 28, 42) and expressed
in mU/mg protein. CS activity was measured as described by
Bergmeyer et al. (2). Catalase and SOD activities were mea-
sured as described respectively by Beers and Sizer (1) and
Marklund (18). Levels of mtDNA were quantified using qPCR
(see Supplementary Fig. S5). All experiments were performed
in triplicate.

Western blot analysis. Blots were incubated with a rabbit
polyclonal antibody against the N-terminal end of Bax protein
(1:1000; Upstate Biotechnology, Lake Placid, NY), a rabbit
polyclonal antibody against the LC3-I and LC3-II protein
(1:500, Sigma-Aldrich, Saint Louis, MO), or a mouse mono-
clonal antibody against f-actin (1:1000, Sigma-Aldrich), fol-
lowed by incubation with alkaline phosphatase-conjugated
secondary antibody (Sigma Aldrich). All experiments were
performed in triplicate. Image scans of Western blots were
used for semi-quantitative analysis.

ELISA assay. Levels of proinflammatory cytokines in
cochleae were measured using ELISA kits (R&D Systems,
Minneapolis, MN). The cochleae were cultured in 96-well
plates with modified Dulbecco’s modified Eagle’s medium in
an incubator (37°C, 5% CO,) for 24 h. The supernatants were
then tested for IL-1beta, TNF-alpha, IL-6, and IL-10, using a
standard ELISA (5). All experiments were performed in trip-
licate and reported in pg/ml.

Immunocytochemistry. COX, immune cells, LC3-I and
LC3-11, 8-0x0G, and catalase were respectively detected with a
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mouse anti-cytochrome ¢ oxidase subunit I (1: 500 dilution;
Molecular Probes, Eugene OR), a rat monoclonal anti-mouse
CD45 (1:100, Chemicon), a rabbit anti-LC3B-I and LC3B-II
(1:500, Sigma), a mouse anti-80xoG-DNA lesion (mouse IGM,
1:500, Santa Cruz, Santa Cruz CA) and a rabbit anti-catalase
(1:100, Sigma). A rabbit or mouse anti- parvalbumin (1:500;
Swant, Bellinzona, Switzerland) or a mouse anti-MAP2 (1:200,
Sigma) were used to label the hair cells and the SGNs (16).
Rhodamine-conjugated phalloidin (1:500; Sigma) was used to
label actin. All secondary antibodies (Molecular Probes) were
used at a dilution of 1:1000. These included an Alexa 488 or
568 donkey anti-mouse IgG, an Alexa 488 or 568 donkey anti-
rabbit IgG, an Alexa 488 donkey anti-rat IgG, an Alexa 488
goat anti mouse IGM and an Alexa 594 goat anti mouse IgG.
Hoechst 33342 (0.002% wt:vol, Sigma) was used to stain DNA.
Fluorescent tags were visualized with a confocal microscope
(Leica DMRB). In control specimens without primary anti-
bodies, neither Alexa 488, 568, nor 594 fluorescent tags was
observed. Pretreatment with DNase I abolished 8-oxoG
fluorescent signal (not shown).

Statistics

Statistics were performed using SigmaPlot software.
Functional and morphological data (Fig. 1) were fitted with
linear functions. When a unique linear regression curve was
not relevant (p-value <0.05), a broken-stick nonlinearity curve
was used. For lipofuscin accumulation data (Fig. 8B), when a
linear fit was not suitable to ensure p <0.05, a first-order fitting
exponential model was used. All the data are expressed as
means +SEM. Comparison between two samples was per-
formed using paired two-tail {-test or Wilcoxon rank test.
*»<0.05, **p<0.01, and *p <0.001
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Abbreviations Used

ARHL = age-related hearing loss
CAP = compound action potential
COX =cytochrome ¢ oxidase
CS = citrate synthase
DPOAE = distortion product otoacoustic emissions
EP =endocochlear potential
IHCs = inner hair cells
MDA =malondialdehyde
mt-DNA = mitochondrial DNA
OHCs = outer hair cells
8-0x0G =7, 8-dihydro-8-oxoguanine
SAMPS = senescence-accelerated mouse prone/8
SAMRI = senescence-accelerated resistant 1
SEM = scanning electron microscopy
SGNs = spiral ganglion neurons
SOD = superoxide dismutase
TEM = transmission electron microscopy




