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FIG. 7. Intravenous infusion of dihydroginsenoside Rbl (dgRbl1) ameliorated place navigation disability and cortical infarct
size in stroke-prone spontaneously hypertensive rats (SHR-SP) at 4 weeks after permanent middle cerebral artery occlusion
(MCAO). (A,B) Photomicrographs showing cortical infarct in vehicle-infused rat (A) and dgRbl (0.6 pg/day)-infused rat (B)
with permanent MCAOQ. (C) Effect of postischemic intravenous dgRbl infusion on ratio of infarcted area (o contralateral hemi-
spheric area. Note that dgRbl at doses of 0.6 and 6.0 pg/day significantly reduced the infarct ratio (%; n = 6 in each group).
(D,E) Mortis water maze tests carried out at 2 weeks (D) und 4 weeks (E) ufter MCAOQ in SHR-SP that received intravenous in-
fusion of cither vehicle (saline) or dgRbl (0.6 or 6.0 pg/day; n = 6 in each group). Note that dgRb1 at 0.6 pg/day significantly
decreased the escape latency on repeated tials of the Morris water imaze test, especially on the fowth trial day at 2 weeks after
MCAO and on all four wial days at 4 weeks after MCAQ. ***Significantly lower (p < 0.05, p <. 0.01, respectively) than saline-
treated control.

increase in VEGF protein expression and a 1.6-fold in-
crease in Bel-xg, protein expression in cortical neurons
(Fig. 10B,C).

(VEGF-wt) or mutant HRE (VEGF-mut), and a plasmid
that does not carry HRE (VEGF-short). Primary cultured
neurons were transfected with these promoter-reporter
plasmids and incubated for 24 h in the presence or ab-
sence of dgRbl (1 fg/ml.). Then, luciferase activity in

Induction of VEGF mRNA by dgRb] the cell lysate was assayed. Experiments were performed

Is Dependent on HRE

To determine whether induction of VEGF mRNA by
dgRbl is actually dependent on transactivation of hy-
poxia response element (HRE), we constructed VEGF
promoter-luciferase plasmids carrying wild-type HRE

five times independently. As a result, relative luciferase
activity in dgRbl-treated neurons was signiticantly
higher than that in vehicle-treated neurons when the cells
were transfected with VEGF-wt plasmid (1.9-fold; p <
0.01; Fig. 11A). When VEGF-mut or VEGF-short plas-
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TasLE 1.

PHYSIOLOGICAL PARAMETERS BEFORE, DURING, AND AFTER

MBLE CEREBRAL AKTERY OCCLUSION

Time after MCAQ

Vehicle conirol group

degRbl-treated group (6 pg/day)

Meun arterial blood pressure (/min)

Before 198
Oh 194
2h 201
4 h 204
8h 195
12 h 203
24 h 199
Brain temperature (°C)
Before 373
Oh 37.2
2h 37.2
4h 374
sh 37.7
12h 37.7
24 h 37.8

* 13 204 £ 20
* 14 193 = 11
* 14 196 = 13
* 16 197 = 10
* 14 196 = 15
* 11 199 = 12
* 15 205 = 14
+ 0.t 37.3 = 0.1
+ 0.1 372 =02
* 0.1 372 £ 03
+03 376 £ 04
* 0.2 37.7 £ 0.2
*+ 0.2 37.8 = 03
* 04 378 03

dgRb,, dihydrog‘insanoside Rb1; MCAO; middle cercbral artery occlusion.
Data are represented s means = SD.n = 6 in each group. There are no signiticant differences be- -

tween two groups.

mid was used for transfection, there was no significant
ditference between dpRbl-treated neurons and untreated
neurons (Fig. 11A). These findings indicate that hypoxia
response element on the VEGF promoter is responsible
for the induction of VEGF mRNA by dgRbt in cultured
neurons.

Induction of bcl-x;, mRNA by dgRbl
Is Dependent on STRE

To coofirm that dgRbl-induced bel-x;, mRNA ex-
pression is dependent on transactivation of Stat5 response
element (STRE), we also constructed bel-x promoter-lu-
ciferase plasmids carrying wild-type STRE or mutant
STRE (bcl-x-mut), and a plasmid that does not carry
STRE (bcl-x-0.6L.). Primary cultured neurons were trans-
fected with these promoter-reporter plasmids and incu-
bated in the presence or absence of dgRbl (1 fg/mL).
One day later, dual luciferase assay was carried out. Data
were obtained from five independent experiments. Con-
sequently, relative luciferase activity in dgRbl-treated
neurons was significantly higher than that in vehicle-
treated neurons when the cells were transfected with bel-
x-wt plasmid (2.0-fold, p < 0.01; Fig. [ 1B). On the other
hand, when bel-x-mut or bel-x-0.6L plasmid was used
for transfection, there was no significant difference be-
tween dgRbl-treated neurons and untreated neurons
(Fig. 11B). These results suggest that STRE on the bel-
X1, promoter is responsible for the induction of bel-xg
mRNA by dgRbl1 in cultured neurons.

DISCUSSION

In the present study, we dehydrogenated gRb1 and pro-
duced dihydroginsenoside Rbl (dgRbl), a stable chemi-
cal derivative of gRbl. DgRbl was expected to be ef-
fective at a lower dose. compared with gRbl. As we
expected, dgRbl showed protective effects on ischemic
brain damage at an approximately ten times lower dose
than gRbl(Zhang et al., 2006). Furthermore, we showed
that intravenous infusion of dgRb1 ameliorated SCI as
well as ischemic brain damage.

The pathological sequelae after SCI are divided into
two broad chronological events: primary injury and sec-
ondary injury (Profyris et al., 2004). Primary injury is
caused by direct mechanical trauma to the spinal cord
where focal destruction occurs. This initial injury is fol-
lowed by secondary injury. A series of processes in sec-
ondary injury including ischemia, edeina, revasculariza-
tion and inflammation is thought to enlarge the area of
cell death through necrosis and apoptosis (Beattie, 2004).
Among them, ischemia has been demonstrated as to be
a crucial factor in post-injury pathophysiological changes
in acute SCI, because it is believed to aggravate sec-
ondary injury and to occur parallel to neurological dys-
function. Revascularization is also an important factor to
regain blood flow in the ischemic tissue. Secondary in-
jury of the spinal cord declined along with revascular-

- ization of the involved tissue (Zhang and Guth, 1997).

This evidence suggests that revascularization precedes
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FIG. 8. Dihydroginsenoside Rbl (dgRbl) prevented NO-induced neuronal apoptosis. (A) Immunoblot analysis of MAP2 pro-
tein expression in cultured cortical neurons 16 h after 100 uM SNP treatment in the presence of 0-10° fg/mL dgRbl. (B) Den-
sitometric analysis of MAP2-immunoreactive bands revealed that MAP2 protein expression in cortical neurons treated with SNP
in the presence of 1, 100. or 10,000 fghnl dgRbl was maintained at a level close to that of control cortical neurons without SNP
treatment. Data were obtained from five independent experiments. ***Significandy lower (p < 0.05, p < 0.01, respectively) than
control without SNP uwecatment.
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FIG.9. Dihydroginsenoside Rb1 (dgRbl) upregulated VEGF and bet-x; mRNA expression in neurons. (A) Representative pho-
tographs of RT-PCR for VEGF and bcl-x;, mRNA in cortical neurons cultured for 24 h in the presence of 0, 1, or 100 fg/mL
dgRbl. B-uctin was also amplified as an internal control from euch sample. (B,C) Densitometric analysis of nRNA levels of
VEGF (B) and bel-x;. (C) in neurons incubated with 0, 1, or 100 fg/mL dgRbl for 24 h. Data were obtained from five indepen-
dent experiments. Note that VEGF mRNA expression was upregulated by treatment with dgRb1 at a concentration of 1 fg/ml.
Expression of bcl-x;; mRNA was also upregulated by weaument with dgRb} at concentrations of 1 and 100 fg/ml.. **Signifi-
cantly higher (p < 0.01) than vehicle-wreated control.
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FIG. 10. Dihydroginsenoside Rb1(dgRbl) upregulated VEGF and Bcl-xy, protein expression in neurons. (A) Representative
phutographs of Western blot fur VEGF and Bel-xg, protein in cortical neurons cultured for 4§ b in the presence of 0-100 fghnl
dgRbl. B-aclin was used as an internal control from each sample. (B,C) Densitometric analysis of VEGF (B) and Bel-x (C) im-
munoreactive bands in neurons incubated with 0-10° fg/ml. dgRb! for 48 h. Data were oblained from five independent experi-
ments. Note that VEGF and Bel-x(_ protein expression were upregulated by aeatment with dgRbl at concentrations of 1 and 100
fg/ml.. ***Significantly higher (p < 0.05, p < 0.01, respectively) than vehicle-ureated contral,
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FIG. 11. Dihydroginsenoside Rbl {dgRbl) tansactivated VEGF and bcl-x promoter through HRE (hypoxia response clement)
and STRE (Stat5 response element), respectively. Cultured neurons were co-transfected with a renilla luciferase reporter vector
(PRL-TK) und the following constructs. (A) VEGF promoter-luciferase plasmids ciarying wild-type HRE (VEGF-wt), mutant
HRE (VEGF-mut), and a plasmid that does not carry HRE (VEGF-short). (B) bel-x-wt that carries STRE, bel-x-mut in which the
Stat response element has been mutated, and bhel-x-0.6L that does not carry STRE. After wranstection, neurons were mcubated for
24 h in the presence or absence of dgRbl (1 fg/mL), and dual luciferase assay was carried out. Units of fuciferase activity were
normalized based on values of pRL-TK activity 1o control for transfection efficiency. Data were obtained from five independent
experiments. Note that dgRb1 significandy increased relative luciferase activity of VEGF or bel-x only when the VEGF-wt or
bel-x-wt plasmid was transfected in neurons, respectively. **Significantly higher (p < 0.01) than vehicle-treated control.

spinal tissue repair and nerve regeneration, and smay ame-
liorate the cascade of progressive cell death.

In our previous study, we showed that gRb1 reorga-
nized the cerebrovascular networks in the ischemic
penumbra, suggesting that gRbl1 could induce prolifera-
tion of endothelial cells and stimulate angiogenesis
(Zhang et al., 2006). VEGF is considered to be the most
endothelial cell-specific growth factor (Storkebaum et
al., 2004) and gRbl has been shown to increase VEGF
expression in  keratinocytes during  wound-healing
process (Kimura et al., 2006), Hence, we evaluated
whether dgRb1 upregulated VEGF expression in neurons
and showed that dgRb! upregulated VEGF expression in
neurons. VEGF was initially described in 1983 as a “tu-
mor-secreted vascular permeability factor” (Senger et al.,
1983) and was cloned in 1989 (Ferraraand Henzel, 1989).
VEGF has been established to be an essential regulator
of angiogenesis in a variety of human diseases (Ferrara
etal., 2003). Although initial studies indicated that VEGF
is an endothelial cell-specific factor, more recent find-
ings revealed that VEGF also has direct effects on neural
cells. In the dorsal root ganglia, VEGF stimulates axonal
outgrowth and promotes the survival of meurons and
satellite cells, whereas inhibition of VEGF receptor-2
(VEGFR-2) signaling blocks axonal outgrowth in re-
sponse to VEGF (Sondell et al., 2000). VEGF also has
neurotrophic effects on culured neurons of the central
nervous system und, in many instances, exerts this effect
via signaling through VEGFR-2, phosphatidylinositol-3-
kinase (PI3K) and Akt (Storkebaum et al., 2004). The
ability of VEGF to stimulate angiogenesis and elicit di-

rect neurotrophic effects makes it an atractive candidate
for repair or regeneration of the damaged brain tissue. In”’
a model of cerebral ischemia, upregulation of VEGF was
detected in the penumbra, where neovascularization and
neuronal apoptosis of CNS are known to occur (Ferver
and Planas, 2003; Maurti et al., 2000). However, VEGF
up-regulation following brain damage may have delete-
rious effects due to its permeability-increasing activity in
vivo. Following SCI, treaiment with recombinant VEGF
caused an improvement in recovery, associated with in-
creased vessel density and reduced apoptosis in the le-
sion arca, and increased expression of VEGFRI,
VEGFR?2, NP1, and NP2 (Widenfalk ct al., 2003), while
it was also found 1o have a worsening effect on lesions
caused by SCI, possibly secondary to its effect on vas-
cular permeability (Benton and Whittemore, 2003). The
timing of VEGF treatment is probably an important de-
terminant of its therapeutic effect on brain damage. Early
treatment with VEGF (1 h post-ischemia) increased
brain-blood barrier leakage, hemorrhagic transformation
and ischemic lesions, while late treatment with VEGF
(48 h post-ischemia) enhanced angiogenesis and signifi-
cantly improved neurological recovery (Zhang et al.,
2000). In this study, we showed that dgRb |-induced ex-
pression of VEGF resulted from transactivation of hy-
poxia-response-element, and an increase in the levels of
VEGF mRNA and its translational product. We specu-
late that spontuneous late-onset upregulation of VEGF
protein in neurons can ameliorate SCI and ischemic brain
damage in vivo. and that the neuroprotective effects of
VEGF result from a combination of the direct effects on
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neuronal survival as well as the indirect consequences of
increased angiogenesis. Further investigations are re-
quired to confirm these assumptions.

In this study, we also showed that dgRbl upregulated
Bcl-x expression in neurons, and dgRbl-induced ex-
pression of bel-x; mRNA was STRE dependent. Bel-x,
as a mitochondrion-associated protein, is widely ex-
pressed in the nervous system (Raghupathi, 2004; Sprick
and Walczak, 2004). Mice deficient in Bel-xg_ die on em-
bryonic day 13 (E13), and analysis of E12 mouse em-
bryos shows massive death of immature postmitotic neu-
rons throughout the brain and spinal cord as weli as in
the developing dorsal root ganglia (Motoyama et al.,
1995). Morcover, overexpression of Bel-x; leads to in-
creased survival of postnatal central neurons (Parsadan-
iun et al., 1998). In the pathological mechanism of SCI
and ischemic brain damage, insufficient expression of
Bcl-xp. protein in response to SCT and brain damage ap-
pears to liberate Apatl and cytochrome ¢, which form a
complex with procaspase 9, leading to activation of pro-
caspase 9 and caspase 9, and then to activation of the cell
executioner, caspase 3 (Ouyang and Giffard, 2004). In
fact, insulin-like growth factor { protected motor neurons
through up-regulation of Bel-xg protein after SCT (Nakao
et al., 2001). Administration of Bcl-x protein signifi-
candy increased neuronal survival after SCI (Nesic-Tay-
lor et al., 2005) und after cerebrul ischemia (Kilic et al.,
2006). Consistent with these previous studies, our data
suggested that administration of dgRb1 ameliorated SCI
and ischemic brain damage, at least in part, through the
upregulation of an anti-apoptotic factor, Bel-xp.

In addition, we showed that dgRbl upregulated
VEGF and Bcl-x, expression via transactivaton of
HRE and STRE, respectively. HRE is an enhancer el-
ement of several hypoxia-regulated genes such as
VEGF, erythropoietin (Epo), inducible form of nitric
oxide synthase (iNOS) and glucose wansporter 1 (Cum-
mins and Taylor, 2005). The expression of these genes
is of benefit in cell survival and recovery from ischemic
insult. HRE, therefore, plays crucial roles in the oxy-
gen-sensing mechanism. Furthermore, STRE has been
identified as an Epo-responsive motif for the binding
of a Stat 5 protein in the untranslated 5’ region of the
mouse bcl-x gene (Silva et al., 1999). Epo can function
as a survival factor by repressing apoptosis through
Bel-xp, in erythroid progenitor cells, suggesting that
STRE plays pivotal roles in the apoptotic cell death
mechanism. At present, we have no evidence that
dgRbl can directly bind and transactivate both HRE
and STRE. Since it is very rare that one molecule can
bind two different response elements, we speculate that
dgRbl cransactivates both HRE and STRE indirectly
(for example, via activation of hypoxia-inducible fac-

tor-1 function and STATS function). Further invesu-
gations are required to confirm this assumption.

Finally, we showed that intravenous infusion of dgRbl
did not affect brain temperature, blood pressure or cere-
bral blood flow. These findings suggest that dgRbl! res-
cued damaged neurons without affecting systemic para-
meters. Since ginseng has been taken by many people in
Asian countries for thousands of years without any detri-
mental effects, dgRbl as a chemical derivative of gRbl
that is a main ginsenyg ingredient is expected (o cause few
adverse effects on humans. It is tempting to speculate that
intravenous infusion of dgRbl could be applied in pa-
tients with SCT or acute cerebral stoke without any ad-
verse effects. DgRb1, that upregulates VEGF and Bel-xy
at extremely low concentrations, may also be useful for
the treatment of neurodegenerative diseases such as
Parkinson disease and Alzheimer discase.
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HEMATOPOIETIC STEM CELLS PREVENT HAIR CELL DEATH AFTER
TRANSIENT COCHLEAR ISCHEMIA THROUGH PARACRINE EFFECTS
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Abstract—Transplantation of hematopoietic stem cells
(HSCs) is regarded to be a potential approach for promoting
repair of damaged organs. Here, we investigated the influ-
ence of hematopoietic stem cells on progressive hair cell
degeneration after transient cochlear ischemia in gerbils.
Transient cochlear ischemia was produced by extracranial
occlusion of the bilateral vertebral arteries just before their
entry into the transverse foramen of the cervical vertebra.
Intrascalar injection of HSCs prevented ischemia-induced
hair cell degeneration and ameliorated hearing impairment.
We also showed that the protein level of glial cell line-derived
neurotrophic factor (GDNF) in the organ of Corti was upregu-
lated after cochliear ischemia and that treatment with HSCs
augmented this ischemia-induced upregulation of GDNF. A
tracking study revealed that HSCs injected into the cochlea
were retained in the perilymphatic space of the cochlea, al-
though they neither transdifferentiated into cochlear cell
types nor fused with the injured hair cells after ischemia,
suggesting that HSCs had therapeutic potential possibly
through paracrine effects. Thus, we propose HSCs as a po-
tential new therapeutic strategy for hearing loss. © 2007
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: cochlear ischemia, hematopoietic stem cell, stem
cell therapy, hearing loss, hair cell death, GDNF.

The prevalence of acquired hearing loss is very high.
About 10% of the total population and more than one third
of the population over 65 years suffer from debilitating
hearing loss (Li et al., 2004). The most common type of
hearing loss in adults is sensorineural hearing loss
(SNHL). In the majority of cases, SNHL is permanent and
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typically associated with loss of sensory hair cells in the
organ of Corti. Humans are born with a complement of
about 16,000 sensory hair cells and 30,000 auditory neu-
rons in each ear. Sensory hair cells and auditory neurons
do not regenerate throughout life, and loss of these cells is
irreversible and cumulative. At present, the only therapeu-
tic intervention for patients with profound SNHL is a co-
chlear implant that electrically stimulates residual primary
auditory neurons. In many cases, a cochlear prosthesis
and associated speech processor can restore accurate
speech reception to a person who otherwise has little or no
auditory sensitivity. For the last two decades, cochlear
implants have been in common clinical use. Following the
loss of sensory hair cells, however, the auditory neurons
undergo secondary degeneration. Evidence from animal
studies indicates that ongoing degeneration of auditory -
neurons has the potential to compromise the efficacy of a
cochlear implant (Shepherd et al., 2004). From the clinical
perspective, there are likely to be benefits if sensory hair
cells can be rescued.

Recent advances in stem cell biology have provided
hope that stem cell therapy will come closer to regenerat-
ing sensory hair cells in humans. A major advance in the
prospects for the use of stem cells to restore normal hear-
ing comes with the recent discovery that hair cells can be
generated ex vivo from embryonic stem (ES) cells, adult
inner ear stem cells and neural stem cells (Li et al.,
2003a,b; Tateya et al., 2003). These stem cells are pluri-
potent, such that all cell types in the inner ear can be
derived from them. Furthermore, stem cells can secrete
several kinds of trophic factors. There is increasing evi-
dence that stem cells can promote host neural repair in
part by secreting diffusible molecules such as growth fac-
tors (Mahmood et al., 2004). These findings suggest that
stem-cell-based treatment regimens could be applicable to
the damaged inner ear as future clinical applications. Pre-
viously we have shown that neural stem cells can prevent
ischemia-induced inner hair cell (IHC) loss and ameliorate
hearing impairment. Among the several types of stem
cells, we propose that hematopoietic stem cells (HSCs)
are one of the best candidates for stem cell therapy in
clinical practice, because autologous transplantation can
not only eliminate the need to find suitable donors, but can
also avoid the problems of immunological incompatibility
and ethical concerns. In this study, we explored the feasi-
bility of HSC transplantation as therapy for hearing loss.

EXPERIMENTAL PROCEDURES

All experiments were conducted according to the U.S. National
Institutes of Health Guide for the Care and Use of Laboratory

0306-4522/07$30.00+0.00 © 2007 IBRO. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/.neuroscience.2006.12.067

—266—



924 T. Yoshida et al. / Neuroscience 145 (2007) 923-930

A _ B _
- +Verapamil
o Q ]
] 2
o a
1] 1]
g 5
Q Q
-] O
L X
- =

Hoechst red

Hoechst red

Fig. 1. Flow cytometric analysis of SP cells in Hoechst-stained bone marrow (BM). SP region of whole BM stained with Hoechst in the absence
(A) and presence (B) of 50 uM verapamil. The region marked SP was sorted for transplantation experiments. Approximately 0.2—0.4% of cells fell into

the SP gate.

Animals (NIH Publication No. 80-23) and were approved by the
Ethics Committee at Ehime University Graduate School of Medi-
cine. All efforts were made to minimize the number of animals
used and their suffering. Animals were housed in an animal room
with a temperature of 21-23 °C and a 12-h light/dark cycle (light
on: 7 a.m. to 7 p.m.). Animals were allowed access to food and
water ad libitum until the end of the experiment.

Induction of transient cochlear ischemia

Adult male Mongolian gerbils weighing 60— 80 g were used in this
study. Following the methods of Hata et al. (1993), transient
cochlear ischemia was induced by temporarily occluding bilateral
vertebral arteries in the neck, since they lack the posterior cerebral
communicating arteries and the labyrinthine arteries are nour-
ished solely by the vertebro-basilar system. Anesthesia was in-
duced with 3% halothane in a 7:3 mixture of nitrous oxide and
oxygen, and maintained with 1% halothane. An anterior midline
cervical incision was made, and bilateral vertebral arteries were
exposed just before their entry into the transverse foramen of the
cervical vertebra. Then, a 4-0 silk suture was loosely looped
around each vertebral artery. The animals were orotracheally
intubated, and artificially ventilated to prevent systemic anoxia.
The tidal volume was set at 1 mi and the ventilation rate at 70/min.
Ischemia was induced in both cochleae by pulling the ligatures
with 6 g weights. After 15 min of ischemia, the sutures were
removed to allow recirculation, which was confirmed by observa-
tion with an operating microscope. Some gerbils were sham-
operated as control animals, where bilateral vertebral arteries
were exposed but no arterial occlusion took place. Rectal temper-
ature was maintained at 37 °C with a heat lamp during the surgical
procedure.

Isolation of HSCs

Bone marrow specimens were extracted from the tibias and fe-
murs of 6-12-week-old gerbils. The bone marmow cells were

suspended at 10° cefls/ml in pre-warmed Dulbecco’s modified

Eagle’s medium (DMEM) containing 2% fetal calf serum (FCS).
HSCs were isolated by the method described by Goodell et al.
(1996). In brief, the bone marrow cells were stained with 5 pg/m!
Hoechst 33342 (Sigma Chemical Co., St. Louis, MO, USA) for
90 min at 37 °C. Analysis and sorting were executed with an
EPICS ALTRA flow cytometer (Beckman Coulter, Inc., Fuller-
ton, CA, USA). Hoechst dye was excited with a UV laser at
333.4~363.8 nm. Two wavelengths, obtained by using a 450 BP

filter (Hoechst Blue) and a 675 EFLP optical filter (Hoechst Red),
were used to measure its fluorescence. Propidium iodide (Pl)
fluorescence was also measured at 675 EFLP (having been ex-
cited at 350 nm). Cells stained with Pl were seen on the far right
of Hoechst red (675 EFLP) and excluded. The addition of P!
allowed exclusion of dead cells and did not affect the Hoechst
staining profile. Both Hoechst blue and red fluorescence are
shown on a linear scale. The gating on forward and side scatter
was not rigorous, and excluded only erythrocytes and debris. The
side population (SP) sorting gates were defined on the flow
cytometer using Hoechst red and blue axes to exclude dead
cells, erythrocytes (no Hoechst stain), and debris. After collect-
ing 10° events within this live gate, the SP population could be
clearly identified and defined and was considered as HSCs
(Goodell et al., 1996). The gate established on this population
is shown in Fig. 1A.

Administration of HSCs

One day before the induction of transient cochlear ischemia, the
gerbils received HSCs (2% 102 cells/ul in DMEM, total 4 ul) in their
left cochleae. The right cochlea of each animal was treated with
vehicle (DMEM; total 4 ul) and used as vehicle control. Under
halothane anesthesia, the otic bulla was opened through a retro-
auricular approach and the round window was exposed. A 0.15-
mm-diameter glass microtube was inserted into the scala tympani
through the round window with a micromanipulator. HSCs or
vehicle were infused at a flow rate of 1 ul/min for 4 min using a
microinfusion pump.

Recording of auditory brainstem response (ABR)

Hearing of the animal was assessed before and 4 days after
ischemic insult by sequential recording of ABR. Under halothane
anesthesia, ABR was recorded using a signal processor (NEC
Synax 1200, NEC Medical Systems, Tokyo, Japan). Stimulus
sound was led to the ear canal via a tiny polypropylene tube; thus
each ear was stimulated separately. Recording needle electrode
was placed at the vertex and retroauricle. As the animal did not
tolerate long-term anesthesia, ABR was recorded only to 8000-Hz
tone burst (0.5 ms rise/fall time and 10 ms duration). Cochlear
region corresponding to the tone of this frequency was proved
most vulnerable to ischemic injury, according to our previous
study (Hakuba et al., 2003b). Responses to 300 consecutive
stimuli were averaged, and the threshold of ABR was determined
by measuring the responses in 5 dB steps.
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Evaluation of hair cell loss

The degree of hair cell loss was assessed by staining the cochlea
with rhodamine-phalloidin and Hoechst 33342. Rhodamine-phal-
loidin is appropriate for observation of cell architecture and
Hoechst 33342 for their nuclei. Four days after ischemia, the
organs of Corti were dissected out by means of a surface prepa-
ration and were stained with rhodamine-phalloidin (Hakuba et al.,
2003b). Fluorescence was detected using an Olympus BX60 mi-
croscope (Olympus, Tokyo, Japan) with a green filter and a UV
filter. The numbers of intact and dead hair cells were counted in
the basal tum of the cochlea, and the ratio of intact to dead hair
cells was calculated.

Western blot analysis

After deep anesthesia with an i.p. injection of sodium pentobarbital
(0.1 g/kg), the otic bulla (wet weight 10 mg) was removed and
transferred to ice-cold PBS. The samples were homogenized in
microcentrifuge tubes containing 100 nl lysis buffer (0.5% sodium
dodecylisulfate (SDS), 0.5% Triton-X, 100 uM phenylmethane
sulfonyl fluoride, 20 uM Tris—HCI pH 8.0). The homogenates were
sonicated on ice and centrifuged at 13,000 r.p.m. for 10 min at
4 °C. The protein content in the supernatant was determined using
a BCA protein assay kit (Pierce, Rockland, IL, USA) with bovine
serum albumin as a standard. The supernatant was mixed with
sample buffer (62.5 mM Tris—HCI, pH 6.8, 2% SDS, 10% glycerol
and 0.001% Bromophenol Blue) to a final protein concentration of
1 mg/ml. The samples were boiled for 5 min. Equal amounts of
protein (15 ug/lane) were resolved by SDS-PAGE electrophore-
sis, transferred onto a nitrocellulose membrane, and immunoblot-
ted with an antibody against glial cell line-defived neurotrophic
factor (GDNF) (sc-328, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Densitometric analysis of scanned bands was per-
formed to quantify the GDNF protein levels in the samples. The
integrated optical density was obtained using a NIH Image pro-
gram (National Institutes of Health, Bethesda, MD, USA). The
data were normalized to internal standards (vehicle-treated con-
trol) on each gel and expressed in percentage.

PKH67 staining

The sorted cells were labeled using a fluorescent membrane dye,
PKH67 (Sigma), which excites at a wavelength of 496 nm and
emits at 520 nm. According to the manufacturer's instructions,
samples were stained with PKH67 at room temperature for 10
min. Staining was stopped by addition of four volumes of DMEM
containing 10% FCS. The cells were collected by centrifugation
(1500 r.p.m., 10 min, 4 °C), and washed twice with DMEM.

Tissue preparation for short-term cellular tracking

The gerbils were treated with PKH-labeled HSCs as described
above. Four days after ischemic insult, they were deeply anesthe-
tized intraperitoneally with a lethal dose of sodium pentobarbital
(0.5 g/kg), and perfused intracardially with saline, followed by 4%
paraformaldehyde in PBS. The temporal bones were removed
and fixed in the same fixative at 4 °C for 4 h. In some animals, the
fixed temporal bones were decalcified with 0.1 M EDTA for 24 h at
4 °C and 10-um-thick cryostat sections of the temporal bone were
prepared. The sections were then mounted on 3-aminopropyl
triethoxysaline (APS)-coated slide glasses. In other animals, the
organs of Corti in the fixed temporal bones were dissected out by
means of a surface preparation, stained with rhodamine-phalloidin
and mounted on slide glasses as described above. The sections
were viewed with an Olympus BX60 fluorescence microscope.

Statistical analysis

All values are presented as mean+S.D. The changes in ABR
threshold between the vehicle-treated side and HSC-{reated side
were analyzed using two-tailed Mann-Whitney U test. All other
statistical significances were tested by one way ANOVA followed
by Bonferroni’s multiple comparison test. A P value less than 0.05
was considered statistically significant.

RESULTS
ABR threshold shift

We initially evaluated the sequential changes in hearing by
ABR in six gerbils. ABR threshold to 8000 Hz tone burst
was approximately 30 dB SPL in normal animals, which
was significantly elevated by ischemic insult. Hearing de-
terioration was prevented by pre-ischemic transplantation
of HSCs (Fig. 2). Four days after ischemia, the average
increase in the ABR threshold on the vehicle-treated side
was 32.5+7.6 [mean+S.D.] dB. In contrast, the average
increase in ABR threshold on the HSC-treated side was
16.9+5.9 dB. These results suggested that treatment with
HSCs ameliorated the ischemia-induced hearing impair-
ment.

Morphological study

Previously, we reported that cochlear ischemia for 15 min
resulted in progressive IHC loss by 4 days after ischemia,
while a little outer hair cell (OHC) loss was observed
(Watanabe et al., 2001). We also reported that this pro-
gressive IHC loss was closely related to hearing impair-
ment evaluated by ABR (Watanabe et al., 2001). Hence,
we next investigated the effects of HSC transplantation on
ischemia-induced IHC loss. Hair cell loss was identified at
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Fig. 2. ABR threshold at 4 days after cochlear ischemia. Pretreatment
with HSCs (HSC-treated) significantly suppressed the elevation of
threshold in comparison with the vehicle-treated control. The average
ABR threshold shift on the vehicle- and HSC-treated sides (n=6 in
each side) was analyzed using two-tailed Mann-Whitney U test. A
P value less than 0.05 was considered statistically significant. Double
asterisk indicates statistical significance (P<0.01). All values are pre-
sented as mean*S.D.
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Fig. 3. Surface structure of organ of Corti at 4 days after cochlear
ischemia. Representative fluorescence images of the organ of Corti
stained with rhodamine-phalloidin (A and C) and Hoechst 33342
(B and D). Gerbils were subjected to cochlear ischemia for 4 days. The
organs of Corti were obtained from the ofic bullae on the vehicle-
treated side (A and B) and HSC-treated side (C and D). There are
three rows of OHCs and a single row of IHCs. Fluorescence micros-
copy revealed fewer deficits in IHCs on the HSC-treated side than on
the vehicle-treated side. Scale bar=20 um. Arrowheads indicate def-
icits in 1HCs.

4 days after ischemia while only a small hair cell loss was
identified in normal animals (Fig. 3). Itis apparent that the
stereocilia of hair cells on the vehicle-control side disap-
peared sporadically. In contrast, the hair cell loss was
ameliorated in the specimen obtained from the HSC-
treated side. The percentages of hair cell loss are summa-
rized in Fig. 4. In each group (n=6), cell loss was more
prominent in IHCs than in OHCs. In IHCs, the percentage
of cell loss was 23.6+4.0% on the vehicle-treated side and
8.2+4.0% on the HSC-treated side. The difference was
statistically significant (P<0.01). In OHCs, the percentage
of cell loss was 2.5+1.4% on the vehide-treated side and
2.9+2.4% on the HSC-treated side, representing no sig-
nificant difference. These results were consistent with a
greater change of ABR threshold in the vehicle-treated
control, compared with that in the HSC-treated group.

Fate of HSCs injected into organ of Corti

We next investigated whether the HSCs transdifferentiated

into cochlear cell types or fused with the injured hair cells -

after cochlear ischemia. To confir the fate of HSCs, we
used PKH67 for short-term tracking in vivo. PKH has been
used for cellular tracking (Punzel et al., 2001), and this dye
has been demonstrated to be stable on the surface of

quiescent cells for periods exceeding 3 weeks, does not
compromise cellular viability, and does not impair the ca-
pacity of stem cells to reconstitute hematopoiesis in my-
eloablated redpients (Askenasy and Farkas, 2002). By
using this dye (Fig. 5A and B), tracking of the HSCs
injected into the cochleae was performed at 4 days after
ischemia. In a 10-um-thick cryostat section, transplanted
cells were predominantly located in the perilymphatic
space of the cochlea (Fig. 5C and D). In sections of a
cochlear surface preparation that were washed with PBS
several times, no PKH-labeled cells were observed in hair
cells and supporting cells of the organ of Corti (Fig. 5E
and F). These results suggested that transplanted HSCs
were retained within the perilymphatic space of the co-
chlea, but neither transdifferentiated into cochlear cells nor
fused with the injured hair cells.

Induction of trophic factor after cochlear ischemia

To gain an insight into the mechanisms underlying IHC
survival, we investigated the changes in the expression of
GDNF, brain-derived neurotrophic factor (BDNF), fibro-
blast growth factor (FGF)1, FGF2, angiopoietin-1 (Ang1),
neurotrophin-3 (NT3) and erythropoietin (EPO}. Among
them, only GDNF protein expression was markedly up-
regulated by treatment with HSCs after cochlear ischemia.
As shown in Fig. 6A, a single protein band of the expected
size (approximately 35 kDa) for GDNF was detected by
Western blot with a GDNF-specific primary antibody. No
band was detected when the blots were incubated without
primary antibody (data not shown). Five independent ex-
periments were carried out and the results of densitometric
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Fig. 4. Percentages of defects in IHCs and OHCs at 4 days after
cochlear ischemia. Pretreatment with HSCs significantly reduced IHC
damage at 4 days after cochlear ischemia. On the HSC-treated side
(n=86), the proportion of deficits in IHCs was lower than that on the
vehicle-treated side (n=6). On the other hand. there was no statisti-
cally significant difference in the amount of OHC loss between the
HSC-treated side and vehicle-treated side. Statistical analysis was
performed by one-way ANOVA followed by Bonferroni's muitiple com-
parison test. A P value less than 0.05 was considered statistically
significant. Double asterisk indicates statistical significance (P<0.01).
All values are presented as mean*S.D.
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Fig. 5. PKH67 labeling. HSCs were labeled with PKH67 (B: green). Gerbils were treated with PKHE7-labeled HSCs. One day later, animals were
subjected to cochlear ischemia for 15 min. Four days after ischemia, the temporal bones were dissected out, fixed, decalcified and cut into 10-um-thick
cryostat sections at —20 °C. PKH67-positive cells were located in the perilymphatic space of the cochlea (D: green, arrowheads). In addition, other
animals were treated with PKH67-labeled HSCs, and the temporal bones were dissected out and fixed. Then, the organs of Corti were dissected out
by means of a surface preparation and visualized with rhodamine-phalloidin (E: red). No PKH-labeled cells were observed in hair cells, supporting
cells, and other types of cochlear cells throughout the organ of Corti (F). Scale bars=50 um (A and B), 100 pm (C and D), 20 um (E and F).

analysis are shown in Fig. 6B. In sham-operated animals,
there was no significant difference in the level of GDNF
protein between the vehide-treated control and HSC-
treated group. In contrast, the level of GDNF protein was
significantly increased at 4 days after cochlear ischemia. The
increase of the GDNF protein level was more prominent in
the HSC-treated group than in the vehicle-treated control.
These results revealed that ischemia-induced GDNF expres-
sion was augmented by treatment with HSCs.

DISCUSSION

In the present study, we used an animal model of transient
cochlear ischemia induced by extracranial occlusion of the
bilateral vertebral arteries in gerbils. This animal model has
been described as a brain stem ischemia model. By using
this animal model, selective vulnerability to ischemia in the
brain stem was closely observed (Hata et al., 1993). This
brainstem ischemia model has the following advantages:
(1) it avoids intracranial injury, (2) it produces severe re-
producible brainstem ischemia, and (3) it allows reperfu-
sion. We also showed that reversibility of the ABR after
reperfusion was correlated with ischemic lesions in the
acoustic relay nuclei in the brainstem (Hata et al., 1998).

Because the inner ear is supplied by the labyrinthine artery
from the basilar artery, Hakuba et al. (1997) first introduced
this animal model as a cochlear ischemia model, and
showed progressive IHC loss up to 4 days after cochlear
ischemia (Hakuba et al., 2000; Watanabe et al., 2001). Our
series of studies showed that this progressive IHC degen-
eration was induced by the ischemia-induced increase
of glutamate concentration in the perilymph, activation of
AMPA/kainate receptors on the presynaptic membrane of
IHCs, and the subsequent accumulation of intracellular
Ca®* in IHCs, leading to cell death (Hakuba et al., 2003a;
Hyodo et al., 2001; Maetani et al., 2003; Moarizane et al.,
2005; Taniguchi et al., 2002). Impairment of cochlear blood
flow is thought to play an important role in the etiology of
sudden deafness, presbycusis and noise-induced hearing
loss (Nakashima et al., 2003; Seidman et al., 1999). Be-
cause of the fact that 90-95% of afferent sensory neurons
synapse on IHCs and only 5% of neurons synapse on
OHCs (Spoendlin, 1967), IHCs are thought to be the main
mechanosensory cells that transform mechanical stimuli
into neuronal signals (Brandt et al., 2003). In this ischemia
model, the mean inter-peaked latency between waves |
and V of ABR was not changed (K. Fujita, unpublished
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Fig. 6. Western blot analyses of GDNF in gerbil cochlea on the
vehicle-treated and HSC-treated side. Samples were derived from the
cochlear on the vehicle-treated side (Con) and HSC-treated side
(HSC) in sham-operated gerbils, and on the vehicle-treated side ()
and HSC-treated side (I+HSC) in gerbils subjected to cochlear ische-
mia. Statistical analysis was performed by one-way ANOVA followed
by Bonferroni's multiple comparison test. A P value less than 0.05
was considered statistically significant. ** Indicates significantly
greater than vehicle-treated control (Con) (P<0.01). %% Indicates
significantly greater than vehicle-treated group with cochlear ische-
mia (I) (P<0.01). Data were obtained from five independent experi-
ments. All values are presented as mean+S.D.

observations), suggesting that main ischemic lesion was
not located within the brain stem. Furthermore, IHC loss
started 1 day after ischemia and peaked at 4 days after
ischemia, whereas neuronal loss in the spiral ganglion
started at 4 days after ischemia and peaked at 7 days after
ischemia. These data suggested that ischemia-induced
IHC loss resulted in the secondary degeneration of the
spiral ganglion neurons (K. Fujita, unpublished observa-
tions). In fact we showed that progressive IHC loss was
closely related to hearing impairment evaluated by ABR
(Watanabe et al., 2001). In the present study, we clearly
showed that treatment with HSCs ameliorated this pro-
gressive IHC damage and prevented a shift in the ABR
threshold after transient cochlear ischemia in gerbils.
The precise mechanism by which intrascalar injection
of HSCs prevented ischemia-induced progressive IHC
damage is unclear. There are several possibilities to en-
able functional recovery by treatment with HSCs. One
explanation is that HSCs can induce the endogenous co-
chlear cells to proliferate and differentiate into hair cells to
rescue or restore hearing loss. Several studies have
shown that both neural stem cells and inner ear stem cells
have the ability to differentiate into different inner ear cell
types in vivo (Tateya et al., 2003) or in vitro (Li et al.,
2003b). Recent studies have shown that HSCs are capa-
ble of transdifferentiating into a variety of nonhematopoi-
etic lineages in multiple organs (Masson et al., 2004).

Another explanation is that HSCs can fuse with damaged
hair cells and restore their function. A Cre/lox recombina-
tion system to identify transplanted cells indicated that
bone marrow—derived stem cells fused with hepatocytes in
the liver, with ‘Purkinje neurons in the brain, and with
cardiac muscle in the heart, resulting in the formation of
multinudeated cells (Alvarez-Dolado et al., 2003). After
transplantation of bone marrow from female wild-type mice
into male fumarylacetoacetate hydrolase knockout mice,
analysis of DNA from the tertiary recipients revealed that
hepatocytes derived from bone marrow arose from cell
fusion and not by transdifferentiation of HSCs (Wang et al.,
2003). These reports suggested that cell fusion is respon-
sible for phenotypic changes of HSCs into the target cells.
The third explanation is that HSCs can promote hair cell
repair in part by secreting trophic factors. It has been
reported that production of trophic factors from stem cells
can confer resistance to disease, or promote the survival,
migration, and differentiation of endogenous precursors
(Chopp and Li, 2002). Stem cell transplantation may be
linked to the up-regulation of trophic factors (Mahmood et
al., 2004). These reports suggest the possibility that stem
cells can also play a part in promoting functional recovery
by means other than cell replacement. In fact, bone mar-
row stem cells and neural stem cells are also known to
secrete interleukins and neurotrophic factors (NGF, BDNF,
and GDNF) (Crigler et al., 2006; Mahmood et al., 2004).
Furthermore, HSCs were reported to secrete growth fac-
tors with neurotrophic properties, such as Ang1 (Takakura
et al., 2000). In the present study, no PKH-labeled HSCs
were observed throughout the organ of Corti. PKH-labeled
HSCs were predominantly located in the perilymphatic space
of the cochlea. These findings revealed that HSCs could
survive in the perilymphatic space in the cochlea, and that at
least in our experimental conditions, HSCs were not incorpo-
rated into hair cells, supporting cells, and other types of cells
in the organ of Corti through cell fusion or transdifferentiation.
For these reasons, the third explanation may be preferable,
although further cellular and molecular biological investiga-
tions are required to darify its mechanism.

It is well known that several kind of trophic factors includ-
ing GDNF play a crucial role in the survival of sensory hair
cells and auditory neurons (Gillespie and Shepherd, 2005;
Roehm and Hansen, 2005). Because the protection by HSCs
against ischemia-induced hair cell damage appeared to oc-
cur through their paracrine effects, we evaluated the isch-
emia-induced alterations of trophic factors (i.e. FGF1, FGF2,
BDNF, NT-3, EPO, Ang1 and GDNF) in the cochlea. Conse-
quently, we revealed that only GDNF expression was up-
regulated after cochlear ischemia, and this ischemia-induced
GDNF expression was augmented by treatment with HSCs.
GDNF belongs to the transforming growth factor-g superfam-
ily and was discovered to be a potent neurotrophic factor for
midbrain dopaminergic neurons (Lin et al., 1993). GDNF was
reported to confer protection to neurons during various types
of injury to the nervous system in vitro and in vivo (Li et al.,
1995; Wang et al., 2002). A survival-promoting effect of
GDNF on inner ear hair cells against ototoxicity has been
reported in vivo (Kuang et al., 1989). In our previous report,
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we also showed that adenovirus-mediated overexpression of
GDNF significantly prevented progressive IHC degeneration
after cochlear ischemia in gerbils (Hakuba et al., 2003b). In
accordance with these previous reports, we showed that
HSCs had the potential to upregulate the GDNF protein level
in the organ of Corti after ischemia, suggesting protective
effects of GDNF against ischemia-induced hair cell damage.
In normal adult rodent, GDNF expression is observed in IHCs
(Yiikoski et al., 1998) and the level of GDNF in IHCs was
upregulated after noise exposure (Nam et al., 2000). We,
then, speculate that cochlear ischemia can upregulate the
GDNF level in IHCs and HSCs can modulate the GDNF level
in the organ of Corti after ischemia, although further histo-
chemical investigation must be required to confim this
assumption.

CONCLUSION

In conclusion, our study clearly showed that intrascalar
injection of HSCs prevented a shift in the ABR threshold
and attenuated the progressive IHC damage after cochlear
ischemia. In addition, injected HSCs had the potential to
upregulate the protein level of GDNF in the organ of Corti
after cochlear ischemia. At present, there are some diffi-
culties for the clinical use of HSCs because we can get
only a small amount of HSCs from the bone marrow and
the technique for proliferating HSCs ex vivo is not established
yet. Moreover, long-term effects of HSC transplantation are
not fully elucidated and unexpected adverse effects such as
malignancy and inappropriate immuno-response are not neg-
ligible. However, these data suggest that HSC transplanta-
tion could be useful in the treatment of SNHL.
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Abstract

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 tumn in the gRb1-treated group. These findings suggest that gRb1 prevented hearing loss caused by ischemic

injury to SGCs in Mongolian gerbils.
© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Transient cochlear ischemia; Spiral ganglion cells; Ginsenoside Rb1; TUNEL staining; Bcl-xL protein

Ischemic injury is a major cause of acute sensorineural hear-
ing loss [1,2,8]. 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 [3,5,9,15,16]. However, the mech-
anism 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 ingredi-
ent 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 ¢ in
the cell death pathway [ 17]. In the present study, we investigated
the effects of transient cochlear ischemia on SGCs and evalu-

* Corresponding author. Tel.: +81 89 960 5366; fax: +81 89 960 5368.
E-mail address: hakubax @chime-u.ac.jp (N. Hakuba).

0304-3940/8$ - see front matter © 2007 Elsevier Ireland Ltd. All rights reserved.
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ated 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
School of Medicine, Japan. Adult male Mongolian gerbils
weighing 60-80 g were used as subjects. Transient cochlear
ischemia was induced in the animals by temporarily occlud-
ing the vertebral arteries bilaterally in the neck, as described by
Hata et al. [4].

The hearing ability of animals 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 8000-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 [9].
The average ABR thresholds in control and gRbl-treated group
were analyzed using a two-tailed Mann—Whitney U-test.

Ginsenoside Rb1 was isolated and purified from the crude
saponin fraction in the rhizome of Korean red ginseng (Panax
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ginseng, C.A. Meyer) by repeated-column chromatography on
silica gel with CHCl3—MeOH-H,0 (65:35:10) and on octade-
cylsilyl (ODS) silica with MeOH-H>O (1:1-7:3) [12]. GRbl
was then dissolved in isotonic saline. A total of 200 uL of gRb1
solution (50 j.g/200 L) was injected into the left femoral veins
of the gRbl group (n=3) and 200 pL of saline was injected
into the left femoral veins of the control group (n=3) 1h after
ischemia.

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-pm sec-
tions 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 pro-
file of Rosenthal’s canal in the basal turn were counted. The
outline of the Rosenthal’s canal profile was then traced to gen-
erate a SGC density, expressed as the density of SGC in an
area of 10,000 pm?. The baseline average number of SGCs was
counted in 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 r-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 5min at 37°C. After wash-
ing three times with 0.01 M phosphate-buffered saline (PBS),
the sections were treated with TdT solution for 10min at
37°C. To block endogenous peroxidase activity, the sections
were treated with 3% hydrogen peroxide for 5Smin at room
temperature. Peroxidase-conjugated antibody was applied for
10min 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 gRbl and control
groups were deparaffinized and exposed to 5% normal horse
serum (NHS) in PBS for 1h. The sections were subsequently
incubated for 12 h with rabbit anti-Bcl-xL antibody (1:2000 dilu-
tion; 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 con-
taining 0.01% H2O,. The sites of bound primary antibodies were
visualized after incubating the sections with ABC reagent (Vec-
tor 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 trans-
mission electron microscopy (TEM). Four animals were killed
1 day after ischemia. Immediately following removal of both
otic bullae during deep anesthesia, the cochleae were perfused
with 2.5% glutaraldehyde. The cochleae were then removed,
immersed for 8h 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 afterinducing ischemia with saline treatment.
In contrast, the ABR threshold increased to 14.2+3.8dB 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) (Fig. 1).

Fig. 2 shows the representative sections of Rosenthal’s canal
in the base of the cochlea from a control subject (Fig. 2a) and
a gRbl-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, respec-
tively. 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 pm?. Seven days after ischemia, the aver-
age number of SGCs in the basal turn was 25.8/10,000 um? in the
gRb1 group and 19.3/10,000 m? 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 (£<0.05; Fig. 3). Injection of
gRb1 resulted in enhanced survival of SGCs 7 days after
ischemia. ‘
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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
vs. the control.
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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 pm.

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 adminis-
tered 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 gRbl.

35

Percentage of spiral ganglion cell loss

ischemia-gRb1

ischemia

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

PR i

7 e

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

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. Sb) or in specimens not exposed to the antibodies (data
not shown). The results of the immunostaining for Bcl-xL were
classified by two evaluators, who were blind to the treatment
the animals had received, into four categories: no, mild, moder-
ate, and strong staining. Table | summarizes the results of the
immunostaining for Bcl-xL into four categories.

The ultrastructure of the SGCs was analyzed in the cochlear
sections. Under electron microscopy, we observed the appear-
ance of nuclear fragmentation and irregularly shaped nuclei in
the control group (Fig. 6a), whereas mostof the cellsin the gRb1-
treated group had regularly shaped nuclei (Fig. 6b). We further
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Fig. 5. Immunostaining for Bcl-xL before ischemia (a), 1 day after ischemia in the spiral ganglion of controls (b) and gRbl-treated animals (c). Ginsenoside Rbl
increased the expression of Bcl-xL 1 day after ischemia in the spiral ganglion. Scale bar =60 pum.

Table 1

Summary of immunostaining for Bcl-xL

Control Day 1 Day 1+ gRbl
++ + ++ 10 +++

+: mild staining; ++: moderate staining; +++: strong staining; +gRbl: animals
given ginsenoside Rb1; control: before the induction of ischemia; Day 1: 1 day
after the induction of ischemia.

distinguished SGCs as types I and IT under electron microscopy.
Dysmorphologic nuclei were observed in 36.9% of type I SGCs
and 18.5% of type Il SGCs. We postulate that type I SGCs were
more vulnerable than type I SGCs.

As primary auditory neurons, SGCs play an important role in
hearing. In patients with severe sensorineural hearing loss, the

Fig. 6. Electron micrographs of the spiral ganglion 1 day after ischemia in
controls (a) and gRbl-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 pm.

only therapeutic intervention is a cochlear implant, which elec-
trically 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 gan-
glion neurons are lost following the loss of hair cells, particularly
as aresult of ototoxic drugs, noise exposure, and aging [6,7,11].
Results from these studies suggest that degeneration of the audi-
tory 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 result in a rapid loss of SGCs via apoptotic cell death [10,13].
However, the mechanism of ischemic injury has not been elu-
cidated. 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 in 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 identi-
fied chemically. The saponins can be classified into three major
groups according to their chemical structures: protopanaxadiol,
protopanaxatriol, and oleanolic acid. Ginsenoside Rb1, ginseno-
side Rg1, and ginsenoside Ro are representative substances [14].
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 dereg-
ulated the expression of Bcl-xL, which is known to suppress
activation of procaspase-9 by forming a complex with Apaf-1.
This, in turn, prevents the release of cytochrome ¢ from mito-
chondria, thereby maintaining cell viability and cell survival
[ 17]. In the present study, postischemic administration of gRbl
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 gRb1 may
suppress apoptotic cell death in SGCs by activating the Bcl-
xL signaling pathway. We observed decreased degeneration of
SGCs in the basal turn of gRbl-treated animals 7 days after
ischemia compared to untreated controls. Our results suggest
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