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Abstract 

Molecular mechanisms underlining hypox-
ia-induced aged-hearing loss were studied. 3-
months C57BL/6 mice were subjected to four
weeks of hypoxia (10% 02), whereas, controls
were kept under normoxic condition for up to
six months. Auditory function was explored by
CAP and Preyer’s reflex measurements and
correlated with histological analysis of the
cochlea. The presence of oxidative damage,
HIF-1 responsive target genes regulation
involved in cell death, inflammation and neo-
vascularization were assessed by immunofluo-
rescence analysis. Hypoxia was associated to
severe hearing loss at 4-8 and 16 KHz and
degeneration of the cochlea, with significant
cell loss (30%) in the spiral ganglion, the later-
al wall, and the hair cells with a basal-apical
alteration gradient. This was correlated with
ROS formation and HIF-1a overexpression.
Cochlear degeneration was due to apoptosis
via activated caspase-3, P53, Bax and Bcl-2 pro-
tein differential expression in spiral ganglion,
modiolus and spiral ligament. On the other
hand, Hsp70, NF-kB transcription factor path-
way and inflammatory mediators (caspase-1
and TNF-a) were induced in the stria vascu-
laris. Furthermore, a phenomenon of neovas-
cularization was observed with significant
thickening of stria vascularis and increased
expression of VEGF. In total, we demonstrated
that the tandem-HIF-ROS is responsible for the
caspase-3 and Bax–mediated apoptosis via P53
protein accumulation in the cochlear neurons,
while inflammatory response mediated by
Hsp70 stress protein and NF-kB transcription
factor generating a neovascularization phe-
nomenon occurred in stria vascularis.

Introduction

Normal functioning of the cochlea is highly
dependant upon oxygen supply, as previously
reported.1,2 In fact, it has been shown that
hypoxia can cause reversible hearing loss,3 as
well as damages in brain development4 and
muscle degeneration.5

There may be unique physiological signal
associated with transitions between normoxia
and hypoxia statuses, such as the formation of
reactive oxygen species (ROS). Others as well
as ourselves have demonstrated that ROS play
a key role in mechanisms for induction of
cochlear damage under various pathological
conditions.6,7 Indeed, studies have shown that
the reduction in oxygen availability to act as an
electron sink that is normally associated with
hypoxia may result in the accumulation of
reducing equivalents in the mitochondrial
electron transport chain, which can lead to
augmented production of ROS.8 In previous
reports, we have demonstrated that cell hypox-
ia by itself, can result in the formation of
increased ROS level, resulting in the induction
of apoptosis.7,9 Therefore, the regulation of
ROS levels is important to prevent cochlear
degeneration. In recent years, a greater appre-
ciation has emerged of the role of ROS as sig-
naling molecules in gene regulation.10

Candidate target genes of transcription fac-
tors such as hypoxia inducible factor (HIF-1)10

is capable of transactivating many oxygen rad-
ical sensitive genes involved in different path-
ways promoting either inflammation (tumor
necrosis factor TNF-a, NF-kB, caspase-1), cell
death (P53, the Bcl-2 family genes, caspase-3)
or stress protein (HSP70).10 In addition, a rela-
tionship between aging, a vascular network
and VEGF expression change was identified.11

VEGF, an endothelial cell-specific mitogen, is
important for endothelial and metabolic func-
tions, and especially vascular metabolism
functions (vessel formation, relaxation, per-
meability, etc.), inflammation and apoptosis.
The aim of the present study was to under-
stand the mechanisms responsible for
cochlear degeneration caused by the lack of
oxygen directly affecting cochlear function. We
used inbred C57BL/6 mouse strain that we
exposed to continuous hypoxia (4 weeks). The
main finding of this study is that hearing loss
observed under hypoxia is associated to strong
alteration of the spiral ganglion and the stria
vascularis structures due to increasing forma-
tion of oxygen radicals in the cochlea.
Subsequent disturbances of cellular signaling
cascades implicating HIF-1a, Hsp70, VEGF,
p53, Bcl-2 family proteins may lead ultimately
to apoptosis (detected by activated caspase-3)
with or without inflammation (presence of
TNF-a and NF-kB).

Material and Methods

The animal experiments were performed in
strict accordance with the European
Commission guidelines (86/609/EEC) and the
National Animal Care guidelines. The local
Veterinary Ethics Committee (Jean Roche
Institute) approved the study. 

Animals
Experiments were performed on C57BL/6

male inbred mice aged three months (n=31)
and six months (n=7) old (Charles River
Laboratories, France) weighing 15-40 g. They
were housed in living quarters with controlled
temperature (21±1°C), light (12-h light/12-h
dark cycle, with the light switched on at 7
a.m.), ambient noise level in order to avoid
stress in animals with genetic background,12

and with free access to food and water. 

Exposure to low oxygen environ-
ment

A group of 7 C57BL/6 3-month old mice
(weighing 15-20g) was maintained for four
weeks under normoxic conditions (FiO2 =
21%). A second group of 17 C57BL/6 3-month
old mice was maintained four weeks under
hypoxic conditions and breathed an inspired
oxygen fraction (FiO2) of 10% without CO2
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accumulation as we described previously.13

After the 4-week period, mice from the two
groups were removed from the chamber and
were immediately processed for blood sam-
pling (n=7 normoxic mice and n=7 hypoxic
mice) for End-Tidal O2. Furthermore, animals
(controls and hypoxic) were tested for O2 and
CO2 fractions measurement as described pre-
viously by Arbogast et al.14

CAP and Preyer’s reflex (Pina
twitch) audiometry

The electrophysiological system used for
CAP measurement in this study was similar to
that described previously.15,16 Briefly, elec-
trodes were implanted under stereotactic guid-
ance near the auditory nerves of C57BL/6 mice,
according to methods described by Giraudet
and colleagues.17 After verification of an
evoked potential in response to a broadband
click, the electrode was fixed to the skull hole
with acrylic cement (Dentalon Plus, Heraeus
Kulzer, Weherheim, Germany). Animals were
placed in a double-walled cabin (Amplifon,
Milan, Italy), and cochlear sensitivity was
assessed by measuring the threshold of the
auditory nerve CAP at frequencies of 0.5, 2, 4,
8, 16, and 32 kHz with tone pips (rise and fall
2 ms; rate 30 pips/s) delivered by means of an
earphone maintained on the animal's head by
the fixed connector, at a distance of 0.5 cm
from the ipsilateral ear pinna. SPLs were
measured in decibels with a condenser micro-
phone (model n. 4191, Bruel and Kjaer,
Naerum, Denmark) placed at the external
auditory meatus; for each frequency, we
recorded 200 auditory responses to obtain an
average SPL for comparison. Acoustic levels
were calibrated and expressed in dB of sound
pressure level (dB SPL).

In addition, the evaluation of Preyer's reflex
(pinna twitch) was used by an adapted method
of the Pinna reflex test described previous-
ly.18,19 Briefly, this test was performed using a
click box that produces standardized, calibrat-
ed sounds of 2, 4, 8 and 16 KHz. An earphone
producing the sound was placed at the same
distance above each animal’s head by fixed
connector, at a distance of 0.5 cm from the ipsi-
lateral ear pinna. This Preyer's reflex test was
performed in an interval time of a maximum 2
h after removing the animal from the hypoxic
chamber. The reflex was considered positive
when a rapid movement of the whole body of
the animal was clearly noticed as detailed pre-
viously.19

For each CAP and Preyer’s reflex recording,
the animals were placed in a double-walled
cabin (Amplifon, Milan, Italy). 

Cochlea preparation
All animals were sacrificed and both

cochleae from every animal were dissected and

perfused with a fixative containing 4%
paraformaldehyde in phosphate-buffered
saline (pH 7.4) according to the technique
described previously.2

Histological and immunohisto-
chemical investigations

Serial 10 µm thick sections of cochleae were
mounted on gelatin-coated slides. They were
then fixed for 10 min with 4% paraformalde-
hyde and allowed to air dry at room tempera-
ture and stored at 4°C. For histological exami-
nation, cochlea sections were stained with
hematoxylin/eosin. Immunohistochemical
analysis was performed as described previous-
ly.7 The primary antibodies used were mouse
anti-active®-caspase 3 monoclonal antibody
(Promega®, France), mouse anti-Bax (B9): sc-
7480 monoclonal antibody (Santa Cruz
Biotechnology, CA, USA), mouse anti-VEGF (C-
1): sc-7269 monoclonal antibody (Santa Cruz
Biotechnology, CA, USA), mouse anti-human
Bcl-2 oncoprotein (M887) monoclonal antibody
(DAKO), rabbit anti-HIF-1 a (H206): sc-10790
polyclonal antibody (Santa Cruz Biotechnology,
CA, USA), goat anti-p53 (C19): sc-1311 poly-
clonal antibody (Santa Cruz Biotechnology, CA,
USA), goat anti-TNF-a (N19): sc-1350 poly-
clonal antibody (Santa Cruz Biotechnology, CA,
USA), rabbit anti-caspase-1 (A-19): sc-622
polyclonal antibody (Santa Cruz biotechnology,
CA, USA), goat anti-NFκB p50 (C-19): sc-1190
polyclonal antibody (Santa Cruz Biotechnology,
CA, USA) and rabbit anti-HSP-70 (AB3470)
polyclonal antibody (Chemicon® Int., CA,
USA), diluted in PBS-BSA 5%. Secondary anti-
bodies (Fluorescein (FITC)-conjugated
AffiniPure F(ab’)2 Fragment Goat anti-mouse,
Donkey anti-mouse or Donkey anti-rabbit IgG
and Rhodamine (TRITC)-conjugated
AffiniPure F(ab’)2 Fragment Donkey anti-
mouse and Donkey anti-rabbit IgG were
obtained from Jackson Immunoresearch (West
Grove, PA, USA). To detect oxidized nucleo-
sides, the 8-oxoG monoclonal antibody
(Chemicon, Int., CA, USA) was used. Slides
were then dehydrated, mounted in Mowiol
(Calbiochem®) containing DAPI
(Calbiochem®) for nuclei blue counter color
and stored at 4°C. Replacing the primary anti-
body with IgG1 or rabbit immunoglobulin frac-
tion of serum controlled the specificity of the
immunological reaction. Furthermore,
cochleae vascularization studies were per-
formed using a blood vessel staining kit
(Peroxidase System, Chemicon®

International). This kit utilizes the two most
widely accepted cell markers for the study of
angiogenesis and neovascularization: von
Willebrand factor (Factor VIII Related Antigen)
and CD31 (PECAM-1) antibodies. Chemicon’s
von Willebrand factor antibody reacts specifi-
cally with the endothelial cells of blood vessels

and is a useful marker for the identification of
endothelial lineage.20

Signals were examined under Leica-DMR
microscope (Leica Microsystems AG, Wetzlar,
Germany) equipped for epifluorescence with
40x and 100x oil-immersion lenses. Images
were acquired by using a cool CDD photomet-
rics coolsnap camera (Roper scientific,
Tucson, AZ, USA) and the image files were
processed using CS2- Photoshop software
(Adobe, San Jose, CA, USA). Parallel sections
had been stained with hematoxylin/eosin or
labeled with the different primary antibodies.
Protein immuno-labeling was classified
according to fluorescent signal abundance:
absent, moderate and strong. The average
evaluation of two fields, seen using a 10x
objective lens, from each animal was evaluat-
ed. The area measurements of the SV such as
length and thickness were obtained and calcu-
lated using Image J software (http://rsb.info.
nih.gov/ij/, 1997-2006).

Statistics
The data are expressed as mean ± SD.

Statistical evaluation was performed by the
non-paired Student’s t-test to compare CAP
thresholds and Preyer’s reflex values at the dif-
ferent ages and before/after hypoxia exposi-
tion. Statistically significance was set at a level
of P<0.05. The number of histological observa-
tions is equal to the number of cochleae tested
(n=76). Student’s t-test was also used to com-
pare data regarding length and thickness of
the stria vascularis obtained with Image J soft-
ware. The difference was considered signifi-
cant at P<0.05.

Results

CAP and Preyer’s reflex (Pina
twitch) audiograms

Mean CAP threshold and Preyer’s reflex val-
ues measured on normoxic C57BL/6 3-month
old mice (n= 7), normoxic C57BL6 6-month old
mice (n= 7), and 4-month old hypoxic C57BL6
mice (n=10) are presented in Table 1. The
results demonstrate that normoxic C57BL/6 3-
month old mice had a minimal CAP threshold
of 48±5 dB observed at 16 KHz.  No significant
hearing loss between 3-month and 6-month old
mice was observed in the normoxic group.
However, after maintenance for four weeks in
hypoxic conditions, we had a significant
increase in thresholds at 4, 8 and 16 KHz, espe-
cially a 20 dB hearing loss at 8 and 16 KHz in
comparison to C57BL/6 3-month old control
mice. In addition, the hearing thresholds
observed after four weeks of hypoxia were sig-
nificantly higher to the CAP threshold meas-
ured in 6-month control mice, and turned to be
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equivalent of CAP thresholds of C57BL/6 14-
month old mice, as reported by Johnson et al.21

Morphological analysis of the
cochlea

After examination of the sections of hypoxic
C57BL/6 mouse cochleae, significant histologi-
cal changes were observed, in comparison to 3-
month old mice (Figure 1A). In both apical and
basal turns of the cochlea, (Figure 1B and 2C),
approximatively 30% of cell losses in the spiral
ganglion (SG) were detected. Furthermore, loss-
es and disorganization were observed in the
organ of Corti (OC), the inner hair cells (ihc)
and the outer hair cells (ohc). In the spiral liga-
ment (SL), a basal-apical alteration gradient
could be noted. In the apical turn, we observed
fibrocytes types I and III total extinction and
fibrocytes type II partial extinction (50%)
(Figure 1B). In contrast in the basal turn, only
little fibrocytes II and III cellular losses were
observed (Figure 1C). Furthermore, different
morphological alterations of the stria vascularis
(SV) between the basal and apical turns were
quantified. Firstly, the length of SV was signifi-
cantly longer in the basal turn in comparison to
the apical turn whatever the mice groups, with
33, 44 and 38% in length for 3-month, hypoxic
and 6-month old mice cochlea, respectively. In
addition, the SV displayed a phenomenon of
shortening, after hypoxic treatment as well as in
6-month old mice with a decreased size of about
17% and 15% for hypoxic and 6-month old mice
in the apical turn respectively in comparison to
3-month old mice (P<0.01). The shortening of
the SV region was not as pronounced in the
basal turn of the cochlea in both situation in
comparison to 3-month mice cochlea (Figure
2A).  We also evaluated the thickness of the SV.
We noted a thicker SV layer in basal turn of 3-
and 6-month mice cochlea than in apical turns
(Figure 2B). After four weeks hypoxia, a signifi-
cant thickening of the SV with more than 28%
and 64% in depth in the basal turn and apical
turn, respectively, was observed (P<0.01)
(Figure 2B). In comparison, this phenomenon is
not as intense in the cochlea of old mice (6-
month old) with only a thickening of the SV of
3% and 15% in size in the basal and apical turn,
respectively (ns). 

Hypoxia triggers HIF-1a expression 
To detect hypoxia in C57BL/6 mice, HIF-1a

protein expression was assessed by immuno-
histochemistry in the cochleae from control 3-
month (n=14), 4-month (n=14), 6-month
(n=14) and 4-month hypoxic (n=14) C57BL6
mice. A significant increased expression of
HIF-1a protein was noted in the cochleae of
hypoxia-conditioned animals while no expres-
sion was observed in 3- and 6-month old con-
trol mice. These data are summarized in Table
2. The HIF-1a immunolocalization in hypoxia-

Article

Figure 1. A) Light microscopy of a cross-section of hematoxylin/eosin stained C57BL/6
mouse cochlea showing the organ of corti (OC) and the lateral wall structures. The
Reissner’s membrane (RM) separating the scala vestibuli (sv) and the scala media (sm)
could be observed as well as the OC delimitating the scala tympani (st). The spiral gan-
glion (SG), spiral limbus (SB), tectorial membrane (TM), basilar membrane (BM) and
Rosenthal’s canal (R) are respectively noted. The OC was composed of the inner hair cells
(ihc), the outer hair cells (ohc) and the supporting cells (sc). The lateral wall is composed
of the stria vascularis (SV), the spiral prominence (SP) and the spiral ligament (SL). Scale
bar: 50 µm. B) Cross-section of hematoxylin/eosin stained of a 4-month hypoxic
C57BL/6 mouse apical turn cochlea. The SL was composed of types I (a), II (b), III (c)
and IV (d) fibrocytes. Scale bar: 50 µm. C) Cross-section of haematoxylin/eosin stained
of a 4-month hypoxic C57BL/6 basal turn mouse cochlea. Scale bar: 25 µm.

Table 1. Comparison of CAP audiogram and Preyer’s reflex in C57BL/6 mice. 

CAP threshold Preyer’s reflex 
(dB)/SD (dB)/SD

Frequency (Hz) 3-month 6-month 4-month hypoxic 
(n=7) (n=7) (n=10)

500 103/0 103/0 nm

2000 95/0 99/5 100/5

4000 76/3 80/3 95/5

8000 55/3 60/2 75/3

16000 48/5 60/3 70/3

32000 92/0 92/2 nm
Nm, not monitored; SD, standard deviation. 
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conditioned animal cochleae, as technically
reported before,2 showed differences in its
regional distribution. It appeared to be highly
expressed in the SG, the SV, the modiolus and
the hair cells (Figure 3A). No significant
expression was detected in the SL. No signifi-
cant differences of HIF-1a protein expression
were found between upper and lower turns of
the cochlea (data not shown). 

Hypoxia induced ROS generation
Intracellular ROS were detected intensively

within the SG, the modiolus and the SV of the
cochleae of mice exposed to chronic hypoxia. The
staining was diffused in the cytoplasm of the SG
cells and present homogeneously in the SV
(Figure 3B). On the contrary, no ROS signal was
seen in control at 3-, 4- and 6-month old mice
cochleae. Results are summarized in Table 2.

Hypoxia triggers apoptosis in the
cochlea

After hypoxia, activated caspase-3 was
intensively expressed in the cytoplasm of the
SG and to a much lower extent in the SV of the
cochleae of mice (Figure 3D). While no sign of
activated caspase-3 was detected at 3-month
old mice cochleae, weak expression of activat-
ed caspase-3 was detected in hair cells of 6-
month old mice cochleae. Results are summa-
rized in Table 2. The slides were counter-
stained with DAPI in order to assess the dif-
ferent aspects of cell nuclei and confirm that
apoptosis occurred in neurons of the spiral
ganglion (Figure 3E and F).

The triple staining with HIF-1a, 8-oxoG, and
activated caspase-3 revealed that apoptosis and
ROS formation were mainly present in cellular
zones highly affected and sensitive to hypoxia,
such as the spiral ganglion. 

As previously reported,7,16 we hypothesized
that proteins of the mitochondrial cell death
pathway could interfere in the hypoxia-induced
apoptosis in the cochlea. P53, Bax and Bcl-2 pro-
teins expression was studied in our hypoxic
C57BL/6 mouse model.

Increased P53 protein expression 
In the C57BL/6 mice cochleae exposed to

hypoxia, positive P53 reactivity was seen in the
SG, in the soma of the neurons with more than
50% of positive cells and a cytoplasmic localiza-
tion of the protein, and in the SV regions, while
in control 3-, 4- and 6-month C57BL/6 mice
cochleae, P53 immunohistochemical staining
was either weak or absent in these regions.
Negative and positive controls for P53 were per-
formed according to our previous report.22

Increased in Bax and Bcl-2 proteins expres-
sion 

Bax and Bcl-2 protein expression was
assessed in the C57BL/6 normal and hypoxic
mice cochleae. Apoptotic spiral ganglion cells,

Article

Table 2. Summary of stress-protein immunohistochemical detection and presence of
ROS. 

Age of C57/Bl6 mice
Cochlear tissues 3-month 4-month 4-month hypoxic 6-month

HIF-1� M(a) - (b) - ++++ -
SG - - ++++ -
SL - - - -
SV - - ++++ -
HC - - ++++ -

HSP70 M - - + -
SG - - + -
SL - - ++ -
SV - - +++ -
HC - - + -

NFkB M - - + -
SG - - + -
SL - - + -
SV - - +++ -
HC - - + -

Caspase-1 (ICE) M - - - -
SG - - - -
SL - - ++ -
SV - - +++ -
HC - - + -

TNF-a M - - - -
SG - - - -
SL - - ++ -
SV - - +++ -
HC - - + -

ROS M - - ++++ -
SG - - ++++ -
SL - - - -
SV - - ++++ -
HC - - - -

aM, modiolus; SG, spiral ganglion; SL, spiral ligament; SV, stria vascularis; HC, hair cells. bscore -, negative staining; +, 1-20% of positive cells;
++, 21-59% of positive cells; +++, 60-80% of positive cells;  ++++, > 80% of positive cells.

Figure 2. A) Distribution of stria vascularis basal (black) and apical (gray) turns thickness
(µm) in 3-month old control (n=5), 4-month hypoxic (n=5), and 6-month old C57BL/6
mice (n=5). The difference between the 4-month hypoxic C57BL/6 mice, and the 6-
month old C57BL/6 mice group in comparison to 3-month old control mice was signifi-
cant for basal and apical turns (*) (P<0.05). Errors bars represent standard deviations. B)
Distribution of stria vascularis basal (black) and apical (gray) turns lenghts (µm) in 3-
month control (n=5), 4-month hypoxic (n=5) and 6-month control C57BL/6 mice (n=5).
The difference between 4-month hypoxic C57BL/6 mice and 3-month old mice control
group was significant for the basal and apical turns (**) (P<0.01). Error bars represent
standard deviations. 
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as shown above in C57BL/6 mice cochleae
exposed to hypoxia, were stained positive with
Bax antibody. Bax and Bcl-2 immunohisto-
chemical staining appeared in the spiral gan-
glion cells cellular bodies. After four weeks
exposure to hypoxia, about 80% of cells in the
spiral ganglion cells were stained positive for
activated caspase-3. Bax and Bcl-2 has not
been observed in 3-, 4- and 6-month control
C57BL/6 mice cochleae and weak expression
was also noted in hair cells of 6-month old
mice. In addition, Bax and Bcl-2 immunohisto-
chemical staining appeared in the remaining
SL fibrocytes types II and IV of the 4-month
C57BL/6 mice cochleae exposed to hypoxia.
P53, Bax and Bcl-2 expressions are summa-
rized in Table 3.

Hypoxia induces Hsp-70 expression 
No expression was noted on cochlea of 3-, 4-

and 6-month old control mice. When the mice
were subjected to hypoxia, there was a signifi-
cant increase in expression of HSP70, but in
distinct regions such as SV (Figure 3G), to a
lesser extent in the SL and to a very low level
in neural cells of the SG and modiolus as well
as in hair cells (Table 2). The triple staining
with activated caspase-3, 8-oxoG, and Hsp70
demonstrated that Hsp70 was also expressed
in the zone affected by ROS generation but not
where apoptosis was detected. We conclude
that hypoxia triggered HIF-1a, Hsp70 and ROS
formation which may induce either apoptosis
in a selected neural zone of mice cochlea, such
as the SG and in the SL or protection in the SV. 

Hypoxia stress produces inflamma-
tion in the cochlea 

To test if hypoxia could cause inflammation,
we measured NFκ-B induction, caspase-1 and
TNF-a expression in the cochlea.23 There was
a significant increase in the NFκ-B level in the
nuclei of cells of the SV and to a lower extent
in the SL of hypoxic cochlea (Figure 3H). In
the other cochlear regions, no significant sig-
nal for NFκ-B was detected either in control or
hypoxic cochleae. While no expression of cas-
pase-1 or TNF-a could be detected in cochlea
of 3-, 4- and 6-month old control C57BL/6 mice,
remarkably these proteins were present in the
cochlea of hypoxic C57BL/6 mice around the
SV and the SL, interestingly in regions where
hypoxia was detected. No expression of TNF-a
was detected in the SG neurons of cochlea
either in control C57BL/6 mice or in mice
exposed to hypoxia. The results are summa-
rized in Table 2. 

Neovascularisation detection
To understand the SV morphological alter-

ations previously observed, we studied vascu-
larization with a blood vessel staining kit, as
described in Materials and Methods. This test

contains anti-von Willebrand and anti-CD31
antibodies specific for the detection of vascu-
lar endothelial cells. We compared the 4-month
old hypoxic C57BL/6 mouse model to the 3-, 4-
and 6-month old control C57BL/6 mice. Figure
4 demonstrated a strong staining of the SV
layer in hypoxic cochleae in comparison to 3-
and 6-month old mice (Figure 4A and C). This
acute vascularization in hypoxic cochlea can
be confirmed by the changes in SV length and
thickness observed and described above
(Figure 2A and B). 

Distribution of vascular endothelial
growth factor expression

We analyzed the localization of VEGF
expression in cochleae of 3-, 4- and 6-month
control C57BL/6 mice and in 4-month old
hypoxic C57BL/6 mice. VEGF expression was
detected with an intense staining in the SV,
and with a weaker staining as dotted spots in
the SG, the Rosenthal’s canal, the spiral lym-
bus and the SL (fibrocytes types II) (Figure
4C). The slides were counterstained with DAPI

Article

Figure 3. Photomicrographs of immunofluorescent images taken from cochleae of 4-week
hypoxia exposed C57BL/6 mice. Five micrometers sections of the cochlea were subjected
to immunohistochemical analysis with specific antibodies as described in Material and
Methods. (A) Expression of HIF-1α protein, (B) detection of oxygen radicals by 8-oxoG
staining and (C) merged. There was no staining in spiral ligament (SL). In contrast, it is
expressed essentially in the spiral ganglion (SG), the stria vascularis (SV), the hair cells
(HC) and in the Rosenthal canal (R). The presence of ROS was clearly co-localized with
over-expressed HIF-1α protein. Original magnification 100X (scale bars a, b, c: 50 µm).
(D). Caspase-3 positive cells were detected in spiral ganglion (SG). (E) Counterstaining of
the spiral ganglion neurons with DAPI, (F) merge, note that nuclei of neurons can be
observed. Original magnification 400X (scale bars d, e and f: 10 µm). (G) HSP-70 and H/
NFKB were significantly expressed in the stria vascularis (SV) but not in spiral ligament
(SL). Original magnification 400X. (scale bars g and h: 50 µm). 
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which confirms the intracellular localization
VEGF (Figure 3E and F). On the other hand, no
significant VEGF staining was detected in 3-,
4- and 6-month control C57BL/6 mice cochleae
(data not shown). Finally, we demonstrated
that the regional change of HIF-1a expression
was parallel to the VEGF expression, confirm-
ing that HIF-1a regulates the VEGF expression
in the cochlea.

Discussion

Our present study focused on the role of
hypoxia on cochlear degeneration and its sub-
sequent disturbances of cellular signaling cas-
cades that lead to the aged-related hearing loss
or presbyacusis. We used a C57BL/6 mouse
model, which possessed the adult hearing loss
gene (Ahl) characterized as recessive and
mapped to chromosome 10, presumed to cause
progressive hearing loss. In fact, we and others
have reported that, at six months of age, these
animals show a significant hearing loss at
high frequencies (4, 8 and 16 kHz)12,24 which
reaches lower frequencies after 12 months.21

This functional deficit is strongly associated
with degenerative histopathological changes.
In fact, in the C57BL/6 mice, aged three and
four months, no significant alteration of the
cochlear histology was observed. The major
morphological change appeared at six months
and was the degeneration of the outer hair
cells of the organ of Corti. The extended alter-
ation to the inner hair cells and the spiral gan-
glion as reported by Mikaelian et al.25 occurred
later at ten months. In addition, as Ohlemiller
showed,26 on 6-month old C57BL/6 mice, the
cochlea basal turn is affected and extension to
the apical turn occurred after 12 months.
These alterations involved the lateral wall, and
in particular the SV. 

Physiological and metabolic consequences
of hypoxia are largely recognized in experi-
mental models.27 In our study, a group of
C57BL/6 mice was maintained under hypoxic
conditions (FiO2 10%, corresponding to oxygen
pressure found at an altitude of about 5,500
m),28 for a period of four weeks; so called
chronic hypoxia. Therefore, during this chron-
ic hypoxia period, where arterial PO2 and
venous PO2 levels were maintained at such a
low level (<30 mmHg and <22 mmHg, respec-
tively; data not shown), tissues such as the
cochlea would not receive sufficient oxygen,
which could result in a deleterious effect on
the hearing system. In fact, our results clearly
demonstrated that four weeks of hypoxia
resulted in significant hearing loss of more
than 20 db at frequencies of 4, 8 and 16 kHz.
These results are different from those of
Chen29 who showed that 4 h hypoxia did not
result in hearing loss, but hypoxia conditions

such as acute for 4 h hypoxia are considerably
different from chronic hypoxia for four
weeks.28 The histological modifications
observed in cochlea of four week hypoxic mice
were quite different to those noted in 6-month
old C57BL/6 mice,30 and were more related to
those encountered in the rapidly ageing cd/1
mice model that we described previously,7

where SG and lateral wall cells were preco-
ciously affected. The cellular loss (30%) quan-
tified in the SG of four weeks hypoxic
cochleae, are in agreement with White et al.30

and their concept of retrograde degeneration
of the SG in very old (12-18 months) C57BL/6
mice, but contradictory to Stamataki et al.31

who did not observe any SG cells loss during
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Table 3. Summary of apoptosis-protein immunohistochemical detection. 

Age of C57/BL6 mice
Cochlear tissues 3-month 4-month hypoxic 6-month

Caspase-3 M(a) - (b) ++++ +
SG - ++++ +
SL - - -
SV - ++++ -
HC - - ++

P53 M + ++++ +
SG + ++++ +
SL - - -
SV + ++++ +
HC - - -

Bax M + ++++ -
SG + ++++ -
SL - ++++ -
SV - ++++ -
HC - + ++

Bcl-2 M - ++++ -
SG - ++++ -
SL - ++++ -
SV - ++++ -
HC - + ++

aM, modiolus; SG, spiral ganglion; SL, spiral ligament; SV, stria vascularis; HC, hair cells. bscore -, negative staining; +, 1-20% of positive cells;
++, 21-59% of positive cells; +++, 60-80% of positive cells;  ++++, > 80% of positive cells. 

Figure 4. Cross-sections of C57BL/6 mouse cochlea stained with blood vessel staining kit.
(A) Cochlea of 3-month control C57BL/6 mouse. No significant staining was visible in
the interest structures. Scale bar: 50 µm. (B) Cochlea of 4-month hypoxic C57BL/6
mouse. It was exclusively stained in the basal and apical turns stria vascularis (SV) and in
the Rosenthal’s canal (R). Scale bar: 50µm. (C) Cochlea of 6-month normoxic C57BL/6
mouse. No staining was visible in our interest structures. Scale bar: 50µm. (D) VEGF
immunostaining of cochlea of hypoxic C57BL/6 mice using anti-VEGF antibody was
intense in the stria vascularis (SV), while a weaker staining was observed in the spiral gan-
glion (SG), the spiral ligament (SL), the Rosenthal’s canal (R) and the spiral lymbus (SB).
(E) Cochlea section counterstained with DAPI. (F) Merged. Magnification 100X (Scale
bars: d, e and f: 50 µm).
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ageing but only a decrease in afferent termi-
nals in older C57BL/6 mice (8-12 months). In
addition, we have observed structural degener-
ations in the SL (fibrocytes types I, II and III)
at the apical turn of the cochlea, whereas in
the basal turn, the same structural alterations
were observed except for type I fibrocytes,
which were not affected. These SL modifica-
tions are in line with the results reported by
Spicer and Schulte32 on aged gerbils. So, we
can conclude in a basal-apical structural alter-
ations gradient in the SL. Furthermore, SV
important structural length and thickness
modifications were observed. This is in agree-
ment with previous reports.33,34 Effectively, the
atrophy of the lateral wall and especially the SV
is correlated with presbyacusis pathology.
Reporting to its ion transport system proper-
ties, which degenerate with age,33 observa-
tions of SV atrophy seem logical. 

An important transcription factor involved
in the signaling and adaptation of
hypoxia/ischemia is the hypoxia inducible fac-
tor (HIF).35 Using a technique developed previ-
ously,2 we did not reveal any significant HIF-1a
expression in cochlea from mice aged three,
four and six months. On the contrary, HIF-1a
was detected in cochleae of the 4-month
hypoxic C57BL/6 mice with a differential
region specific pattern of HIF activation that
may indicate that HIF expression plays a role
in inner ear homeostasis. The highest expres-
sion observed in C57BL/6 mice exposed to
hypoxia was found in the SG, the modiolus and
the SV. In fact, the most hypoxia sensitive cells,
such as the ganglion neurons and the
Schwann cells36 are effectively localized in the
region of the SG. These results are in line with
findings of Stroka et al.37 and Gross et al.38 who
showed that functionally different cochlea
regions explanted in vitro have a specific HIF-
1a expression. In our in vivo study, we demon-
strated clearly that HIF-1a protein, effectively
expressed in specific areas, is the cogent
demonstration of the presence of a hypoxic
environment in the cochlea, as previously
reported.2

It has been proposed that increased ROS
generation would allow the hypoxic response39

by inducing the post-translational stabilization
of HIF-1a during hypoxic incubation of cells
and may further cause perturbation of the
downstream transactivation of HIF-1a target
genes. We estimated the ROS formation in the
cochlea in response to the chronic hypoxia
condition.  We found nuclear immunoreactivi-
ty for 8-oxoG corresponding to genomic oxida-
tive DNA damage according to Donadieu et
al.,2 specifically in the SG and the SV of
cochlea of hypoxic C57BL/6 mice, while there
was no labeling for 8-oxoG in cochleae of 3-, 4-
and 6-month mice. The regional and temporal
patterns of alteration due to oxidative damage
and hypoxia were quite consistent. 

Since heat shock proteins have been shown
to have cytoprotective function, we addressed
how Hsp70 contributed to protection against
hypoxia injury. It has been previously reported
that Hsp70 signaling is under the control of
HIF-1a expression in cells such as kidney.40 In
our study, we showed the upregulation of
Hsp70 in SV of the cochlea of hypoxic C57BL/6
mice, demonstrating that it may enhance the
resistance of cells of SV to hypoxia-induced
apoptosis, since lower activated-caspase-3
expression was noted in these zones. These
findings provide a new insight into how cells
overcome hypoxic stress and survive, and also
disclose a new regulatory mechanism of Hsp70
expression in auditory cells. However, the
overall bad response to hypoxic stress in the
cochlea may be partly due to the impaired
Hsp70 induction of the different cells of the
cochlea.41

In fact, if rescuing pathways in cells after
the hypoxic stress are deficient, the conse-
quence is programmed cell death (apoptosis)
by induction of the expression of different
genes such as Bcl-2 family like Bax protein,42

P53 and caspase-3 protein, as we reported pre-
viously.7 In our study, in 3- and 4-month old
C57BL/6 mice, apoptosis phenomenon did not
occur since activated caspase-3 was not
detectable in any region of the cochlea.
However, activated-caspase-3 was detected in
SG cells in 6-month old animals, while activat-
ed caspase-3 was clearly detectable in SG cells
and SL of cochleae of mice exposed to four
weeks hypoxia. In addition, we found that Bcl-
2 and Bax proteins were clearly present in
C57BL/6 hypoxic mice cochleae in the SG, in
the SL fibrocytes II and IV, interestingly in the
same regions affected by the hypoxic stress.
Furthermore, the localization of caspase-3 pos-
itive cells correlated with the sites of ROS for-
mation observed in the hypoxic cochleae.

On the other hand, activated HIF-1 factor,
transcriptionally up-regulates a set of target
genes involved in angiogenesis.43 We evaluat-
ed vascular endothelial growth factor (VEGF)
expression and secondly inflammatory
response. In C57BL/6 mice exposed to four
weeks hypoxia, the presence of VEGF was
restrained to highly vascularized zones, the SV
and in the nervous cells, SG and the modiolus.
On the one hand, slight VEGF immunoreactiv-
ity was detected in the 3- and 4-month old
C57BL/6 mice, and no significant VEGF expres-
sion was seen in 6-month old C57BL/6 mice,
while a significant increase in staining was
detected in the cochleae of four weeks hypoxic
C57BL/6 mice. These findings are similar with
previous studies11 that indicated that VEGF
activity dramatically decreases with age, as we
have demonstrated the decreased expression
from three to six months. Furthermore, they
indicated that hypoxia did induce VEGF
expression and recruitment of vascular

endothelial cells in selective zones, such as SV,
compatible with neoangiogenesis phenome-
non. In fact, in the C57BL/6 hypoxic mice
group, the VEGF pattern expression was corre-
lated to a neovascularization phenomenon, as
previously reported by Picciotti et al.11 and
Thomopoulos et al.44 who reported that vascu-
lar modifications of the inner ear are involved
in age-related hearing loss. VEGF being crucial
for endothelial function and metabolism, it
may play an important role in the promotion of
angiogenesis and the maintenance of an effi-
cient tissue vascularization.  

Hypoxia has also been reported to regulate
the nuclear transcription factor (NF-kB) since
this has been shown to mediate HIF-1 tran-
scription.45 In our study, NF-kB was highly
expressed in the SV region of hypoxic
cochleae. This overexpression was associated
to the presence of cytokines interleukin-l (IL-
1) and tumor necrosis factor (TNFa), which
have been implicated in inflammatory
responses. The increase in cytokine produc-
tion during chronic hypoxia could be interpret-
ed as a physiological response in the cochlea
rather than a primary inflammatory mecha-
nism, as reported previously by Moreau et al.46

Altogether, the study of inflammatory medi-
ator production and localization in the cochlea,
showed a specific effect of HIF-1 mediated
angiogenic factor (VEGF) during chronic
hypoxia in the zone of SV compared to normox-
ic and aged control cochlea. This is in contrast
to an early and non-specific activation of the
NFκ-B pathway with overproduction of IL-1
and TNFa in SV, as well as SL zones. All these
results are consistent with selective pathway
activation in the different regions of the
cochlea with regard to their sensitivity to oxy-
gen or ROS. The role of HIF-1a in mediating
both, pro-death, pro-survival or pro-inflamma-
tory response is dependent, in this system, on
the cell type it is induced in, as reported before
by Vangeison et al.47 However, much more
information is needed to clarify the role of HIF
in the hypoxia signaling pathway and its inter-
action with ROS, which in turn will enable us
to design a therapeutic approach to degenera-
tion of the cochlea based on a new antioxidant
concept. 
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