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Abstruct

The effects of transient cochlear ischemia on spiral ganglion cells (SGCs) were studied
in Mongolian gerbils. Ischemic insult was induced by occluding the bilateral vertebral
arteries of gerbils for 15 min. Seven days after ischemia, the percentage of SGCs
decreased to 67.5% from the preischemic baseline in the basal turn. Evaluation with
immunohistochemical staining showed TUNEL-positive reactions in the SGCs with
fragmented nuclei.

In addition, we investigated the protective effects of ginsenoside Rb1 (gRb1) against
ischemic injury to SGCs. Seven days after ischemia, the auditory brainstem response
threshold shift was significantly reduced and the percentage of SGCs decreased to 90.2%
from the preischemic baseline in the basal turn in the gRb 1-treated group. These findings
suggest that gRbl prevented hearing loss caused by ischemic injury to SGCs in
Mongolian gerbils.

Key words: Transient cochlear ischemia; Spiral ganglion cells; Ginsenoside Rbl;
TUNELstaining; Bcl-xL protein

25

Page 2 of 17



Ischemic injury is a major cause of acute sensorineural hearing loss [1-3]. We thus

evaluated the pathology of transient cochlear ischemia in Mongolian gerbils. In these
animals, the posterior cerebral communicating arteries are lacking and the labyrinthine
arteries are nourished solely by the vertebral arteries. We previously showed that inner
hair cells are more vulnerable to damage via the apoptotic process than outer hair cells
and that transient ischemia for 5 min caused delayed cell death in the spiral ganglion
[4-8]. However, the mechanism of neuronal damage to spiral ganglion cells (SGCs) has
not been clarified.

Ginseng root is widely prescribed in Asian countries for a variety of ailments.
Ginsenoside Rb1 (gRb1) is the main ingredient of ginseng root. In the brain, gRb1 has
been shown to prevent apoptotic cell death via regulation of the Bcl-xL protein, which
inhibits apoptosis by preventing the release of cytochrome c in the cell death pathway [9].
In the present study, we investigated the effects of transient cochlear ischemia on SGCs
and evaluated whether postischemic intravenous infusion of gRb1 in this setting could
prevent SGC degeneration.

The following study was conducted in accordance with the Guidelines for Animal
Experimentation of Ehime University Schoolof Medicine, Japan. Adult male Mongolian
gerbils weighing 60-80 g were used as subjects. Transient cochlear ischemia was induced
in the animals by temporarily occluding the vertebral arteries bilaterally in the neck, as
described by Hata etal. [10].

The hearing ability of animals that treated with gRb1 was assessed by sequential
recording of ABR. Measurements were made before and 4 and 7 days (n=6 each) after
the ischemia insult. The ABR in response to an 8,000-Hz tone burst (0.5-ms rise/fall time
and 10-ms duration) was measured using a signal processor (NEC Synax 1200; NEC
Medical Systems, Tokyo, Japan). This frequency was selected because we previously
found that the higher-frequency region of the cochlea was more vulnerable to ischemic
injury than the middle or lower-frequency regions [8]. The average ABR thresholds in
confrol and gRb 1-treated group were analyzed using a two-tailed Mann-Whitney U-test.

Ginsenoside Rbl was isolated and purified from the crude saponin fraction in the
rhizome of Korean red ginseng (Panax ginseng, C.A. Meyer) by repeated-column
chromato graphy on silica gel with CHCl;-MeOH-H,0 (65:35:10) and on octadecylsilyl

(ODS) silica with MeOH-H,0 (1:1-7:3) [11]. GRb1 was then dissolved in isotonic saline.

Actotal of 200 uL of gRb1 solution (50 pg/200 uL) was injected into the left femoral veins
of the gRb1 group (n = 3) and 200 pL of saline was injected into the left femoral veins of
the control group (n = 3) 1 h after ischemia.
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To determine SGC survival, the six gerbils were anesthetized deeply, killed 7 days

after ischemia, and fixed by cardiac perfusion (4% paraformaldehyde in phosphate
buffer). After decalcification in EDTA and embedding in paraffin, 6- um sections were cut
from the gerbils in a paramodiolar plane. Every fourth section was mounted on a glass
slide and stained with hematoxylin—eosin. Six sections were randomly selected from the
10 most mid-modiolar sections from each animal and used in the quantitative analysis of
the SGCs. Counting was performed in a double-blind fashion. All neurons meeting the
size and shape criteria to be considered type I SGCs within each profile of Rosenthal's
canalin the basal turn were counted. The outline of the Rosenthal's canal profile was then
traced to generate a SGC density, expressed as the density of SGC in an area of 10,000
um’. The baseline average number of SGCs was counted from six animals without
ischemia. This baseline average was used to calculate the percentage of lost SGCs 7 days
after ischemia. Statistical assessment of the differences in the SGC densities between the
study groups was performed with analysis of variance and Student's ¢ test.

Double-stranded DNA breaks were detected by terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end-labeling (TUNEL) using specimens from six
gerbils 1 day after ischemia. An apoptosis in situ detection kit (Roche, Mannheim,
Germany) was used for the TUNEL staining. Deparaffinized sections were washed with
distilled water and treated with proteinase K for 5 min at 37°C. After washing three times
with 0.01 M phosphate-buffered saline (PBS), the sections were treated with TdT solution
for 10 min at 37°C. To block endogenous peroxidase activity, the sections were treated
with 3% hydrogen peroxide for 5 min at room temperature. Peroxidase-conjugated
antibody was applied for 10 min at 37°C. After washing with 0.01 M PBS, nick
end-labeling was visualized with 3,3’-diaminobenzidine (DAB) solution.

For the Bcl-xL immunostaining, six gerbils were used 1 day after ischemia. The
sections from both the gRb1 and control groups were deparaffinized and exposed to 5%
normal horse serum (NHS) in PBS for 1 h. The sections were subsequently incubated for
12 h with rabbit anti-Bcl-xL antibody (1:2000 dilution; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), flooded for 1 h with biotin-conjugated goat anti-rabbit immunoglobulin
(1:400 dilution; DAKO Cytomation Co., Kyoto, Japan) in 1% NHS-PBS, and incubated
in biotinylated tyramine solution containing 0.01% H,O,. The sites of bound primary
antibodies were visualized after incubating the sections with ABC reagent (Vector
Laboratories, Burlingame, CA, USA). Sections from each animal were immunostained in
the same run for between-group comparisons.

The fine structure of the SGCs was evaluated with transmission electron microscopy

(TEM). Four animals were killed 1 day after ischemia. Immediately following removal of
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both otic bullae during deep anesthesia, the cochleaec were perfused with 2.5%

glutaraldehyde. The cochleae were then removed, immersed for 8 h in the same fixative at
4°C, and dissected in PBS (pH 7.4). Pieces of the organ of Corti were used for
whole-mount staining and TEM analysis. The specimens were postfixed with 2%
osmium tetroxide for 1 h at room temperature. Following dehydration, the specimens
were embedded in epoxy resin. Sections were cut with an ultramicrotome and stained
with uranyl acetate and lead citrate. The cochleae were then observed with a TEM (H300;
Hitachi, Tokyo, Japan).

The average increase in the ABR threshold was 22.5+2.9 dB on the seventh day after
inducing ischemia with saline treatment. In contrast, the ABR threshold increased to
14.2+3.8 dB in ischemic animals treated with gRb1. The average increase in the ABR
threshold 7 days after inducing ischemia was significantly lower in animals treated with
gRb1 than in saline-treated animals (P<0.05) (Figl).

Figure 2 shows the representative sections of Rosenthal’s canal in the base of the
cochlea from a control subject (Fig. 2a) and a gRb1-treated subject (Fig. 2b). Seven days
after ischemia, the mean percentage decrease in SGCs was 30.6+£2.1, 16.0£7.8, and
7.5+1.8% at the basal, second, and apical turns, respectively. These results show that
SGCs at the basal turn were more vulnerable than those at the second and apical turns.
Therefore, we investigated the effect of gRb1 on ischemic damage to SGCs in the basal
turn.

Before ischemia, the average number of SGCs in the basal turn was 28.1/10,000 g,tmz.
Seven days after ischemia, the average number of SGCs in the basal turn was 25.8/10,000
pm’ in the gRb1 group and 19.3/10,000 pm? in the control group. The mean percentage
loss of SGCs in the gRB1 group was 8.0+4.7%, which was significantly smaller than the
30.6+2.1% loss observed in the control group (P<0.05; Fig. 3). Injection of gRb1 resulted
in enhanced survival of SGCs 7 days after ischemia.

Ischemia induced TUNEL-positive reactions in SGCs with fragmented nuclei (Fig.
4a). Few TUNEL-positive cells were observed in the basal turn of the cochleae in
animals administered gRb1 (Fig. 4b). The mean percentage of TUNEL-positive cells in
the specimens 1 day after ischemia was 24.4+7.8% for animals treated with saline and
4.1£2.9% for animals treated with gRb1.

After Bel-xL immunostaining, strongly stained cells were present throughout the basal
turn in the gRb1 group (Fig 5¢). Weak immunopositive cells were detected in the control
group (Fig. 5b) or in specimens not exposed to the antibodies (data not shown). The
results of the immunostaining for Bel-xL were classified by two evaluators, who were

blind to the treatment the animals had received, into four categories: no, mild, moderate,
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and strong staining. Table 1 summarizes the results of the immunostaining for Bel-xL

into four categories.

The ultrastructure of the SGCs was analyzed in the cochlear sections. Under electron
microscopy, we observed the appearance of nuclear fragmentation and irregularly shaped
nuclei in the control group (Fig. 6a), whereas most of the cells in the gRb1-treated group
had regularly shaped nuclei (Fig. 6b). We further distinguished SGCs as types I and II
under electron microscopy. Dysmorphologic nuclei were observed m 36.9% of type I
SGCs and 18.5% of type II SGCs. We postulate that type I SGCs were more vulnerable
than type II SGCs.

As primary auditory neurons, SGCs play an importantrole in hearing. In patients with
severe sensorineural hearing loss, the only therapeutic intervention is a cochlear implant,
which electrically stimulates residual primary auditory neurons to provide the patients
with auditory cues required for speech perception. Most studies in humans and animals
have shown that spiral ganglion neurons are lost following the loss of hair cells,
particularly as a result of ototoxic drugs, noise exposure, and aging [12-14]. Results
from these studies suggest that degeneration of the auditory nerve is a slow process that
occurs over months or years. In contrast, the application of ouabain, which binds to Na™,
K'-ATPase and blocks its activity in the cochlea, has been reported to resultin a rapid loss
of SGCs via apoptotic cell death [15,16]. However, the mechanism of ischemic injury has
not been elucidated. We induced ischemic injury in gerbils for 15 min and observed an
agglomeration of chromatin and aberrant nuclei via electron microscopy 1 day after
ischemia. Additionally, apoptotic cells were detected by the TUNEL method. These
findings indicate that ischemic injury is caused by apoptotic cell death n SGCs. The
percentage of SGCs decreased to 68.5% from the preischemic baseline in the basal turn 7
days after ischemic injury. This is the first study to report how ischemic injury induces
apoptotic cell death in SGCs and the degree of degeneration that ensues.

Ginseng root is an important component of treatment in many Asian countries and
consists of two major ingredients: crude ginseng saponin and nonsaponin fractions. To
date, more than 40 saponins have been isolated from ginseng root and identified
chemically. The saponins can be classified into three major groups according to their
chemical structures: protopanaxadiol, protopanaxatriol, and oleanolic acid. Ginsenoside
Rb1 (gRbl), ginsenoside Rgl, and ginsenoside Ro are representative substances [17].
Zhang et al. reported that gRb1 rescued cortical neurons in the ischemic penumbra and
reduced the cortical infarct volume by approximately 50%. Their report demonstrated
that gRb1 deregulated the expression of Bel-xL, which is known to suppress activation of
procaspase-9 by forming a complex with Apaf-1. This, in turn, prevents the release of
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cytochrome ¢ from mitochondria, thereby maintaining cell viability and cell survival [9].

In the present study, postischemic administration of gRb1 preserved the configuration of
the spiral ganglion and decreased the number of TUNEL-positive cells with obvious
expression of Bcl-xL 1 day after ischemia. We postulated that gRbl may suppress
apoptotic cell death in SGCs by activating the Bel-xL signaling pathway. We observed
decreased degeneration of SGCs in the basal turn of gRbl-treated animals 7 days after
1schemia compared to untreated controls. Our results suggest that the administration of
gRb1 prevented apoptotic cell death signaling in SGCs and minimized injury resulting
from cochlear ischemia.

Many substances and drug delivery systems specific to the inner ear are in
development, with some under evaluation in animal experiments or clinical studies.
Intravenous administration of gRb1 has been shown to rescue cortical neurons in
ischemic injury [9]. Our findings suggest that gRb1 may be effective in the treatment of
sensorineural hearing loss. Further research is required to reveal the protective effect of
gRb1 against long-term damage to SGCs caused by cochlear ischemia.

We performed a histological examination of the cochleae to determine SGC
degeneration caused by transient cochlear ischemia. Seven days after ischemia, the
number of SGCs decreased in the basal turn. In addition, we investigated the
neuroprotective effect of gRb1 against ischemic injury and our results demonstrated a
significant protective effect against SGC degeneration via the suppression of the
apoptotic cell death pathway. Therefore, gRbl may be effective for the treatment of

sensorineural hearing loss that eventually follows transient ischemia of the cochlea.
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Legends

Fig. 1. Changes in the auditory brainstem response (ABR) threshold following transient
cochlear ischemia. The ABR was measured in response to an 8000-Hz tone burst. The
ABR threshold before ischemia was defined as 0dB. * P<0.05 versus the control.

Fig. 2. Representative sections of Rosenthal’s canal in the base of the cochlea from a
control subject (a) and a gRb1-treated subject (b). A clear difference was observed in the

survival of these subjects. Scale bar = 60 um.

Fig. 3. The percentage decrease of SGCs in the basal turn 7 days after ischemic injury.
SGC degeneration was significantly lower in the gRbl-treated group compared to the
control group (P<0.01).

Fig. 4. Light microscopic photograph of TUNEL staining i the spiral ganglion.
TUNEL-positive cells were observed in the spiral ganglion of control animals (a),
whereas no TUNEL-positive cells were observed in gRb1-treated animals (b). Scale bar =
60 pum.

Fig. 5. Immunostaining for Bel-xL before ischemia (a),1 day after ischemia in the spiral
ganglion of controls (b) and gRbl-treated animals (c). Ginsenoside Rb1 increased the
expression of Bel-xL 1 day after ischemia in the spiral ganglion. Scale bar = 60 um.

Fig. 6. Electron micrographs of the spiral ganglion I day after ischemia in controls (a) and
gRbl1-treated animals (b). (a) The SGC of the control animal has an indented nucleus with
condensed chromatin (arrow). (b) The SGC of the gRbl-treated animal appears normal.
Scale bar = 5 um.

Table 1. Summary of immunostaining for Bel-xL
0: no staining; +: mild staining; ++: moderate staining; +++: strong stammng; +gRb1:

animals given ginsenoside Rb 1; control: before the induction of ischemia; D1: 1 day after

the induction of ischemia.
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