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Figure 4 Representative photomicrographs of immunostaining after transient brainstem ischemia for 15 min (cochlear nucleus). Left
column shows immunoreactivity for MAP2 (A-E); middle column shows immunoreactivity for IBA-1 (F-J); right column shows immunoreactivity
for GFAP (K-O). Ischemic lesions with loss of immunoreactivity for MAP2 were seen in the ventral cochlear nucleus (VO) at 3 days and 7 days
after reperfusion (D and E; red arrowheads). Clusters of IBA-1-positive amoeboid microglia/macrophages (I and J; red arrowheads) and loss of
GFAP expression (N and O; red arrowheads) were detected in the same areas where MAP2 expression was lost at 3 days and 7 days after
reperfusion. Increased immunoreactivity for GFAP (N and O; red arrowheads) was also detected around ischemic lesions at 3 days and 7 days
after reperfusion. Scale bars = 0.5 mm.
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Figure 5 Incidence maps of immunoreactivity for MAP2 (decrease) and IBA-1(increase) in coronal gerbil brain sections at various
times after transient brainstem ischemia for 15 min (at level of pons [5.5 mm caudal to bregmal). Areas of altered immunoreactivity
were outlined in all animals examined and superimposed to represent the incidence map (%). For details, see text.

GFAP immunoreactivity disappeared in the central
part of ischemic lesions where MAP2 immunostaining Areaofischemic lesion
was lost. Immunoreactivity for GFAP increased in the
periphery of ischemic lesions as well as the neighboring 1.00
areas around ischemic lesions. These results suggested ** §5
that reactive astrocytes proliferated in the neighboring 0.75
areas around ischemic lesions and migrated into the
ischemic lesions. A reduction of GFAP staining was
detected in LVe (blue arrows in Figures 10 and 20)
and the ventral part of Sp5 (red arrows in Figures 10
and 30) in all 3 animals (100%). A reduction of GFAP 0.25
staining was also detected in the dorsal part of Sp5
(blue arrowheads in Figures 10 and 30) and the ventral 0 - . - -
cochlear nucleus (VC) (red arrowheads in Figures 10
and 40) in 1 out of 3 animals (33%). c 0d 1d 3d d
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Figure 6 Temporal profile of ischemic lesions detected by
MAP2 staining after transient brainstem ischemia for 15 min.

Temporal profile of ischemic lesions The area of ischemic lesions detected by MAP2 staining in each
The total area of ischemic lesions detected by MAP2 animal was calculated. For details, see text. C: control, O d: just after
staining in each animal was calculated and summarized brainstem ischemia for 15 min, 1.d, 3 d and 7.d: 1, 3 and 7 days

after transient brainstem ischemia for 15 min, respectively. All values
are given as mean = SD. Differences were analyzed using one-way
ANOVA followed by Bonferroni's multiple comparison test. A p value

in Figure 6. Just after brainstem ischemia for 15 min,
the total area of ischemic lesions was 0.33 + 0.041

2 . s . .

[Mean + SD] (mm®). Although ischemic lesions disap- of less than 0.05 was considered to indicate statistical significance.
peared one day after brainstem ischemia, evolution of ** and $$ indicate significant (p < 0.01) difference vs. Cand 0 d,
ischemic lesions was detected 3 and 7 days after respectively. $ indicates significant (p < 0.05) difference vs. 0 d.
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transient brainstem ischemia (0.42 + 0.034 and 0.76 +
0.064, respectively).

Discussion

Detection of morphological damage in early cerebral
ischemia is difficult with conventional histological pro-
cedures including triphenyltetrazolium chloride and
hematoxylin-eosin staining. With these conventional
methods, morphological evidence of neuronal death
does not become apparent until 1 to 2 hours after the
onset of cerebral ischemia. However, early ischemic
lesions can now be detected by applying immunohisto-
chemical methods, and a reduction in microtubule-asso-
ciated protein 2 (MAP2) immunoreactivity has been
found to be an early, sensitive marker of ischemic neu-
ronal damage [6]. In our study, by using this method,
we showed that the lateral vestibular nucleus (LVe) and
the ventral part of the spinal trigeminal nucleus (vSp5)
were particularly vulnerable to ischemia.

In the LVe, multipolar giant neurons (Deiter’s neu-
rons) were most vulnerable to ischemia. Vestibular neu-
rons receive excitatory glutaminergic input from the
vestibular nerve [7] and commissural excitatory afferents
[8]. Immunohistochemical and in situ hybridization his-
tochemical studies revealed the highest glutamate recep-
tor 2 (GluR2) expression in giant Deiter’s neurons of
the lateral vestibular nucleus and the lowest expression
in small neurons throughout the vestibular nuclei [9].
These reports suggest that Deiter’s neurons receive exci-
tatory input and have selective sensitivity to excitotoxi-
city. As an analogy to hippocampal neurons [10], we
speculate that an ischemia-induced alteration of GluR2
expression in Deiter’s neurons induced cell death.
Although further investigations are required to clarify
the mechanisms underlying this selective vulnerability
and delayed neuronal damage, they may also be related
to several other factors such as the degree of cerebral
hypoperfusion after reperfusion [11], inhibition of pro-
tein synthesis [12], neutrophil infiltration following
reperfusion [13], free radical production [14], dysfunc-
tion of the mitochondrial shuttle system [15] or apopto-
sis [16].

Furthermore, we showed that the ischemic lesions in
LVe and vSp5 had disappeared one day after reperfu-
sion, but appeared again three days after reperfusion
and thereafter. The observed loss of immunoreaction for
MAP2 may reflect cytoskeletal breakdown, because
MAP?2 is involved in maintaining the structural integrity
of the neuronal cytoskeleton [17]. The ischemia-induced
rapid elevation of intracellular Ca** concentration and
subsequent activation of Ca**-dependent phosphatases
(e.g., calcineurin) and proteases (e.g., calpains) can lead
to dephosphorylation and proteolytic degradation of
MAP2 [18,19]. Therefore, ischemia-induced loss of
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immunoreaction for MAP2 is considered to be a reliable
marker of neurons that are already undergoing irreversi-
ble processes in cell death [20]. However, Kitagawa et al.
showed that loss of MAP2 immunostaining preceded
the development of overt neuronal loss in a gerbil
model of transient forebrain ischemia [6]. Our results
are also consistent with this notion that MAP2 immu-
nostaining can be used as an indicator of still viable
neurons that will undergo irreversible injury only at a
later time point.

We also demonstrated clusters of IBA-1-expressing
cells in the ischemic lesions where MAP2 staining was
lost three days after ischemia and thereafter. The rat
Ibal gene has been identified as a microglia-specific
transcript [21]. The isolated Ibalclone was 0.8 kb, a
rather small cDNA encoding a 17-kDa protein consist-
ing of 147 amino acids. IBA-1 is an interferon-y (IFN-
y)-inducible Ca®*-binding EF-hand protein that is
encoded within the HLA class 1II genomic region.
Expression of IBA-1 is mostly limited to the monocyte/
macrophage lineage, and is augmented by cytokines
such as IFN-y. It was assumed that IBA-1 is a novel
molecule involved in inflammatory responses and allo-
graft rejection, as well as activation of macrophages [22].
In the normal brain, IBA-1 is highly expressed in resi-
dent microglial cells, but is never expressed in neurons
and astrocytes [22]. After ischemia, IBA-1 is also
expressed in activated resident microglial cells and infil-
trating hematogenous macrophages [23,24].

Resident microglial cells rapidly became activated after
ischemia. They developed amoeboid or rounded cell
bodies and migrated rapidly into the ischemic lesion.
For example, IBA-1 expression was rapidly up-regulated
in the gerbil hippocampal CA1 region at 30 min after
transient forebrain ischemia for 5 min [25]. However,
microglial cells did not proliferate rapidly. Denes et al.
showed that resident microglial cells exhibited intense
proliferation at 48 and 72 h after transient occlusion of
the middle cerebral artery (MCA) in the mouse. Average
microglial cell number in the ischemic lesion did not
increase significantly up to 48 h after transient ischemia
[26]. We also demonstrated that a significant increase in
Iba-1-positive cells was not detected in the ischemic
cortex of the rat until one day after permanent MCA
occlusion (MCAOQ), while a significant decrease in Iba-
1-positive cells was detected even 2 h after permanent
MCAOI27]. Furthermore, infiltrating hematogenous
macrophages do not appear in the brain within one day
after ischemia [24]. In this study, we did not detect clus-
ters of IBA-1-expressing cells (i.e. topical proliferation of
microglial cells) within one day after ischemia. Clusters
of IBA-1-expressing cells initially appeared in the core
of the ischemic lesions three days after ischemia, and
these IBA-1-positive cells exhibited round cell bodies
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and possessed pseudopodia and thin filopodia-like pro-
cesses, indicating a motile phagocytic phenotype. At
seven days after ischemia, IBA-1-expressing cells with
an amoeboid shape were distributed more peripherally
in the ischemic lesions as well as in the core of the
ischemic lesions. Based on their morphological features
and the temporal profile of the distribution of IBA-1-
positive cells in ischemic lesions, we speculated that
these IBA-1-expressing cells were of hematopoietic ori-
gin, although we could not exclude the possibility that
they were of resident microglial origin.

In addition, we showed that delayed progression of
ischemic neural death took place in the brainstem.
Although other morphological and biochemical investi-
gations including electron microscopic study are
required for further analysis, this delayed neuronal
damage in the brainstem is reminiscent of the delayed
neuronal death in the hippocampus after transient fore-
brain ischemia [5]. There is increasing evidence that
microglial cells contribute to delayed neuronal death.
Recruitment and activation of microglial cells gradually
increase within the hippocampal CA1 area over 24 h
after transient forebrain ischemia, before the degenera-
tion of neurons [28]. Endangered neurons can release
proinflammatory chemokines such as monocyte che-
moattractant protein-1 (MCP-1/CCL2) and secondary
lymphoid-tissue chemokine (SLC/CCL21). Expression of
MCP-1 and SLC is increased in neurons after ischemia
[29,30]. Subsequently, recruited and activated microglial
cells produce inflammatory mediators, including inter-
leukin-1p (IL-1B), tumor necrosis factor-a. (TNF-a), and
nitric oxide (NO), which contribute to delayed neuronal
death [31]. Moreover, immunosuppressants, such as
FK506, prevent microglial activation and neuronal
damage after ischemia [32]. Consistent with these find-
ings, our results also suggest that activated microglia/
macrophages play a crucial role in this delayed neuronal
cell death in the brainstem.

Conclusions

In conclusion, we evaluated the evolution of ischemic
lesions in the brainstem after transient brainstem
ischemia in gerbils. Using immunostaining for MAP2,
ischemic lesions were detected in LVe and vSp5 in all
four animals. These ischemic lesions disappeared one
day after reperfusion, but appeared again three days
after reperfusion and thereafter in all animals exam-
ined. In addition, clusters of activated microglia/
macrophages were detected in these ischemic lesions
three days after ischemia and thereafter. These results
suggest that delayed neuronal cell death took place in
the brainstem after transient brainstem ischemia in
gerbils.
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ABSTRACT

GM-1 ganglioside (GM-1), a glycosphingolipid, is embedded in the lipid layer of neuronal membranes and
is one of the neuroprotective agents. To the best of our knowledge, the role of GM-1 has never been exam-
ined in hair cell injury. The purpose of this study was therefore to evaluate the effects of GM-1 on acoustic
injury of the cochlea. Mice were exposed to 4-kHz pure tone of 128 dB SPL (sound pressure level) for 4 h.
GM-1 was intraperitoneally administered immediately before the onset of acoustic overexposure. The
threshold shift of the auditory brainstem response (ABR) and hair cell loss were then evaluated 2 weeks
after acoustic overexposure. Immunostaining for 4-hydroxynonenal (4-HNE), indicative of lipid peroxi-
dation, was also examined in animals subjected to acoustic overexposure. GM-1 treatment significantly
decreased the ABR threshold shifts and hair cell loss after acoustic overexposure. And immunostaining for
4-HNE was reduced by GM-1 treatment. These findings suggest that GM-1 is involved in the protection
of the cochlea against acoustic injury through inhibiting lipid peroxidation.

© 2010 Elsevier Ireland Ltd. All rights reserved.

GM-1 ganglioside (GM-1), a glycosphingolipid with an attached
monosialic acid moiety, is found in high concentrations embedded
in the external lipid layer of neuronal membranes [29,31]. GM-1
is known to exist in clusters and form microdomains, known as
lipid rafts [13,26]. GM-1 is considered to modulate various protein
kinase activities [37], Ca%* flux [11] and neurite outgrowth [21].In
addition, GM-1 and other brain gangliosides possess antioxidant
activity, significantly reducing the accumulation of lipid peroxide
products and free radical production. Because of its neuroprotec-
tive and neurorestorative properties, GM-1 ganglioside has been
clinically administered such as those with spinal cord injury and
Alzheimer's disease [1,2,8,31].

Exposure to high sound pressure levels causes hearing loss
by damaging sensory hair cells of the cochlea, e.g.,, [33]. Many
reports have demonstrated that the progression of acoustic injury
is advanced by oxidative stress [10,25,35,42]. Endogenous antiox-
idants such as glutathione [41], superoxide dismutase [16], and
alpha-tocopherol [15] protect the inner ear by reducing the gen-
eration of free radicals.

The presence of GM-1 in the cochlea has been demonstrated by
Santi et al. [23]. We hypothesized that GM-1 protects the cochlea
against acoustic injury by reducing free radicals. In this study, we
examined the effects of GM-1 ganglioside on acoustic injury of the
cochlea.

* Corresponding author. Tel.: +81 29 853 3147; fax: +81 29 853 3147.
E-mail address: ktabuchi@md.tsukuba.acjp (K. Tabuchi).

0304-3940/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2010.02.057
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Seventy-six female ddY mice, 8 weeks of age, were purchased
from Japan SLC (Hamamatsu, Japan). The ddY mouse is frequently
used as a subject for pharmacological and toxicological experi-
ments in Japan. The care and use of animals was approved by the
Animal Experiment Committee of the University of Tsukuba.

Mice were anesthetized with an intraperitoneal injection of
pentobarbital sodium (50 mg/kg body weight). Positive, negative,
and ground electrodes were inserted subcutaneously at the ver-
tex, mastoid, and back, respectively. Bursts of pure tone (rise and
fall times; 1 ms, duration; 10 ms, repetition rate; 20/s in an open
field system) were used to evoke the ABR. Evoked responses were
filtered with a band pass of 200-3000 Hz and averaged over 1000
sweeps using a signal processor (Synax 1200, NEC, Tokyo, Japan).
The sound intensity varied in 5-dB steps. The ABR was measured
at three frequencies (4, 8, and 16 kHz) before, immediately after
and 2 weeks after acoustic overexposure. ABR threshold shifts from
pre-exposure levels were then examined 2 weeks after acoustic
overexposure.

The mice were exposed to a 4-kHz pure tone of 128 dB SPL for
4h through an open field system inside a sound-exposure cham-
ber (Type 4212, Briiel & Kjaer, Copenhagen, Denmark), in which
two small cages (4 cm x 3 cm x 6 cm)were placed [17,36]. Two mice
were subjected at the same time.

The mice were sacrificed under deep anesthesia 2 weeks after
acoustic overexposure. Cardiac perfusion was performed with 4%
paraformaldehyde in 0.1 M phosphate-buffered saline. Cochleae
were quickly removed, immersed in the same fixative at 4°C for
8 h, and then decalcified with ethylenediaminetetraacetic acid for
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1 week. After decalcification, cochleae were dissected as surface
preparations, and the nuclei of hair cells were stained with propid-
ium iodide (P, 2 pg/ml in PBS, Molecular Probes Inc., OR, U.S.A.) in
darkness.

The number of missing hair cells (absence of PI staining)
was counted under a laser confocal microscope (TCS SP2, Leica
Microsystems, Wetzlar, Germany) around the 66% region from the
apex of the cochlea. Our previous reports clarified that acoustic
overexposure to 128 dB SPL for 4h of mice induced hearing loss
and the maximum hair cell loss at the 66% region from the apex of
the cochlea [17,36].

Immunocytochemical analyses were carried out on cryostat sec-
tions. The methods for the fixation and decalcification of cochleae
were the same as those described in the above section. Cryostat
sections were then made parallel to the modiolus to identify the
organ of Corti on microscope slides. The cryostat sections of 6 pm
were incubated in 0.5% Triton X-100 and blocked in calf serum
for 10 min at room temperature. The sections were then washed
with PBS, followed by incubation with the primary antibody at a
concentration of 1:100 (anti-4HNE) (Abcam, MA, U.S.A.) at 4°C for
72 h. The sections were then incubated with the secondary anti-
body at a concentration of 1:200 (anti-goat IgG conjugated with
FITC) (Abcam, MA, U.S.A.) and with PI (2 pg/ml in PBS) at room
temperature for 30 min in darkness. Immunolabeling was visual-
ized using a laser microscope (BX51-DP71-SET, OLYMPUS, Tokyo,
Japan). Control incubations were routinely processed without pri-
mary antibody. The density level of immunofluorolabeling of three
outer hair cells was assessed in each cochlea with the freely avail-
able image analysis software program Image] (National Institutes
of Health, Bethesda, MD, U.S.A.).

GM-1 was purchased from Wako (Japan), and dissolved in
physiological saline solution. GM-1 and saline were administered
immediately before the onset of acoustic overexposure. Mice were
randomly assigned to one of the following 4 treatment groups:

1) 1 mg/kg GM-1-treated group (n=6)
2) 10 mg/kg GM-1-treated group (n=6)
3) 30 mg/kg GM-1-treated group (n=6)
4) noise-alone group (n=6).

Immunostaining for 4-HNE before acoustic overexposure with-
outany drugs (n =4)was examined. And immunostaining for 4-HNE
of the noise-alone group (n =4) and the GM-1 (30 mg/kg) treatment
group (n=4)were compared at each following time points: 0h,4h,
12h, 1 day, 3 days and 7 days after acoustic overexposure.

All data are expressed as the mean=S.D. The comparison of
ABR threshold shifts or hair cell loss between each group was per-
formed by one-way and two-way analysis of variance (ANOVA),
and then the Scheffé test and Fisher's PLSD test were used. Com-
parison of the densitometry on immunofluorolabeling with 4-HNE
was performed using Student’s t-test. A p-value of less than 0.05
was considered significant.

Fig. 1 demonstrates ABR threshold shifts 2 weeks after acous-
tic overexposure, respectively. The GM-1 (1mg/kg) and GM-1
(10 mg/kg) groups did not significantly reduce ABR threshold shifts
(two-way ANOVA, Scheffé test and Fisher’s PLSD test, p >0.05). On
the other hand, the GM-1 (30 mg/kg) group showed a significantly
decreased ABR threshold shift (two-way ANOVA, Scheffé test and
Fisher's PLSD test, p<0.01).

Fig. 2 demonstrates representative photographs of hair cell loss
at the 66% region from the apex of the cochlea in the noise-alone
and GM-1 (30 mg/kg) groups. The quantitative analysis of hair cell
loss is shown in Fig. 3. As expected from the ABR studies, 30 mg/kg
GM-1 significantly ameliorated outer hair cell loss, especially in
the first row, as compared with the noise-alone group (two-way
ANOVA; p<0.05, one-way ANOVA; p<0.05 in the first row, Fig. 3).
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Fig. 1. ABR threshold shifts 2 weeks after acoustic overexposure. GM-1 ganglioside
significantly decreased ABR threshold shifts 2 weeks after acoustic overexposure at
only 30 mg/kg (two-way ANOVA and Scheffé test: *p <0.05).

Fig. 2. (A) Representative microscopic fluorescence image of hair cell nuclei in the
noise-alone group 2 weeks after acoustic overexposure. (B) Representative image of
the 30 mg/kg GM-1 ganglioside group. Arrows indicate hair cell loss. The 30 mg/kg
GM-1 ganglioside group was less hair cell loss than noise-alone group.
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Fig. 3. The effect of 30 mg/kg GM-1 ganglioside on hair cell loss after acoustic over-
exposure. Missing hair cells at the 66% region from the apex were calculated 2
weeks after acoustic overexposure. Treatment with GM-1 significantly decreased
loss of OHCs, especially in the first row (two-way ANOVA: *p < 0.05, one-way ANOVA:
*p<0.05 in the first row). IHC: inner hair cell, OHC1: the first row of outer hair cells,
OHC2: the second row of outer hair cells, OHC3: the third row of outer hair cells.
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Fig.4. Representative photographs of 4-HNE immunostaining of the organ of Corti. (A) Photographs of the noise-alone group before and after overexposure. (B) Representative
images 3 days after acoustic overexposure of the noise-alone and GM-1 (30 mg/kg) groups.

4-HNE was broadly stained in the sensory epithelium (organ
of Corti) of both groups at all time points (Fig. 4A). Slight stain-
ing was observed even before acoustic overexposure (Fig. 4A). In
the noise-alone group, staining with 4-HNE gradually increased
until 12h after acoustic overexposure, and staining was clearly
observed at 12h to 3 days after. The staining then became weak
at 7 days after (Fig. 4A). The time-course of 4-HNE staining in the
GM-1 (30 mg/kg) group was essentially similar to that of the noise-
alone group. The highest density was seen at 12h to 3 days after
(Fig. 4B). On the other hand, when comparing the staining at each
time point, there was tendency for staining in the GM-1 (30 mg/kg)
group to be weaker than that of the noise-alone group (Fig. 5). Fig. 5
shows the relative densities of 4-HNE staining in the outer hair
cells subtracted from the pre-exposure level. Staining differences
between both groups reached significance from 4 h to 3 days (n=5
at each time point, Student’s t-test: *p < 0.05) (Fig. 5). However, the
difference in density was not clear at 7 days (Fig. 4A).

GM-1 administered before acoustic overexposure significantly
decreased ABR threshold shifts and hair cell loss at 2 weeks after
acoustic overexposure. The present findings clearly demonstrated
that GM-1 ganglioside ameliorated the permanent threshold shifts
induced by acoustic overexposure. To our knowledge, this is the
firstreport that GM-1 ganglioside has protective effects on hair cells
against cochlear injury. Previous studies have shown the protective
effect of GM-1 on the spiral ganglion and cochlear nucleus [20,38].

It has been demonstrated that acoustic injury damages the
cochlea by producing free radicals. Many reports have demon-
strated that antioxidants and free radical scavengers exhibit
protective effects against acoustic injury, e.g., glutathione [41],
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superoxide dismutase [16], methylprednisolone [32,34], vitamin A,
C, or E [15], and tempol [17]. Acoustic overexposure initially dam-
ages the outer hair cells, and these agents effectively prevented the
injury of outer hair cells. Our study is consistent with these previous
studies.
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Fig. 5. Densities of 4-HNE in the outer hair cells. Relative values subtracted from
the pre-exposure level are shown. The time-course of the immunostaining den-
sity in the GM-1 (30 mg/kg) group was similar to that of the noise-alone group.
The highest density was seen at 12 h to 3 days after overexposure. Each density of
immunostaining in the GM-1 (30 mg/kg) group was significantly weaker than that
of the noise-alone group at the same time points from 4 h to 3 days (n=5 at each
time point, Student’s t-test: *p<0.05).
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In this study, we evaluated the staining of 4-HNE in the organ
of Corti. 4-HNE is a toxic aldehyde commonly used as an indica-
tor of lipid peroxidation. Oxidative stress within a cell generates
reactive oxygen species that interact with phospholipids in the cell
membrane to cause their peroxidation [9]. 4-HNE is produced in the
cochlea damaged by sound-induced trauma, and has been shown
to cause the apoptosis of auditory neurons in vitro [24,40]. Tri-
amcinolone acetonide and glutathione were two agents shown to
protect hair cells from hydroxynonenal-induced cell death [9,22].
GM-1 treatment decreased 4-HNE staining of outer hair cells in
this study. This finding indicated that GM-1 protected outer hair
cells through inhibiting the toxic effects of free radicals and hydrox-
ynonenals.

GM-1 was reported to have the neuroprotective effect on the
cytotoxic action of hydrogen peroxide in PC12 cells which were
sensitive to oxidative stress [29,43]. GM-1 prevented the accumu-
lation of malondialdehyde (MDA), a marker of oxidative stress, and
the inactivation of Na*-K*-ATPase induced by hydrogen peroxide
in PC12 cells. GM-1 prevented the oxidative inactivation of Na*-K*-
ATPase induced by glutaric acid and pentylenetetrazole [7]. GM-1
was reported to decrease the glutamate-induced activation of free
radical reactions in nerve cells, and also reduced neuronal deathina
rat cerebellar granule cell culture [3,4]. These studies also revealed
the antioxidant properties of ganglioside, and thus supported our
present findings.

GM-1 is abundantly embedded in the lipid layer of neuronal
membranes. Recent studies suggest that GM-1 can function as
a primary lipid messenger on the cell membrane responding to
marked stress. GM-1 is inserted into the plasma membrane as the
hydrophobic ceramide portion of the molecule becomes embedded
in the outer leaflet of the plasma membrane and its carbohydrate
portion extends into the extracellular space [28]. This ceramide
portion forms a domain receiving many external signals. Many bio-
chemical studies reported that domains transmitted signals from
the extracellular space to cytosol. These lipid rafts are associ-
ated with a variety of signaling molecules, such as GPI-anchored
proteins [19], non-receptor and receptor tyrosine kinases [39], Src-
family tyrosine kinases [12}, and trimeric GTP-binding proteins [5]
on the inside of the cell membrane. They may control mitogen-
activated protein kinase (MAPK) activities, S6 kinase activities [37],
the phosphorylation of Trk [18], and Ca2* flux [11]. Thus, GM-1
may be a kind of potentiator or modulator of trophic factors in
both the peripheral and central nervous systems [6,14,27,28,30].
Further studies are necessary to clarify the involvement of the
protective mechanisms of GM-1 other than its antioxidative
property.

In conclusion, we showed herein that GM-1 is able to protect the
cochlea against acoustic injury. The immunocytochemistry of hair
cells revealed that the antioxidant property of GM-1 was important
for the protection.
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A significantly increased risk for dominant sensorineural deafness in
patients who have Hirschsprung disease (HSCR) caused by endothelin
receptor type B and SOX10 has been reported. Despite the fact that
¢-RET is the most frequent causal gene of HSCR, it has not been de-
termined whether impairments of c-Ret and ¢-RET cause congenital
deafness in mice and humans. Here, we show that impaired phos-
phorylation of c-Ret at tyrosine 1062 causes HSCR-linked syndromic
congenital deafness in c-Ret knockin (KI) mice. The deafness involves
neurodegeneration of spiral ganglion neurons (SGNs) with not only
impaired phosphorylation of Akt and NF-xB but decreased expression
of calbindin D28k in inner ears. The congenital deafness involving
neurodegeneration of SGNs in c-Ret KI mice was rescued by introduc-
ing constitutively activated RET. Taken together with our results for
three patients with congenital deafness with c-RET-mediated severe
HSCR, our results indicate that c-Ret and c-RET are a deafness-related
molecule in mice and humans.

spiral ganglion neuron | syndromic congenital deafness | tyrosine kinase

bout 30% of the 120 million people worldwide who suffer

from congenital (early-onset) hearing loss are syndromic, and
the remaining 70% are nonsyndromic (1-3). To elucidate the
etiologies for the hearing losses, inner ears have been morpho-
logically investigated as one of the target tissues. The inner ears
contain the organ of Corti and the stria vascularis. The stria vas-
cularis serves to maintain the endolymph potential. The organ of
Corti, which consists of two kinds of sensory cells (inner hair cells
and outer hair cells) is responsible for mechanotransduction, by
which sound impulses are converted into neural impulses. Audi-
tory information from the sensory cells is transmitted to spiral
ganglion neurons (SGNs) as the primary carrier, followed by
eventual transmission to the auditory cortex (1, 2). Most of the
recent studies on hearing have focused on the expression level of
a target molecule rather than activities in inner ears (1, 2). Thus,
there have been very few studies aimed at determining whether
activities of a target molecule cause hearing losses.

The ¢-RET protooncogene encodes a receptor tyrosine kinase,
and glial cell-derived neurotrophic factor (GDNF) is one of the
ligands for c-RET (4). The GDNF exerts its effect on target cells
by binding to a GPI-anchored cell surface protein (GFRal),
which, in turn, recruits the receptor tyrosine kinase c-RET to
form a multiple-subunit signaling complex. Formation of this
complex results in c-RET autophosphorylation and a cascade of
intracellular signaling to control cell survival (4-7).

Tyrosine 1062 (Y1062) in c-Ret is one of the most important
autophosphorylation sites for its kinase activation and is a multi-
docking site for several signaling molecules, including SHC,
a transmitter for c-Ret signaling (8-10). c-RET has been shown to
be essential for the development and maintenance of the enteric
nervous system (ENS) in both mice and humans (8, 9) and to be

www.pnas.org/cgi/doi/10.1073/pnas. 1004520107

the most frequent causal gene of Hirschsprung disease (HSCR) in
humans (20-25% of cases) (11, 12). In fact, severe HSCR with
total intestinal agangliosis has been shown to develop in homo-
zygous knockin (KI) mice, in which Y1062 in c-Ret was replaced
with phenylalanine (c-Ret-KIY!062F/Y1062F micey (6).

HSCR, which affects 1 in 5,000 births, is a congenital disorder of
the ENS, and most cases are thought to be multigenic and mul-
tifactorial. A significantly increased risk for dominant sensori-
neural deafness in patients who have HSCR caused by endothelin
receptor type B (EDNRB) (13) and SOX10 (14) has been reported
(11, 12). Despite the fact that c-RET is one of the responsible
genes for HSCR, there is no direct evidence to link c-Ret and
c-RET with deafness in mice and humans, presumably because of
the short life span [postnatal day (P) 1-2)] of c-Ret homozygously
deleted mice (15) to measure hearing levels.

In this study, we used c-Ret-KIY1002F/Y1062F mijce, which survive
for 3-4 wk, and we focused on whether phosphorylation of c-Ret is
relevant to hearing levels. Our results demonstrated that impair-
ment of c-Ret phosphorylation causes syndromic congenital hearing
loss with neurodegeneration of SGNs in c-Ret-KIY1062F/Y1062F mjce,

Results

Phosphorylation of c-Ret Y1062 in SGNs Increases in the Process of
Hearing Development. We first examined the numbers of c-Ret

protein expressed and Y1062-phosphorylated cells in inner ears

from WT mice during the developmental stage of hearing after
birth (Fig. 1). We found that c-Ret protein and phosphorylated
Y1062 were clearly detectable in SGNs from WT mice on P14 (Fig.
1A and B, arrows). c-Ret protein was constantly expressed in SGNs
throughout the hearing developmental stage after birth (P1-18)
(Fig. 1C, Left), whereas the number of Y1062-phosphorylated
SGNs was greatly increased in SGNs around P6-7, several days
before the WT mice acquire intact hearing levels (around P12)
[Fig. 1 C Right and D). Other areas (e.g., inner and outer hair cells,
stria vascularis) of inner ears showed phosphorylated Y1062 in
c-Ret (Fig. 1 A and B, arrowheads), but morphological abnor-
malities in inner and outer hair cells and the stria vascularis in
c-Ret KIY1062F/Y1062F mice were hardly detected (Figs. S1 and S2).
SGNs have been reported to play an essential role in hearing by
transmitting auditory information from sensory cells of the cochlea
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Fig. 1. Increased c-Ret Y1062-phosphorylated SGNs in the process of hearing
development in WT mice. Immunohistochemical analyses of c-Ret protein-
expressing cells (A) and Y 1062-phosphorylated cells (B) in inner ears from 14-d-
old WT mice (C57BL/6). c-Ret protein—expressing (A) and Y 1062-phosphorylated
(B) cells were detected in SGNs, acoustic neurons, and the stria vascularis in the
inner ear from WT mice. Arrows in A and B indicate SGNs. Black arrowhead
and blue arrowhead in A and B indicate inner and outer hair cells and stria
vascularis, respectively. (C) Immunohistochemical analyses for serial sections of
c-Ret—expressing (Left) and Y1062-phosphorylated (phosph., Right) SGNs
from WT mice until P18. (Scale bars: A and B, 100 pm; C, 20 pm.) (D) Percentage
(mean + SE) of Y1062-phosphorylated SGNs from WT mice during the process
of hearing development after birth. The x axis indicates days after birth of
WT mice. The y axis for the blue line (mean = SE; n = 3) indicates the percentage
of Y1062-phosphorylated SGNs. The y axis for the red line (mean + SE; n = 5)
indicates hearing levels of WT mice measured by ABR. The effective measure-
mentrange of the ABR system is up to 90-to 100-dB SPL. Scale out (SO) indicates
no ABRresponses for 90-to 100-dB SPL. The method for staining and estimating
the percentage is described in detail in Materials and Methods.

to the central nervous system (16). Therefore, we focused on the
physiological roles in hearing level of phosphorylation of Y1062 in
c-Ret tyrosine kinase in SGNs.

Congenital Deafness in c-Ret-KIV'%52FY1062F pMice, We next investi-

gated tone burst-evoked auditory brainstem response (ABR) in
c-Ret-KIY1062F/Y1062F nice (6) to determine whether completely
impaired phosphorylation of Y1062 in c-Ret kinase affects
hearing levels. Thresholds for sound at 4-40 kHz in 18-d-old
c-Ret-KIY1062F/Y1062F mjce [78- to 85-dB sound pressure level
(SPL)] were much higher than those in littermate WT mice (20-
to 55-dB SPL) (Fig. 24). Latencies of all four ABR waves in
c-Ret-KIY1062F/Y1062F mice were also prolonged (Fig. 2B). These
results suggest that c-Ret-KIY1062F/Y1062F mjce suffer from severe
congenital deafness. On the other hand, hearing levels in other

13052 | www.pnas.org/cgi/doi/10.1073/pnas.1004520107

KI mice, in which serine 697 (S697, a putative protein kinase A
phosphorylation site) in c-Ret was replaced with alanine (c-Ret-
KIS6974/S697A mice), resulting in a mild HSCR phenotype (lack of
the ENS limited to the distal colon) (17), were comparable to those
in littermate WT mice (Fig. S3). These results demonstrate that
early-onset syndromic deafness develops in c-Ret-KI ¥ 1062F/Y1062F
mice with severe HSCR (6) but not in c-Ret-KIS®7AS697A mjce
with mild HSCR (17).

Neurodegeneration of SGNs in c-Ret-KIV'%62FY1%62F mMice We next
performed morphological analyses of Y1062-mediated congenital
deafness. The number of c-Ret protein—expressed SGNs in c-Ret-
KIY!062F/Y1062F mice and that in littermate WT mice were no dif-
ferent on P14 (Fig. 34 Upper). The number of Y1062-phosphorylated
SGNs was undetectably small in c-Ret-KIY!062FY1062F ice
even on P14, compared with that in WT mice on P14 (Fig. 3 4
Lower and B). Cell density of SGNs in the basal turn in c-Ret-
KIY1062F/Y1062F 1ice on P§ and P14 was 20-35% lower than that
in the basal turn in littermate WT mice (Fig. 3 C Lower and D),
although those on P2.5 were comparable in c-Ret-KI ¥ 1062F/Y1062F
mice and littermate WT mice (Fig. 3 C Upper and D). We further
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Fig. 2. Congenital deafness in c-Ret-KI"1062FY1062F mice (A) Hearing levels

(mean + SE) in 18-d-old c-Ret-K|I"'062F/Y1062F mjce (Ret KIY¥'F, red squares,
n = 8) and littermate WT mice (WT, black circles, n = 8) measured by ABR.
Significant difference (*P < 0.01) from the control was analyzed by the
Mann-Whitney U test. (B) ABR waveforms of 18-d-old littermate WT mice
(black line) and c-Ret-KI"™¥F mice (red line) at 20- to 100-dB SPL at 4 kHz are
presented at different scales (WT, 2.0 mV; c-Ret-KI"™F mice, 1.0 mV) for
clarity. The peaks of ABR waves |, Ii, lil, and IV are indicated. The absolute
latencies of all four ABR waves and the interpeak latencies for waves |-l
(auditory nerve) at 100 dB were significantly increased in c-Ret-KIY™F mice
as follows: wave | (WT: 1.52 ms vs. c-Ret-KIY7"F mice: 3.18 ms), wave Il (WT:
2.23 ms vs. c-Ret-KI"™*F mice: 4.36 ms), wave lll (WT: 3.24 ms vs. c-Ret-KIYFYF
mice: 5.58 ms), wave IV (WT: 4.86 ms vs. c-Ret-KI"™F mice: 7.43 ms), and
waves |-l (WT: 0.82 ms vs. c-Ret-KI¥"F mice: 1.21 ms).
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Fig. 3. Neurodegeneration of SGNs in c-Ret-K|Y1062FY1962F mice (A4) Immu-

nohistochemical analyses for serial sections of the levels of c-Ret expression
(Upper) and its phosphorylated Y1062 (Lower) in SGNs from 14-d-old lit-
termate WT mice (WT, Left) and c-Ret-KI"'062F/Y1062F mice (Ret KIY™YF, Right).
(B) Percentage (mean + SE) of Y1062-phosphorylated (phosph.) SGNs from
14-d-old c-Ret-KIY1062F/Y1062F mice (Ret KIYFYF, red bar, n = 3) and littermate
WT mice (WT, blue bar, n = 3). (Scale bars: 20 pm.) (C) Morphological analysis
of SGNs from 2.5-d-old (Upper) and 14-d-old (Lower) WT mice (WT, Left) and
littermate c-Ret-KIY1062FY1062F mice (Ret KIYFYF, Right) by Kluver-Barrera
staining. (D) Cell density (mean + SE) of SGNs from 2.5-d-old (P2.5), 8-d-old
(P8), and 14-d-old (P14) c-Ret-KIY'062F/Y1062F mice (Ret KI"™YF, red bar, n = 3)
and littermate WT mice (WT, blue bar, n = 3). (Scale bars: 20 ym.) The
method for staining and estimating the percentage and cell density is de-
scribed in detail in Materials and Methods. Significant difference (*P < 0.01;
TP < 0.05) from the control was analyzed by the Mann-Whitney U test
(B and D). (E-H) TEM for SGNs from 14-d-old c-Ret-KIY'%62F/Y1062F mice (Ret
KIYFYF F and H) and littermate WT mice (WT, £ and G). (E and F) Gap areas
(blue arrows in F) between SGNs (SGN in F) with shrunken nuclei (red arrow
in F) and Schwann cells (SC in F) were observed in c-Ret-K|"1062F/Y1062F mice
but not in littermate WT mice (blue arrow in E). N, nucleus. (G and H)
Shrunken nuclei of SGNs with discontinuous nuclear membrane (red arrow
in H) from c-Ret KI"'952FY1062F mice and intact nuclear membrane of SGNs
from WT mice (red arrow in £ and G). The yellow arrow in H indicates
condensed heterochromatin in the peripheral area of the nucleus of SGNs
from c-Ret K|Y1062F/Y1062F mice (Scale bars: £ and F, 2 um; G and H, 500 nm.)

performed detailed morphological analyses of SGNs from c-Ret-
KIY1062F/Y1062F 1ice during the hearing developmental stage by
transmission electron microscopy (TEM) (Fig. 3 E-H). SGNs in
c-Ret-KIY1062F/Y1062F mjce on P14 exhibited shrunken nuclei (Fig.
3F, red arrow) with discontinuous nuclear membranes (Fig. 3H,
red arrow) and highly condensed heterochromatin in the peri-
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pheral area (Fig. 3H, yellow arrow), whereas those in littermate
WT mice had intact bilager membranes of nuclei (Fig. 3 E and G,
red arrows). c-Ret-KI¥ 02 Y1092F mice on P14 also showed gaps
between SGNs and Schwann cells (Fig. 3F, blue arrows) com-
pared with those in littermate WT mice (Fig. 3E, blue arrow). On
the other hand, no hallmarks for apoptotic signals in SGNs were
found in either c-Ret-KIY1062F/Y1062F mjce or littermate WT mice
on P8, P12, and P14 (Fig. S4).

Congenital Hearing Loss in c-Ret-KIY'%62FY1%62F pice Was Rescued by
Introducing Constitutively Activated RET. We then tried to rescue
the congenital hearing loss in c-Ret-KI¥ '%2F/Y1062F mjce For this
purpose, we crossed c-Ret-KIY'02F/Y1062F nyjce with constitu-
tively activated RET (RFP-RET)-carrying transgenic mice (RET-
Tg mice) of line 242 (18) and established c-Ret-KIY!062F/Y1062F,
RET-Tg mice. Conﬁ:enital hearing loss was again observed in 21-
d-old c-Ret-KIY!06F/Y1062F mice (Fig, 44, red squares, and Fig.
S5B). Hearing levels in c-Ret-KIY1062F/Y1062F, RET-Tg mice were
comparable to those in littermate WT mice and were significantly
improved compared with those in littermate c-Ret-KIY1062F/Y1062F
mice (Fig. 44 and Fig. S5). Correspondingly, the number of
Y1062-phosphorylated SGNs in c-Ret-expressed SGNs and cell
density of SGNs from c-Ret-KIY1062F/Y1062F.RET-Tg mice were
comparable to those from littermate WT mice and significantly
higher than those from c-Ret-KI¥'%?F/Y102F mice (Fig. 4 B-E).
On the other hand, results of a previous study in vitro (19) and our
results (Fig. $6) suggested that phosphorylated levels of Y1062 in
¢-RET modulate NF-«B activities via AKT phosphorylation levels
in neural cells. In addition, impairments of NF-xB-mediating
signaling have been shown to cause down-regulation of calbindin
D28k, which contributes to neuronal survival, leading to neuro-
degenerative disorders (20). Our results and the results of previous
studies mentioned above encouraged us to determine immuno-
histochemically the phosphorylation levels of NF-«xB and Akt and
the expression levels of calbindin D28k in SGNs from c-Ret-
KIY1062F/Y1062F mice to analyze the etiology of c-Ret-mediated
congenital hearing loss further. Results of this study in vivo showed
that not only phosphorylation levels of NF-«xB and Akt but ex-
pression levels of calbindin D28k were impaired in SGNs from
c-Ret-KIY1062F/YI062F rjice and were restored in SGNs from c-Ret-
KIY1062F/Y1062F, RET_Tg mice (Fig. 5).

Discussion

In this study, we provide direct evidence that c-Ret is a congenital
deafness-related molecule in mice. Our results partially corre-
spond to results of previous studies showing that GDNF has
a protective effect on antibiotics-induced ototoxicities (21-24).
Mutation of c-Ret at Y1062 has been shown to fail to respond to
GDNF in vitro (19). However, previous studies have indicated
that there is a Ret-independent signaling pathway stimulated by
GDNF (5, 8, 25). Moreover, it has not been determined whether
impairment of c-Ret kinase activity affects hearing, even though it
has been shown that c-Ret, GFRal, and GDNF are expressed in
auditory neurons (26, 27). Our results strongly suggest that im-
paired phosphorylation of Y1062 in c-Ret without change in the
expression level results in the development of congenital hearing
loss with neurodegeneration of SGNs in mice. We further dem-
onstrated congenital hearing loss in human patients with c-RET-
mediated HSCR. Thus, this study indicated the importance of
considering the activity as well as the expression of the target
molecule to elucidate the etiologies of hereditary deafness.

This study demonstrated that c-Ret-KIY1062F/Y1062F mjce had
severe congenital deafness with neurodegeneration of SGNs,
resulting in decreased numbers of SGNs on P8-18 (Figs. 2 and 3).
In contrast, the number and morphology of SGNs were comparable
between c-Ret-KIY'0ZF/Y1052F mice and WT mice on P2-3 (Fig. 3
C and [2 These results suggest that SGNs even from c-Ret-
KIY1062F/YI062F jce developed normally at least until P3, when
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Fig. 4. Rescue of congenital hearing loss in c-Ret-KI062FY1062F mjce by in-

troducing constitutively activated RET. (A) Hearing levels (mean + SE) in 21-d-
old WT mice (WT, black circles, n = 7), littermate c-Ret-Ki"962F/Y1062F mice (Ret
KIYFYF red squares, n = 7), and c-Ret-KIY'0627Y1062F.gep/RET mice (Ret KIYYF;
RET-Tg, blue triangles, n = 7) mice measured by ABR. (B) Immunohisto-
chemical analyses for serial sections of the levels of c-Ret expression (Upper)
and its phosphorylated (phosph.) Y1062 (Lower) in SGNs from 15-d-old mice
of three different strains (WT, Ret KIY¥¥F, and Ret KI"™"F;RET-Tg). (Scale bars:
20 pm.) (C) Percentages (mean + SE) of Y1062-phosphorylated SGNs from
littermate 15-d-old mice of three different strains (WT, Ret KIY¥¥F, and Ret
KIYFYF-RET-Tg) are presented. (D) Morphological analysis of SGNs from 15-d-
old mice of three different strains (WT, Ret KI"™F, and Ret KIY¥YF;RET-Tg)
with Kluver-Barrera staining. {Scale bars: 20 pm.) (E) Cell density (mean + SE)
of SGNs from three mice of each mouse strain is presented. The method for
staining and estimating the percentage and the cell density is described in
detail in Materials and Methods. Significant difference (*P < 0.01; "P < 0.05)
from the control was analyzed by the Kruskal-Wallis H test (4, C, and E).

Y1062 phosphorylation in c-Ret of SGNs from WT mice was un-
detectable, but those from c-Ret-KIY1062F/Y1062F 106 1o longer
survived on P8-18, when the level of Y1062 phosphorylation in c-
Ret of SGNs from WT mice was high (summarized in Fig. S7.4-C).
Y1062 phosphorylation in c-Ret has been reported to mediate
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Fig. 5. Immunohistochemical analyses of phosphorylation levels of NF-xB and
Akt and expression levels of calbindin D28k in SGNs from c-Ret-K|¥1062F/Y1062F
mice. (A) Immunohistochemical analyses of SGNs from 15-d-old WT mice, lit-
termate c-Ret-K|Y1082FY1062F myica (Ret KIYYYF) and c-Ret-K1Y1062F/Y1062F. e /RET
mice (Ret KIYFYF;RET-Tg) with polyclonal antibodies against Akt, phosphory-
lated Akt (Akt phosph.), NF-xB, phosphorylated NF-xB (NF-xB phosph.), and
calbindin D28k. All specimens were developed with diaminobenzidine, fol-
lowed by counterstaining with hematoxylin. (Scale bars: 20 pm.) (B-D) Per-
centage of positive SGN number (mean + SE) of phosphorylated Akt (B),

phosphorylated NF-kB (C), and calbindin D28k (D) in WT mice, littermate c-Ret-
KIY1062F/Y1062F mice (YF/YF), and c-Ret-KIY1062F/Y1062F-RED/RET mice (YF/YF,RET-
Tg) is presented. The method for estimating the percentage is described in
detail in Materials and Methods. Significant difference (*P < 0.05) from the
control was analyzed by the Kruskal-Wallis H test in B-D.

several biological responses, including survival of neuronal cells (8,
19). We therefore conclude that complete impairment of Y1062
phosphorylation in c-Ret affects survival of SGNs during the late
stage of hearing development after birth in mice (around P8-18).

Our results further demonstrated that c-Ret-mediated congenital
hearing loss involves impaired activities of Akt and NF-«B, with
impaired expression of calbindin D28k in SGNs (Fig. 5). The
impairments of these molecules in SGNs from c-Ret-KI Y1062F/Y1062F
mice were clearly rescued by introducing constitutively activated
RET (Fig. 5). These results partially correspond to results of a pre-
vious study in vitro and in vivo showing that GDNF induces ex-
pression of calbindin D28k, which promotes neural survival, via Akt/
NF-kB signaling in substantia nigra neurons (28). Thus, our results
suggest a mechanistic model for c-Ret-mediated congenital deaf-
ness in which impairments of the c-Ret-mediated signaling pathway
cause decreased expression of calbindin D28k via Akt/NF-xB
signaling, resulting in auditory nerve degeneration (summarized in
Fig. S7 D and E). The neurodegeneration of SGNs from c-Ret-
KIY1062F/Y1062F mice did not involve the hallmark of apoptotic sig-
nals (Fig. S4). The results of a previous study also showed that
neurodegeneration of postmigratory enteric neurons did not involve
apoptotic signals during the developmental stage in mice with con-
ditional ablation of c-Ref (29).

Hearing losses in three patients with HSCR were previously
reported (30). Because the causal genes in patients who have
HSCR have not been identified, we performed mutational anal-
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ysis in this study for RET, GDNF, neurturin (NTN), SOX10,
EDNRB, and endothelin 3 (ET-3) genes of patients with HSCR,
as listed in Table S1. We found that the patients with HSCR who
have hearing losses have mutations only in RET among the
above genes (Fig. S8 and Table S1). The results obtained with
c-Ret KI mice demonstrate that impairments of Y1062 phos-
phorylation in c-Ret cause congenital hearing loss (Fig. 2 and 4),
whereas normal hearing is maintained with even complete im-
pairment of S697 phosphorylation in c-Ret (Fig. S3). In humans,
we found hearing impairments in three patients with severe
HSCR, including two male patients with homozygous and het-
erozygous mutations at arginine 969 located in ¢-RET kinase
domains and one male patient with a nucleotide deletion at RET
codon 13, resulting in a frameshift and termination at codon 22.
No hearing impairments were found in patients with other het-
erozygous missense mutations at codons 30, 144, 489, 734, 897,
and 942 (Table S1). Therefore, these results suggest that im-
pairments of c-Ret and c-RET cause hearing losses in mice and
humans in a site-dependent manner. Further study is needed to
determine the correlation between mutational sites of c-Ret and
c-RET and hearing losses in mice and humans.

We finally demonstrated that congenital hearing loss involving
neurodegeneration of SGNs in c-Ret-KIY1062F/Y1062F mjce was
rescued by introducing constitutively activated RET (Figs. 4 and
5). Despite a significantly increased risk for syndromic deafness
in patients with HSCR (11, 12), no effective therapies for deaf-
ness have been established. Therefore, our findings will be useful
for the development of therapeutical strategies targeting c-RET
kinase against hearing impairments.

Materials and Methods

Mice. c-Ret-K|Y1062FY1062F mice (6), c-Ret-KIS97A5697A mice (17), and RET-Tg
mice of line 242 (18) were previously reported. There are no reports about
hearing levels in these strains except a previous report showing that hearing
levels in 10-wk-old RET-Tg mice and littermate WT mice were comparable
(31). In this study, c-Ret-KI"'%62¥*:RET-Tg mice were newly established by
crossing the c-Ret-K1Y'%627* mouse with the RET-Tg mouse. All experiments
were authorized by the Institutional Animal Care and Use Committee of
Chubu University (approval no. 2210038) and the Institutional Recombinant
DNA Experiment Committee of Chubu University (approval no. 06-01) and
followed the Japanese Government Regulations for Animal Experiments.

Measurement of Hearing. ABR measurements (AD Instruments Pty. Ltd.) were
performed as described previously (30, 32). Tone burst stimuli were measured
at 5 dB stepwise from 0-dB SPL to 70- or 90-dB SPL. The threshold was
obtained by identifying the lowest level of | wave of ABR recognized. Data
are presented as mean =+ SE.

Morphological Analysis with a Light Microscope. After perfusion fixation with
Bouin's solution, cochleae from 0.5- to 21-d-old mice were immersed in the
same solution overnight and for 1 wk, respectively. Kiuver-Barrera staining
was performed with paraffin sections. Immunohistochemical analyses with
polyclonal antibodies against c-Ret protein (1:150; Immuno Biological Lab-
oratories), phosphorylated c-Ret Y1062 (1:150) (33), Akt (1:300; Cell Signal-
ing), phosphorylated Akt (1:50; Cell Signaling), and phosphorylated NF-xB
p50 (1:50; Santa Cruz) were performed on frozen sections with Can Get
Signal immunostaining solution (TOYOBO). Immunohistochemical analysis
with polyclonal antibodies against NF-kB p50 (1:100; Santa Cruz) and cal-
bindin D28k (1:150; Chemicon) was performed for paraffin sections. For the
detection of NF-xB p50, the paraffin sections were treated with 10 mM so-
dium citrate (pH 6.0) for 10 min at 90 °C for antigen retrieval. For the de-
tection of calbindin D28k, the paraffin sections were treated with 10 mM
sodium citrate (pH 6.0) for 10 min at 90 °C for antigen retrieval, and Can Get
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Signal immunostaining solution was used as dilution buffer. The VECTASTAIN
ABC kit (Vector) and Envision kit/HRP (diaminobenzidine; DAKO) were used
in each immunohistochemical analysis with counterstained hematoxylin.
Immunohistochemical estimation of the percentage of positive SGNs de-
tected by antibodies was calculated using the software program WinROOF
(Mitani Corp.), as previously reported (34). In brief, the number of immu-
nohistochemically positive SGNs was divided by the total number of SGNs
in each Rosenthal’s canal from three or four mice for each mouse strain. in
total, 160-200 SGNs were counted for each evaluation of cell density and
percentage. In the case of immunohistochemical estimation of phosphory-
lated protein, percentage (mean + SE) was calculated by dividing the num-
ber of phosphorylated SGNs by the number of the protein-expressing SGNs
in each Rosenthal’s canal from three or four mice for each mouse strain.
Estimation of the cell density of SGNs with Kluver-Barrera staining basically
followed the previous method (35, 36). In brief, the area of Rosenthal’s canal
in five sections from each mouse was measured with the software program
WiInROOF. The cell density of SGNs from three or four mice for each mouse
strain was calculated by dividing the cell number of SGNs in the measured
Rosenthal’s canal by the area. In total, 160-200 SGNs in five sections from
each mouse were examined. In total, 160-200 SGNs were counted for each
evaluation of cell density and percentage.

Morphological Analysis by TEM. Preparation of tissues for TEM basically fol-
lowed the previous method (35). In brief, after perfusion fixation with a fixative
solution | containing 2% (volivol) paraformaldehyde, 2% (vol/vol) glutaralde-
hyde and 0.3 M Hepes (pH 7.4), dissected murine cochleae were immersed in the
same fixative solution overnight at 4 °C. The cochleae were then fixed with
a fixative solution Il containing 2% (vol/vol) osmium tetroxide and 0.3 M Hepes
(pH 7.4) at 4 °C for 3 h. After rinsing off the fixative solution, the cochleae were
dehydrated with a graded series of ethanol and embedded in epoxy resin
(Quetol 651; Nisshin EM). Ultrathin sections (thickness = 70 nm) were observed
under an electron microscope at 80 kV (JEM1200EX; JEOL).

Mutational Analysis in Patients with HSCR. We analyzed mutations of RET,
GDNF, NTN, SOX10, EDNRB, and ET-3 genes in DNA samples from 15 children
with total colonic aganglionosis, as described previously (37). Amplification
was accomplished with a reaction mixture containing 100 ng of lymphocyte
DNA, 2.5 uM each set of primers, 200 yM dNTP, 10 mM Tris HCI (pH 8.3), 1.5 mM
MgCl,, 50 mM KCl, and 1.0 U of Tag DNA polymerase. Thermocycling con-
ditions consisted of denaturation at 95 °C for 9 min, 45 cycles of annealing at
60 °C for 2 min, and extension at 95 °C for 30 s, followed by a denaturing step
at 60 °C for 3 min in an automatic thermocycler (GeneAmp PCR System 2400;
Perkin-Elmer). The DNA sequencings were carried out by the direct dyedeoxy
terminator cycle method using a fluorescent automatic DNA sequencer
(Model 373A DNA Sequencing systems; Applied Biosystems).

Ethical Considerations. The study was approved by the Ethics Committee of
Chubu University (approval no. 20008-4) and conducted according to the
Declaration of Helsinki. All patients gave voluntary written informed consent.

Statistics. Significant difference (*P < 0.01; "P < 0.05) from the control was
analyzed by the Mann-Whitney U test (Figs. 2 and 3) and the Kruskal-Wallis
H test (Figs. 4 and 5).
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Abstract: A large amount of energy produced by active aerobic metabolism is necessary for the cochlea to maintain
its function. This makes the cochlea vulnerable to blockade of cochlear blood flow and interruption of the oxygen supply.
Although certain forms of human idiopathic sudden sensorineural hearing loss reportedly arise from ischemic injury, the
pathological mechanism of cochlear ischemia-reperfusion injury has not been fully elucidated. Recent animal studies have
shed light on the mechanisms of cochlear ischemia-reperfusion injury. It will help in the understanding of the pathology
of cochlear ischemia-reperfusion injury to classify this injury into ischemic injury and reperfusion injury. Excitotoxicity,
mainly observed during the ischemic period, aggravates the injury of primary auditory neurons. On the other hand,
oxidative damage induced by hydroxyl radicals and nitric oxide enhances cochlear reperfusion injury. This article briefly
summarizes the generation mechanisms of cochlear ischemia-reperfusion injury and potential therapeutic targets that
could be developed for the effective management of this injury type.

Keywords: Cochlea, Blood flow, Ischemia-reperfusion injury, Excitotoxicity, Oxidative damage.

INTRODUCTION

The sole purpose of the circulatory system is transporta-
tion. It performs oxygen and nutrient delivery and metabolic
by-product removal. The labyrinthine artery is a terminal
artery for cochlear blood supply. The cochlea is highly de-
pendent on blood and oxygen supply to maintain its function.
In animal models of cochlear ischemia, the cochlea becomes
hypoxic or ischemic within one minute after occlusion of the
labyrinthine artery.

It has been proposed that one of the major causes of hu-
man idiopathic sudden sensorineural hearing loss is impaired
blood flow and oxygen delivery to the cochlea [1]. The aim
of this review is to provide an overview of recent insights
regarding the pathogenesis of cochlear ischemia-reperfusion
injury observed in animal studies.

CHANGES IN COCHLEAR POTENTIALS AND
MORPHOLOGIES DURING ISCHEMIA

Adenosine triphosphate (ATP), a critical compound in
cellular energy metabolism, is synthesized in mitochondria
from adenosine diphosphate (ADP) and inorganic phosphate
in the presence of oxygen and nicotinamide adenine dinucleo-
tide (NADH). Interruption of the blood supply causes ATP
depletion in the cochlea [2]. If this ATP depletion during
ischemia is severe, it may lead to the compromised function
of all cochlear cells. Perlman ef al. [3] were the first to per-
form an extensive study of functional and histological
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alterations of the cochlea during and after reversible cochlear
ischemia in the guinea pig. Because the stria vascularis re-
quires high-level energy supply to maintain endocochlear
potential (EP) levels, EP rapidly declines immediately after
the onset of ischemia to reach its lowest level (-30 to -40
mV). EP is essential to maintain the function of hair cells
and cochlear afferent neurons, and its decrease results in the
subsequent decrease of other cochlear potentials, such as
cochlear microphonic (CM), distortion-product otoacoustic
emission (DPOAE), and compound action potential (CAP)
[4].

Generally, interruption of the blood supply causes vari-
ous morphological changes including cellular, mitochondrial,
and nuclear swelling, swelling of the endoplasmic reticulum,
clearing of the cytoplasm, bleb formation, and the condensa-
tion of chromatin. However, the tolerance of cochlear cells to
ischemia is variable among cell types. Dendrites of cochlear
afferent neurons are one of the components most vulnerable
to ischemia. The swelling of afferent neurons is observed in
cases of cochlear ischemia of 5 minutes or longer. Ischemia-
induced morphological changes are also observed in hair
cells. Approximately 15 and 30 minutes of ischemia causes
the swelling of outer and inner hair cells, respectively. As the
ischemic period prolongs, more severe morphological
changes are observed, such as the swelling of nuclei, bleb
formation, and rupture of the cell membrane. Several hours
of ischemia induces disintegration of the organ of Corti [4].

EXCITOTOXICITY OF COCHLEAR AFFERENT
NEURONS DURING THE ISCHEMIC PERIOD

Excitotoxicity is an important and well-accepted theory
proposed by Olney et al. [5], which explains one of the ma-
jor pathophysiologies of brain ischemia. Excitotoxicity is

©2010 Bentham Science Publishers Ltd.
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caused by excessive amounts of glutamate in synaptic cleft.
Glutamate is a putative excitatory neurotransmitter between
inner hair cells and afferent neurons [6, 7]. Although vital for
cochlear function, excessively released glutamate and the
failure of its removal from synaptic clefts can lead to the
excitotoxicity of cochlear afferent neurons due to the loss of
ionic homeostasis. Puel er al. [8] showed that cochlear
ischemia causes the excitotoxicity of afferent neurons to in-
duce the massive swelling of afferent dendrites.

The excessive efflux of glutamate from inner hair cells
results in cochlear excitotoxicity. Massive glutamate efflux
in the perilymph of the cochlea is observed during cochlear
ischemia [9, 10]. Besides this excessive efflux, the failed
uptake of glutamate from the synaptic clefts into surrounding
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subtypes of Na'-dependent glutamate transporter: GLT-1,
GLAST, EAACI1, EAAT4, and EAATS, have been cloned
[11-13]. Previous studies have demonstrated that GLAST is
present in the supporting cells surrounding inner hair cells
and in the satellite cells surrounding spiral ganglion neurons
in the rodent cochlea [14, 15]. Takumi et al. [16] demon-
strated the colocalization of GLAST and glutamine syn-
thetase in supporting cells around inner hair cells. Based on
their findings, it is suggested that glutamate released from
the presynaptic region is taken into adjacent supporting cells
using GLAST and then converted to glutamine in the sup-
porting cells [17]. Glutamate transporters are required to
terminate glutamate actions. Hakuba ez al. [18] has shown
that GLAST knockout mice are vulnerable to cochlear exci-
totoxicity. Although GLT-1 and EAACI also exist in the
cochlea, the involvement of these glutamate transporters in
cochlear exctitotoxicity has not yet been clarified.

It is now widely accepted that glutamate receptors fall
into two major classes: the ionotropic receptors formed by
ligand-gated cation channels and the metabotropic receptors
that are coupled to G-proteins and act though intracellular
chemical mechanisms [19-21]. Eight subtypes of me-
tabotropic glutamate receptors have been currently identi-
fied, and subdivided into three groups according to sequence
homology and response to agonists [22]. lonotropic gluta-
mate receptors are divided into three types: AMPA, kainite,
and N-methyl-D-aspartate (NMDA) receptors. The swelling
of afferent dendrites is induced via non-NMDA ionotropic
glutamate receptors in the cochlea because the application
of APMA and kainic acid to the cochlea leads to the same
swelling of afferent dendrites. An AMPA/kainate receptor
antagonist, 6-7-dinitroquinoxaline-2,3-dione (DNQX), pro-
tected most of the radial dendrites from the ischemia-induced
swelling [8]. In contrast to the involvement of AMPA/
kainate receptors in the cochlear excitotoxicity and cochlear
ischemic injury, a definitive role of metabotropic and
NMDA receptors in cochlear ischemic injury has not been
shown. MK-801 and D-2-amino-5-phosphonopentanoate,
NMDA receptor antagonists, did not show protective effects
against cochlear ischemia [5, 23].

It is now considered that the excitotoxicity of cochlear
afferent neurons often induces temporary hearing threshold
shifts [24]. However, Sun et al. [25] demonstrated that some
cochlear excitotoxicity might induce irreversible cochlear
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lesions because the number of cochlear ganglion neurons
decreased after exposure to high concentration of kainic
acid.

The swelling of afferent neurons is observed in cases of
cochlear ischemia of 5 minutes or longer. Excitotoxicity is
undoubtedly one of the leading causes of cochlear afferent
neuron injury during ischemia (Fig. 1).

CHARACTERISTICS OF COCHLEAR
DURING THE REPERFUSION PERIOD

INJURY

Although the cochlear response to ischemia has been
extensively studied, the effects of reperfusion on the cochlea
have recently received new attention. Recent animal models
of cochlear ischemic injury are suitable to examine the
time course of cochlear functions during reperfusion {9, 26-
29]. The CAP threshold representing the function of cochlear
afferent neurons gradually improved during the reperfusion
period. On the other hand, DPOAE (representing the func-
tion of outer hair cells) initially recovered with time until 20
minutes after the onset of reperfusion when the cochlear cir-
culation was restored. Thereafter the amplitude of DPOAE
gradually decreased toward the noise level, whereas CAP
gradually improved during this time period, as mentioned
above. CM, another indicator of hair cell function, exhibited
essentially the same time course during the reperfusion pe-
riod as DPOAE [4]. Based on these findings, it is considered
that the main lesion of cochlear reperfusion injury is in outer
hair cells. In morphological studies of the cochlea, reperfu-
sion of the cochlea induces swelling of the outer hair cells
and eventual rupture of the outer hair cell membrane and
nucleus [4]. The swelling of terminals of afferent dendrites
improved during the reperfusion period [4]. This morpho-
logical finding is in agreement with the fact that CAP gradu-
ally improved whereas DPOAE decreased during reperfu-
sion. Excitotoxicity during ischemia is involved in the swel-
ling of afferent neurons, which improved during reperfusion.
It has been shown that the glutamate concentration in the
perilymph, which increased during the ischemic period,
decreased toward the pre-ischemia level upon reperfusion
[10].

INVOLVEMENT OF REACTIVE OXYGEN SPECIES
IN REPERFUSION INJURY OF THE COCHLEA

As described in a previous section, outer hair cells func-
tionally and structurally deteriorate during the early reperfu-
sion period. Recent studies have indicated that free radicals
such as hydroxyl radicals and nitric oxide (NO) are involved
in the injury of outer hair cells.

It has been generally accepted that reoxygenation causes
the accumulation of superoxide anions in tissues. The super-
oxide anion is converted by superoxide dismutase to hydro-
gen peroxide, which is relatively unreactive toward most
organic molecules. However, the hydroxyl radical, a potent
oxidant capable of promoting oxidative damage, may be
generated by the reaction of hydrogen peroxide with iron
(Fenton reaction). Hydroxyl radicals can oxidize DNA, pro-
teins, and structural polymers including hyaluronic acid. In
addition, they induce the peroxidation of polyunsaturated
fatty acid, which damages biological membranes [30].
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Fig. (1). Schematic view of cochlear ischemic injury. Glutamate is a putative neurotransmitter between inner hair cells and afferent neurons.
Glutamate released from inner hair cells is promptly taken into the inner hair cells and supporting cells by glutamate transporters in the
normal cochlea. Ischemia induces the excessive efflux of glutamate and dysfunction of the glutamate transporter. These cause the excitotox-

icity of afferent neurons. IHC: inner hair cell. OHCs: outer hair cells.

Hypoxia increased the iron concentration in the perilymph of
the cochlea [31], and the marked production of hydroxyl
radicals was demonstrated during the re-oxygenation phase
after hypoxia [32]. These findings suggest that hydroxyl
radicals were generated via the Fenton reaction during the
early reperfusion period in cochlear ischemia-reperfusion
injury.

Generally, the main source of superoxide anions during
reperfusion is considered to be mitochondria. Reduced in-
termediates of mitochondrial electron transport systems ac-
cumulate during ischemia and are oxidized during reperfu-
sion (by reoxygenation), leading to the production of super-
oxide anions. Another potential source of superoxide anions
is xanthine oxidase, which oxidizes hypoxanthine to xan-
thine and xanthine to urate. However, xanthine oxidase may
not be involved in the generation of free radicals because
allopurinol and oxypurinol, potent inhibitors of xanthine
oxidase, did not exhibit any effect on cochlear ischemia-
reperfusion injury [33].

Nitric oxide (NO) is also involved in the generation
mechanism of cochlear ischemia-reperfusion injury. Tran-
sient ischemia causes a marked increase of NO production in
the perilymph in the reperfusion period [34]. To date, three
isoforms of NO synthase (NOS) have been distinguished:
neuronal NOS (nNOS), endothelial NOS (eNOS), and induc-
ible NOS (iNOS). The constitutive isoforms of NOS (i.e.,
nNOS and eNOS), but not iNOS are expressed in the normal
cochlea [35, 36]. Recent findings suggest that NO generated
by nNOS and iNOS deteriorates the cochlea in ischemia-
reperfusion injury [29, 37, 38]. NO synthesized by iNOS
plays a deleterious role in cerebral ischemia, and ischemia-
induced iNOS mRNA expression and iNOS activity were
delayed by several hours (more than 6) after transient cere-
bral ischemia [39, 40]. The administration of aminogua-
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nidine, an iNOS inhibitor, decreased the postischemic shift
of the ABR or CAP threshold at 1 to 5 days after 60-minute
ischemia, but not at 4 hours after ischemia [29, 38]. These
results strongly suggest that NO generated by nNOS and by
iNOS aggravates cochlear injury in early and late phases of
reperfusion, respectively (Fig. 2).

TIME THRESHOLD OF ISCHEMIA
COCHLEAR DYSFUNCTION

Individual tissues have quite variable oxygen require-
ments. For example, the brain cannot tolerate hypoxia for
more than a few minutes without permanent injury, although
skeletal muscles can tolerate severe hypoxia or ischemia for
several hours [41]. Several researchers have examined the
time threshold of ischemia to induce cochlear dysfunction
using animal models. EP and other cochlear potentials start
to decrease within a minute after the cochlea is subjected to
ischemia. When circulation is resumed, cochlear functions
fully recover if the ischemic period is less than 10 minutes.
However, DPOAE significantly decreases after ischemia of
10 minutes compared with the preischemic level [26]. CAP
thresholds also elevate after ischemia of 10 minutes or longer
[28]. These findings support the idea that ischemia of 10
minutes or longer at least transiently elevates the hearing
threshold. When cochlear functions are followed for long
periods after the onset of recirculation, ischemia of 15 to 30
minutes duration induces hair cell loss and permanent co-
chlear dysfunction [9, 29].

PHARMACOLOGICAL STRATEGIES TO PROTECT
THE COCHLEA AGAINST ISCHEMIA-REPERFUS-
ION INJURY

TO INDUCE

This section presents a brief overview of experimental
data concerning pharmacological strategies for cochlear pro-
tection against ischemia-reperfusion injury.
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Fig. (2). Schematic view of cochlear reperfusion injury. Reoxygenation leads to the generation of superoxide anions, in which mitochondrial
dysfunction may be involved. Superoxide anions are converted into hydroxyl radicals via the Fenton reaction in the presence of iron. NO is
also generated by nNOS and iNOS during the reperfusion period. These reactive oxygen species cause the reperfusion injury of outer hair

cells. IHC: inner hair cell. OHCs: outer hair cells.

1. Excitotoxicity

An AMPA/kainate receptor antagonist, 6-7-dinitro-
quinoxaline-2,3-dione (DNQX), protected most radial den-
drites from ischemia-induced swelling [8]. In contrast to
the protective effect of AMPA/kainate receptor inhibitors
against cochlear excitotoxicity and cochlear ischemic injury,
specific NMDA receptor antagonists including MK-801 and
D-2-amino-5-phosphonopentanoate did not show any protec-
tive effect against cochlear ischemia [8, 23].

There are several agents reported to reduce cochlear exci-
totoxicity including a GABA(A) agonist (muscimol [24]),
dopamine [42, 43], riluzole [44], ebselen [45], and pituitary
adenyl cyclase-activating polypeptide (PACAP) [46]. Be-
cause the excitotoxicity of cochlear afferent neurons often
induces temporary hearing threshold shifts [24], these agents
are potential therapeutic targets to prevent temporary hearing
deterioration.

The majority of clinical trials of glutamatergic antago-
nists were conducted in the fields of stroke, traumatic brain
injury and dementia. However, treatment with glutamatergic
antagonists failed to obtain even modest beneficial results,
and those clinical trials were interrupted [47]. In addition, the
adverse effect profile of glutamatergic antagonists has been
described. Based on the findings obtained in central nervous
system disorders, it seems reasonable to consider local appli-
cation of glutamatergic antagonists for prevention of tempo-
rary elevation of hearing thresholds.
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2. Free Radical Scavengers and NOS Inhibitors

Seidman and Quirk [48] first demonstrated the involve-
ment of free radicals in cochlear ischemia-reperfusion injury.
Since their report, several free radical scavengers have been
reported to protect against cochlear ischemia-reperfusion
injury, including U74006F, mannitol, edaravone, and di-
methylthiourea [4, 28, 48, 49].

It has been suggested that superoxide and hydrogen per-
oxide have a limited reactivity with most biological mole-
cules in vivo, and their interaction in the presence of a transi-
tion metal (e.g., iron) forms far more reactive hydroxyl radi-
cals by the iron-catalyzed Haber-Weiss (Fenton) reaction
that contribute to tissue injury [30]. The protective effects of
deferoxamine, an iron chelator, in cochlear ischemia have
been established [38, 50].

In addition to free radical scavengers and iron chletors,
NOS inhibitors protect the cochlea. N-nitro-L-arginine de-
creased the postischemic CAP threshold shift [28]. Inhibitors
of nNOS (7-nitroindazole, 3-bromo-7-nitroindazole) and
iNOS (aminoguanidine) also protect the cochlea against
ischemia-reperfusion injury [29, 38, 50].

Outer hair cells deteriorate during reperfusion, and co-
chlear reperfusion injury is most evidently observed in outer
hair cells. DPOAE studies demonstrated that free radical
scavengers, iron chelators, and NOS inhibitors protected
outer hair cells from reperfusion injury [4, 50].



