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0.1% Triton X-100 (Sigma) in PBS and immunoblocked with
10% goat serum in 0.2% Triton X-100 PBS. A primary antibody
for EGFP (anti-EGFP rabbit serum, x500; Molecular Probes,
diluted by 10% goat serum in 0.2% Triton X-100 PBS) was
applied to the sections at 4°C for 12 h followed by washing in
0.2% Triton X-100 PBS 2 times for 5 min each. Next, the
sections were incubated in Histofine Simple Stain Rat MAX-PO
(Multi) (Nichirei, Tokyo, Japan) at RT for 30 min. After
washing them in 0.2% Triton X-100 PBS 2 times for 5 min
each, color was developed with DAB (3,3’-diaminobenzidene)
solution using DAB substrate kit (Vector Laboratories,
Burlingame, CA, USA) at RT for 10 min. Then, the sections
were washed in distilled water (DW) on rotator 2 times for 5
min each. The nuclei were stained with Hematoxylin solution
(Wako, Osaka, Japan) for 1 min. The sections were dehydrated
in a concentration-ascending alcohol series, fixed with xylene
and mounted on slides using Mount in Entellan R neu (Merk,
Darmstadt, Germany) and viewed under a light microscope
(Olympus BX50, Tokyo, Japan).

Surface preparation analyses

Immunofluorescence analyses were performed on whole-
mount surface preparations of cochleae from 4 rats that had
undergone auditory nerve compression without cell transplan-
tation. Each animal was placed under deep anesthesia and then
perfused intracardially with 0.01 M phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde in PBS. The temporal
bones were then collected and immersed in the same fixative for
4 h at 4°C. After decalcification, cochleae were microdissected
for surface preparation. After rinses with PBS, the samples were
permeabilized and blocked by 10% goat serum in 0.2% Triton
X-100 PBS at RT for 30 min. The samples were then incubated
overnight at 4°C with anti-myosin VIla polyclonal rabbit IgG
antibody (x500; purchased from Tama Hasson, University of
California, San Diego, CA, USA) to detect hair cells. After
washing in 0.2% Triton X-100 PBS 2 times for 5 min, the
samples were incubated for 1 h at RT with goat anti-rabbit IgG-
Alexa 546 conjugated (% 200 dilution; Molecular Probes). After
rinsing on PBS, the samples were mounted onto glass slides,
coverslipped with Vectashield mounting medium (Vector
Laboratories), and viewed with a confocal laser-scanning
microscope (TCS-SP2 Leica Microsystems, Tokyo, Japan).

Results

Compression of the internal meatal portion of auditory nerve
causes loss of spiral ganglion neurons with hair cells spared

In the rats that were killed 4 weeks after compression without
transplantation, the BAEPs profoundly deteriorated, with loss of
all peaks (Fig. 2A). Histological examination of the temporal
bones of these rats revealed profound atrophy of the auditory
nerve and spiral ganglion cells in each RC (Fig. 2B). In contrast,
it was noted that surface preparation studies revealed the
preservation of hair cells. In the basal (the region of 80-100%
from the apex) and the middle (the region of 50—70% from the

179

apex) cochlear turns, the number and configuration of hair cells
were normal or near-normal, although some disturbances were
observed in the apical area (the region of 10-30% from the apex
(Fig. 20)).

Cells transplanted at the IAM portions of atrophic auditory
nerves extensively migrate (group 1) (Figs. 3-5)

In rats (group 1) that had undergone auditory nerve
compression followed by transplantation of ES-SDIA cells at
the IAM portion of the auditory nerve, we found ES-SDIA cells
at a total of 32 locations (10 different sites, including the
transplantation site) (Figs. 3A, B). We found transplanted cells
at the transplantation site in 4 of these 9 rats and at the fundus of
the internal auditory canal (IAC) in 5 of the 9 rats (Fig. 3B). In
one rat, a substantial number of DAB-positive transplanted cells
were found at the fundus of the IAC 32 days after
transplantation (Figs. 4A-a, b). Most of the cells at the fundus
were round, although some appeared to have short projections
(Fig. 4A-b, inset).

Generally, the shape of the transplanted cells varied
according to the sites where they were found. In one rat with
transplanted cells in various regions of the auditory nerve and
cochlea 31 days after transplantation (Figs. 4B-a, b), the
transplanted cells in the middle of the auditory nerve trunk were
elongated, without processes, and aligned in tandem (Fig. 4B-a,
inset). Transplanted cells found at the Schwann—glial junctional
zone in this rat had several EGFP-positive neuritic processes
extending toward the peripheral myelin portion (Fig. 4B-c).

In one rat, several clumps of DAB-positive cells were found
within the endolymphatic space in the scala media (Figs. 5A—
C). One of these cell clumps was attached to the habenula
perforata (HP) region where auditory nerve fibers emerge from
RC into the scala media (Fig. 5C). In this rat, transplanted cells
were found in the bony canal (tractus spiralis foraminosus)
connecting the modiolus and RC (Fig. 5D). The transplanted
cells were observed in the scala media in 3 of the 9 rats tested in
this group (Figs. 3, 5).

In 8 of the 9 rats examined, a few transplanted cells were
found in the perilymphatic space (Figs. 3, 4B-b).

Transplantation of cells into atrophic auditory nerve trunk, an
efficient way to deliver cells into Rosenthal's canal (group 2)

In 2 of the 3 rats that had undergone auditory nerve
compression and then transplantation of ES-SDIA cells into
the auditory nerve trunk, most transplanted cells were retained
within the nerve trunk (Figs. 6A, B). In one of these rats, the
transplanted cells appeared as a relatively large cell mass within
the auditory nerve trunk 32 days after transplantation (Fig. 6A-
a). Confocal microscopy revealed that neurites extended distally
from the cell mass, between the Schwann cells (Figs. 6A-b, ¢, d).
In this rat, we found a substantial number of the transplanted
cells within RC (Figs. 6A-e, f) and several cell clumps in the
scala tympani (Fig. 6A-a). In another rat in this group, a cluster
ofthe ES-SDIA cells was seen within the auditory nerve trunk 35
days after transplantation (Fig. 6B-a), with long neuritic
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Fig. 2. Auditory nerve degeneration after auditory nerve compression with hair cell spared. (A) Brainstem auditory evoked potentials (BAEPs) before compression (a)
and 4 weeks after compression (b). Following compression, all peaks of waves I to IV present before compression (in a) disappeared. (B) Light-microscopic view of
the auditory nerve and cochlea in sections from a control (a) and an experimental rat 4 weeks after compression of the auditory nerve (b). Rosenthal’s canal in the
control rat is densely packed with spiral ganglion cells (arrows in a), but, 4 weeks after compression, the number of spiral ganglion cells in RC of the experimental rat
had decreased remarkably (arrows in b) and multiple cavitations were seen (** in b) at the compressed site of the auditory nerve (double arrow heads). A decrease in
auditory nerve fibers in the modiolus was seen after compression (* in b). The dome-shaped Schwann—glial junctional zone (SGJ) is indicated by arrow heads. This
dome-shaped SGJ is also observed in Figs. 4B and 7. AN, auditory nerve; CM, central myelin portion of the auditory nerve; PM, peripheral myelin portion of the
auditory nerve. Hematoxylin—eosin staining. Scale bars, 200 um. (C) Confocal microscopic views of surface preparations of the cochlea showing the preservation of
hair cells. In the basal (the region of 80—100% from the apex) and the middle (the region of 50~70% from the apex) cochlear turns, the number and configuration of
hair cells were normal or near-normal. Some disturbances were observed in the apical area (the region of 10-30% from the apex). Scale bars, 50 pm.

processes extending into RC through the bony canals connecting
the modiolus and RC (tractus spiralis foraminosus) (Fig. 6B-b).

Cells transplanted to an intact auditory nerve do not migrate

When the same volume of ES-SDIA cells was placed at the
IAM portion of an intact auditory nerve, after incision of the
connective tissue capsule of the auditory nerve trunk, the results
were different from those seen when cells were transplanted to the
same location adjacent to an atrophic auditory nerve. In one rat in
this group, transplanted cells at the site of transplantation had
remarkably extended neurites into the auditory nerve trunk both
rostrally and caudally by 32 days after transplantation (Figs. 7A—
F), a finding not observed in the rats in group 1 (with atrophic
nerves). One neurite that had extended into the peripheral myelin
portion of the intact auditory nerve was quite long, and its tip had
the shape of a growth cone (Fig. 7B). Although several EGFP-
positive cell bodies were observed within the auditory nerve trunk
(Fig. 7F), we did not find any transplanted cell bodies very far
distant from the site of transplantation.

Discussion

We have demonstrated a technique for cell transplantation to
the inner ear that does not involve damage to the membranes
that seal the endolymphatic and perilymphatic chambers.
Maintenance of the integrity of these chambers is crucial to
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the auditory system and will significantly reduce the effects of
surgical trauma. The technique may have clinical benefits in the
future, but it also provides a more controlled model for analysis
of the potential for cell transplantation into the inner ear.

We have also demonstrated for the first time that transplanted
ES cells can migrate along an atrophic auditory nerve to the
scala media where the hair cells reside. The extent of cell
migration was related to the compression injury imposed on the
auditory nerve. We have yet to demonstrate functional
integration of transplanted cells, a challenge that will require
further experimentation with a range of different types and
preparations of donor cells.

Transplanted cells ave transferred to the scala media through
atrophic auditory nerve

Successful cell transplantation will depend on how easily
transplanted cells can access different parts of the inner ear. The
injection site is critical in terms of minimizing tissue damage
while placing cells as close as possible to their target site. The
migratory behavior of injected cells will determine their ability
to locate and replace the target cell populations. The present
finding that transplanted cells can travel from the initial grafted
site at the JAM portion of the auditory nerve to the most distal
end of the auditory nervous system, the scala media where the
hair cells reside, suggests a potential delivery route with
minimal surgical invasion.
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Fig. 3. Cell distribution after transplantation in group 1. (A) Schematic map of the distribution of ES-SDIA cells transplanted at the IAM portion of the auditory nerve
(A) in a total of 9 rats. By 4 to 5 weeks after transplantation, the transplanted cells (TC) were found in a total of 32 locations (10 different sites, shown by orange circles)
in the 9 rats. The 10 different sites included the transplantation site (A); the auditory nerve proximal (B) and distal (C) to the Schwann—glial junctional zone (SGJ); the
fundus of the internal auditory canal (IAC) (D); the modiolus (E); the tractus spiralis foraminosus (F); Rosenthal’s canal (G); the osseous spiral lamina (H); the
endolymphatic space (I); and the perilymphatic space (J). The blue arrow heads and red solid and dotted arrows indicate the probable route by which the transplanted
cells migrated. Spilled cells (SC) probably entered the perilymphatic space (J) through the cochlea aqueduct (Fig. 1, CA) (red dotted curved arrow from SC to (J). CPS,
canaliculae perforantes of Schuknecht; HP, habenula perforata. Inset: In the right upper corner is a magnified view of the HP region. HC, hair cells; OSL, osseous spiral
lamina. (B) Number of rats (ordinate) with transplanted cells in each of the 10 sites in the auditory nerve and cochlea (abscissa). The sites labeled A to J correspond to

those with the same labels in A.

Histopathological examinations of human temporal bones
invaded by neoplastic cells indicate that the narrow bony canals
between the modiolus and RC (tractus spiralis foraminosus,
Figs. 3A-F) serve as a barrier for the passage of cells into RC
(Hoshino et al., 1972). In the present study, however,
transplanted cells were found within the tractus spiralis
foraminosus itself (Figs. 3, 5D) and even in the HP region
(Figs. 3, 5C). From these findings, it is likely that transplanted
cells reached the scala media by migrating through the HP.
Normally, auditory nerve fibers are tightly packed and
constricted as they pass through the HP and then they spread
out to innervate the hair cells (Spoendlin, 1987). Therefore,
under normal conditions, there may be limited space at the HP
for the passage of transplanted cells. The apparent ease with
which cells migrated along the atrophic nerve could be due to
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reduced density of the host tissue. Degeneration of the nerve
fibers could leave enough space in the HP for transplanted cells
to pass through (Fig. 2B-b). The degenerated nerve may
produce signals that facilitate cell migration, but we have no
evidence for this possibility. In fact, atrophy of the auditory
nerve seemed to be required for cell migration because cells
transplanted to intact auditory nerves did not migrate so far (Fig.
7). However, space may not be the only influence since
undamaged host nerve tissue may restrict migration by direct
inhibition or by more effective induction of cell differentiation
such as neurite extension. In undamaged nerve tissue,
transplanted cells extended numerous neurites into the nerve
trunk and remained at the site of transplantation (Figs. 7A, B).

We think it unlikely that the cells we transplanted migrated
into the endolymphatic space through the vestibular aqueduct
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Fig. 4. Migration of ES-SDIA cells transplanted at the IAM portions of atrophic auditory nerves (group 1). (A) Histological appearance of the cochlea showing
transplanted ES-SDIA cells accumulated at the fundus of the internal auditory canal in a rat of group 1 (32 days after transplantation). (a) The area of compression and
subsequent transplantation of ES-SDIA cells at the auditory nerve (AN) is indicated by the asterisk. The fundus of the internal auditory canal is indicated by the
rectangle and enlarged in b. The arrows indicate the Rosenthal’s canals. M, modiolus. (b) A substantial number of DAB-positive transplanted cells were found at the
fundus (arrows). A group of these cells indicated by the large arrow is enlarged in the inset. In this rat, the transplanted cells were round, and some had short processes
projecting from the cell surface (arrows in the inset). The arrow heads indicate the bony holes in the cribriform area that had passed the auditory nerve fibers. Scale bars,
500, 100, and 5; a, b, and inset in b, respectively. (B) Histological appearance of the auditory nerve and cochlea in another rat in group 1 (31 days after transplantation
of ES-SDIA cells). (a) DAB-positive transplanted cells (small and large arrows) are present in the auditory nerve trunk. The cells indicated by the large arrow are
enlarged in the inset. In this rat, the transplanted cells were elongated, without neuritic processes (inset) and aligned in tandem (compared with findings in A-b). The
area indicated by the rectangle is enlarged in c. Arrow heads indicate the dome-shaped Schwann~glial junctional zone. F, fundus of the internal auditory canal. CM and
PM, central and peripheral myelin portion of the auditory nerve, respectively. (b) The large black arrow indicates the EGFP-positive cells at the compressed and
transplanted portion of the auditory nerve. EGFP-positive cells were observed in various regions such as peri-auditory nerve space (small arrow 1), auditory nerve
trunk (2), scala tympani (3), scala media (4), and scala vestibuli (5). An arrow head indicates the area indicated by the rectangle in a. Rosenthal’s canal in basal, lower
middle, upper middle, and apical cochlear turns are represented by bsl, m1, m2, ap, respectively. (c) At the Schwann—glial junctional zone of this rat, EGFP-positive
neuritic process extended toward the peripheral myelin (PM) portion of the auditory nerve (arrow heads). The host auditory nerve stained with DAPI (blue). CM and
PM, central and peripheral myelin portion of the auditory nerve, respectively. Scale bars, 500 (5), 20 pm in a (inset), b, ¢, respectively.

(Fig. 1, [1']) because the operative site was remote from the angle during transplantation and that these cells entered the
aperture of the vestibular aqueduct. In this study, however,  perilymphatic space through the cochlear aqueduct (Fig. 1, CA).
transplanted cells were found in the perilymphatic space, mainly It is also possible that the cells reached the scala tympani by
in the scala tympani (Figs. 3, 4B-b and 6A-a). It is probable that ~ migration from RC through the canaliculae perforantes of
some transplanted cells entered the cerebrospinal fluid in the CP Schuknecht (Fig. 3A, CPS). Such coincidental spillage of cells
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Fig. 5. Migration of ES-SDIA cells transplanted at the LAM portions of atrophic auditory nerves (group 1). (A) Several clumps of DAB-positive cells were found
within the endolymphatic space (larger arrows). Two of these cell masses are shown enlarged in B and C. Note empty Rosenthal’s canals (RC, small arrows) and
paucity of auditory nerve fibers (*) in the modiolus (M). (B) A clump of transplanted cells was found in the scala media (SMED) (arrow). (C) A clump of transplanted
cells (arrow) was seen near the habenula perforata (HP) region. Spindle-shaped nuclei of Schwann cells were seen in the osseous spiral lamina (*). (D) EGFP-positive
transplanted cells were observed in the bony canal (tractus spiralis foraminosus; arrow heads). The directions to the modiolus and Rosenthal’s canal are indicated by M
and RC, respectively. Scale bars, 200, 50, 20, and 20 pm in A, B, C, and D, respectively.

may be prevented with future refinements in technique. We
found no evidence for substantial accumulation or proliferation
of transplanted cells in the perilymphatic space. However, we
must be cautious when positioning materials in spaces that
communicate with the cerebrospinal fluid space in order to avoid
unwanted effects of transplanted materials at inappropriate
locations such as the contralateral intact ear.

Local environmental cues and cells with potential for
region-specific differentiation

The ES cells we used in this particular study showed a robust
migratory ability in the atrophic auditory nerve and were observed
at the entire regions of the peripheral auditory nervous system.
Ideally, however, the transplanted cells should halt their migration
at the target site and then differentiate into region-specific mature
cells, for example, spiral ganglion neurons or hair cells.
Successful differentiation is likely to depend on local environ-
mental cues and on the capacity of transplanted cells to receive
and respond to those cues. In the present study, cells transplanted
into the normal auditory nerve extended neuritic processes and
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expressed BIII-tubulin (Figs. 7B, C, D, F), but their migration was
more restricted. This indicates contextual responses to environ-
mental cues and suggests that some degree of morphological
integration of the transplanted cells actually occurred. The normal
adult tissue could present cues to induce neurite extensions, and it
may even restrict unwanted migration, which could be crucial
therapeutically. For example, residual nerves in patients with
hearing loss could well be essential for attracting transplanted
cells into Rosenthal’s canal and inducing their differentiation. In
the present study, we induced nearly total loss of SGNs in a
relatively acute manner (Fig. 2B-b). However, in our experimen-
tal model, by regulating the experimental conditions of auditory
nerve compression, we can reproduce a similar situation as
observed clinically where fewer SGNs gradually degenerate.
The finding that the transplanted cells assumed various
shapes according to the sites where they were found implied that
they had been influenced by local environmental cues (Fricker
et al., 1999; LaBarge and Blau, 2002). The cells at the fundus
were round in shape with cell processes (Fig. 4A-b), but those
within the nerve tissue assumed a streamlined shape, without
cell processes (Fig. 4B-a). An interesting finding of our study
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Fig. 6. ES-SDIA cells transplanted into atrophic auditory nerve trunk. (A) Histological appearance of the auditory nerve and cochlea showing transplanted ES-SDIA
cells in a rat of group 2 (32 days following transplantation). (a) A relatively large cell mass was found in auditory nerve trunk (arrows). Arrow heads indicate the
transplanted cells found in the scala tympani. bsl and ap, basal and apical cochlear turns, respectively. Confocal microscopy revealed an EGFP and pIII-tubulin-
positive neurite process (arrow heads) among Schwann cells in b and c, respectively. These images are merged in (d) (arrow heads). The nuclei of the host tissue were
stained with TOTO3. The arrows in e and f indicate DAB-positive transplanted cells in the basal and apical turns of the cochlea, respectively. Scale bars, 200, 20, 20,
20, 50, and 50 pm in a, b, ¢, d, e, and f, respectively. (B) Histological appearance of the auditory nerve and cochlea showing transplanted ES-SDIA cells in a rat of
group 2 (35 days after transplantation). (a) A group of transplanted cells (red) was seen in the modiolus (M) (white arrow), and a neuritic process was seen in
Rosenthal’s canal (RC) (black arrow). Host tissue was stained blue with DAPL. bsl, basal turn; ap, apical turn. The rectangular area is enlarged in b. M, modiolus. (b)
Transplanted cells (red) were found within the modiolus (M) (white arrow). A neuritic process that emerged from the bony canal (tractus spiralis foraminosus) and
extended into Rosenthal’s canal appeared in tangential section (black arrow). Inset: Higher magnification view of neuritic processes indicated by black arrow in b.
Compare with the inset in Fig. 7B. Scale bars, 200 and 100 (20) um in a and b, respectively.

was the remarkable ability of ES-SDIA cells to extend neuritic
processes along the auditory nerve (Figs. 4B-c, 6A-b, c, d, 6B
and 7). Some transplanted cells with cell bodies in the modiolus
had neuritic process extending to RC (Fig. 6B-b), and cells that
had migrated to the Schwann—glial junctional zone had neuritic
process extending to the peripheral myelin region (Fig. 4B-c). A
study that investigated regeneration of axons in the rat optic
nerve revealed that axons failed to regenerate in the astrocytic
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environment (central myelin portion) but readily re-grew in the
presence of Schwann cells (peripheral myelin portion), even
across the Schwann—glial junctional zone, indicating that
resident Schwann cells may exert trophic effects (Berry et al.,
1992). This possibility was supported by the findings in the
study we report here.

The survival rates of various cells transplanted into the inner
ear spaces have been reported to be quite low and no more than
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Fig. 7. Histological appearance of the auditory nerve and cochlea showing ES-SDIA cells that had been transplanted to an intact auditory nerve (AN). (A) An EGFP-
positive cell mass (black arrow) was seen at the transplantation site in the auditory nerve. bsl, basal turn; ap, apical turn; M, modiolus. (B) Transplanted cell mass
(larger arrow) extended neurites distally, and one neurite was found to have extended into the peripheral myelin portion of the auditory nerve trunk (smaller arrow,
shown enlarged in the inset). The tip of the neurite had the shape of a growth cone (inset; compare with Fig. 6B-b). Arrow heads indicate the dome-shaped Schwann~—
glial junctional zone. (C, D) Neurite extensions stained with anti-EGFP (C) and pII-tubulin (D) staining. One neurite extended into quite a distance into the peripheral
myelin portion (arrow heads). (E) Merged view. (F) Neurite extensions and a few cell bodies were also found proximal to the cell transplantation site (smaller black
arrows), and a cell mass (larger arrow) was seen attached to the auditory nerve. Host cells stained blue with DAPI in B, C, D, E and F. Scale bars, 500, 50 (20), 100,

100, 100, and 50 pm in A, B (inset), C, D, E, and F, respectively.

2.0% (Hu et al.,, 2004a,b). It is difficult to make an accurate
estimate of survival of transplanted cells. However, the survival
rate seems to vary according to the method; intra-neurally
transplanted cells (Fig. 6A) seemed to survive more than peri-
neurally transplanted cells (Figs. 4, 5). In future studies, we
should select appropriate cells with or without some adjunct
therapies such as pre-conditioning with neurotrophic factors. It
might be beneficial to add some neurotrophic factors such as
NGF to foster neurite outgrowth from the cells transplanted to
the injured auditory nerve (Hu et al., 2005).

In xenograft transplantation, some immunosuppressant may
be beneficial to secure the transplanted cells at the host,
although, in the present study, we did not apply this strategy.
Refinement of the delivery technique to maximize the survival
of transplanted cells and to enhance neuronal differentiation will
be investigated in our future studies.

Selective ablation of the auditory neurons with hair cells
spared

We found that the hair cells did not degenerate within 4 weeks
of damage to the auditory neurons (Figs. 2B, C). Our previous
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study indicated that the auditory neurons from the apical cochlear
turn were injured more than those from more basal cochlear tums
in our experimental model (Sekiya et al., 2000). This might have
been one of the reasons why some limited signs of hair cell loss
were observed in the apical region. In future studies, we could
selectively ablate groups of auditory neurons by applying a weaker
compression force than used in the present study. Compression
injury is precise and does not involve the more widespread and
non-specific effects that may occur with pharmacologic methods
(Lang et al., 2005; Schmiedt et al., 2002). Taken together, this
model may provide unique opportunities to investigate the
regeneration of spiral ganglion neurons without being confounded
by the changes occurred in the hair cell region.

Candidate materials for cell transplantation therapy to rebuild
lost hearing

One reason why we used ES-SDIA cells in this particular
study was that they had been induced in advance to differentiate
into neural cells versus endo- or mesodermal cells. Other cells,
however, could be candidates for transplantation to rebuild lost
hearing (Fuchs and Segre, 2000; Morest and Cotanche, 2004).
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For example, tissue-specific stem cells derived from inner ear
tissue (Bermingham-McDonogh and Rubel, 2003; Germiller et
al., 2004; Kalinec et al., 1999; Kojima et al., 2004; Lawoko-
Kerali et al., 2004; Li et al., 2003; Nicholl et al., 2005; Rask-
Andersen et al., 2005; Rivolta and Holley, 2002) would be
expected to have a high possibility of being morphologically
and functionally integrated into a host’s inner ear.

To avoid problems with tissue rejection, autologous cells
such as bone marrow stromal cells could be useful (Munoz-
Elias et al., 2004; Ohta et al., 2004). A second possibility is to
transplant cells, such as those carrying potentially beneficial
genes (such as genes promoting hair cell regeneration or
secreting neurotrophins that would enhance the function of
existing cells). It would not be necessary for such transplanted
cells to be morphologically integrated into the host tissue.
Rather, it might be sufficient for them to “float” in the target area
such as the endolymphatic space. A third possibility is to deliver
neurotrophins, growth factors, or pharmacological agents by
placing these materials at the ITAM portion of the auditory nerve
using drug delivery systems.

Our technique is clinically feasible

Clinically, we can enter into the CP angle using retromastoid
craniectomy through an incision behind the ear and place
various materials at the JAM portion of the auditory nerve in
human. This approach is currently used clinically in a variety of
procedures, such as microvascular decompression to treat
hemifacial spasm, trigeminal neuralgia, and resection of tumors
in the CP angle, including vestibular schwannomas (McLaugh-
lin et al., 1999; Ojemann, 2001; Samii and Matthies, 1997;
Sanna et al., 2004). In contrast to the cochlea in small
experimental animals such as rat, mouse, and guinea pig,
where the cochlear wall is directly sighted in the tympanic bulla,
the human cochlea is embedded deep in the temporal bone.
Therefore, in order to reach the cochlea wall in humans, the
thick bone around the cochlea should be removed without
damaging intracochlear structures. This seemed to be quite a
difficult task to be performed in comparison with the technique
through the CP angle in our technique. Other advantages of our
technique include its versatility. For example, when transplan-
tation of cells into the cochlear nucleus region is planned (Hu et
al., 2004a), cells can be placed in this region under direct visual
control. In contrast to an extensive migration of the transplanted
cells towards the regions distal to the transplanted site in this
study, we found a very few cells centrally. It is not clear why
relatively few cells migrated into the brainstem regions.

We believe that through collaboration and use of techniques
such as those reported here, experts in molecular cell
engineering, neuro-otology, and neurosurgery will be able to
offer hope to many patients with profound hearing disturbances.
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Molecular Cloning and Function of Oct-3 Isoforms
in Cynomolgus Monkey Embryonic Stem Cells

YASUKO FUJIMOTO,!-3 KOUICHI HASEGAWA,> HIROFUMI SUEMORI,! JUICHI ITO,?
and NORIO NAKATSUJI?

ABSTRACT

Oct-3 is a key molecule for maintaining self-renewal in mouse embryonic stem (ES) cells. The func-
tion of Oct-3 in ES cells of other species, however, especially primate ES cells, is not clear. In the
present study, we cloned two splicing isoforms of Oct-3, Oct-3A and Oct-3B, from cynomolgus mon-
key ES cells, and found that they have high homology to human Oct-3A and Oct-3B. To examine
their function, Oct-3A and Oct-3B were overexpressed in cynomolgus monkey ES cells. Transient
Oct-3A overexpression induced ES cell differentiation into endodermal and mesodermal lineages
and disrupted proliferation of undifferentiated monkey ES cells. In contrast, Oct-3B overexpression
did not induce differentiation of monkey ES cells. These findings indicate that a certain Oct-3A ex-

pression level has an important role in sustaining self-renewal in non-human primate ES celis.

INTRODUCTION

MBRYONIC STEM (ES) cELLS are derived from the in-

ner cell mass (ICM) of preimplantation embryos (1).
Mouse ES cell lines, which were first established in 1981
by Evans and Kaufman (1), have the capacity to differ-
entiate into all cell types derived from the three primary
germ layers, and are capable of long-term renewal in vitro
(2). Non-human primate ES cell lines were established
from rhesus monkey in 1995 (3), common marmoset in
1996 (4), and cynomolgus monkey in 2001 (5). Human
ES cell lines were established in 1998 (6). Human ES
cells are expected to be powerful and promising tools for
regenerative medicine, and non-human primate ES cells,
which are more closely related to human ES cells than
rodent ES cells, are expected to be valuable preclinical
models. Most research, however, has been limited to ap-

plication in rodent models. Studies in which primate ES
cells have been applied to primate disease models are
limited (7). Verifying the effects and safety of new meth-
ods in non-human primates is an indispensable interme-
diary step for regenerative medicine before applying new
therapeutic strategies to humans.

Although previous research indicates that primate ES
cells have a differentiation potency similar to that of
mouse ES cells, there are several differences between pri-
mate and mouse ES cells. For example, the role of the
signaling pathways in ES cell self-renewal, such as the
LIF/JAK/Stat3 pathway (8-11) and the BMP/ Id path-
way, differs between mouse and primate ES cells
(12-14). 1t is, therefore, important to clarify the mecha-
nisms through which self-renewal of primate ES cells is
stably maintained to apply it to large-scale preclinical re-
search.
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The POU transcription factor Oct-3 (also known as
Oct-4, Oct-3/4, encoded by POUSFI) (15-17) functions
as a key molecule in maintaining pluripotency and germ-
line development in mammals (18,19). Oct-3 is expressed
in totipotent and pluripotent cells in oocytes and pregas-
trulation embryos, and it is also highly expressed in ES,
embryonic carcinoma, and embryonic germ cell lines
(20-24). In mouse ES cells, a certain amount of Oct-3 is
critical for maintaining ES cell self-renewal, and any up-
or down-regulation induces various cell fates. Using a
tetracycline-regulated Oct-3 expression system, Niwa
and colleagues showed that decreasing Oct-3 expression
to less than half in mouse ES cells drives formation of
trophectoderm lineage cells, and increasing Oct-3 ex-
pression by more than half increases differentiation into
primitive endoderm and mesoderm lineage cells (19).

In humans, there are two splicing isoforms of Oct-3
mRNA, Oct-3A and Oct-3B (25), that have not been re-
ported in mouse. Oct-3A is considered to be the human
ortholog of mouse Oct-3, and shares 87% amino acid
identity with mouse Oct-3 (25). Oct-3B is a minor splic-
ing variant form of Oct-3A mRNA. Oct-3A and Oct-3B
comprise 360 and 265 amino acids, respectively, and
share a 225-amino-acid sequence at their carboxy-termi-
nal region, including the POU-specific and POU homeo-
domains. Oct-3B lacks the proline-rich region of Oct-3A
at its amino-terminal region, which is reported to have
transcriptional activity in mouse ES cells (26,27).

There have only been a few studies of Oct-3B. Takeda
et al. first reported that Oct-3B mRNA was expressed in
adult human tissues at low levels, but some of the pop-
ulation would be assumed to have no Oct-3B expression
because of polymorphisms in the POUSFI codon (25).
Caufmann et al. reported that Oct-3B in human blasto-
cysts is localized in the cytoplasm rather than in the nu-
cleus, whereas Oct-3A is highly concentrated in the nu-
cleus (28). Both authors presumed a functional difference
between the Oct-3 isoforms in humans, but there have
been no reports on the expression of the Oct-3 isoform
or the functional difference between Oct-3A and Oct-3B
in primate ES cells, including human ES cells.

The function of Oct-3 in primate ES cells is far from
fully understood compared with that in mouse ES cells.
There have been two reported Oct-3 knockdown experi-
ments in human ES cells, both of which resulted in cell
differentiation into the endoderm lineage (29,30). One of
these studies reported cell differentiation into the tro-
phectoderm lineage (30), whereas the other did not (29).
These studies were performed using small interference
(si) RNA that worked on both Oct-3A and Oct-3B, and
thus were not capable of distinguishing between the func-
tions of the isoforms. Furthermore, overexpression ex-
periments of each isoform have not been performed, al-
though they are indispensable for fully understanding
Oct-3 function in the self renewal of primate ES cells.

In this report, we cloned Oct-3 isoforms in cynomol-
gus monkey ES cells and quantified the expression of
each protein by western blotting. In monkey, as in hu-
mans, there are two Oct-3 isoforms; thus, monkey ES
cells are a good model of human ES cells. We demon-
strated that Oct-3A overexpression in cynomolgus ES
cells induced differentiation toward endodermal and
mesodermal lineages, whereas that of Oct-3B did not.

MATERIALS AND METHODS
Cell culture

A cynomolgus monkey ES cell line, CMK6, was cul-
tured as previously described (5). Briefly, the cells were
maintained on a feeder layer of mouse embryonic fibro-
blasts (MEFs) treated with mitomycin C in Dulbecco’s
modified Eagle’s medium/Nutrient Mixture F12 Ham
(DMEM/F12) (Sigma Aldrich, St. Louis, MO) supple-
mented with 20% knockout serum replacement (KSR)
(Invitrogen, Carlsbad, CA), 0.1 mM 2-mercaptoethanol,
! mM minimal essential medium (MEM) nonessential
amino acids, 2 mM L-glutamine, and 1 mM sodium pyru-
vate.

Mouse R1 ES cells (31) were cultured on MEFs in
DMEM/F12 supplemented with 15% fetal bovine serum
(FBS; HyClone, Boston, MA), 0.1 mM 2-mercap-
toethanol, 2 mM L-glutamine, 1 mM sodium pyruvate,
1 mM MEM nonessential amino acids, and 1,000 U/ml
recombinant mouse leukemia inhibitory factor (LIF)
(Chemicon International, Temecula, CA).

Cloning of monkey Oct-3 ¢cDNA

The specific primers for the open reading frames
(ORFs) of human Oct-3A and Oct-3B had the following
sequences. Oct-3A-specific forward primer, 5'-ATG-
GCGGGACACCTGGCTTC -3’; Oct-3B-specific for-
ward primer, 5'-AGGCAGATGCACTTCTACAGAC-
3’; common reverse primer for the Oct-3 isoforms,
5'-AGGCAGGCACCTCAGTTTGAATG-3'.

Using these primers, the ORFs of monkey Oct-3 were
amplified by reverse transcription (RT) PCR with mRNA
from CMKG6 ES cells. The PCR products were ligated
into a pGEM-T easy vector (Promega, Madison, WI), and
these sequences were confirmed by nucleotide sequence
analysis.

Plasmid construction

Oct-3A and Oct-3B overexpression vectors, driven by
a CAG promoter, which is a strong promoter in mam-
mals (32), were created by inserting the Oct-3A and Oct-
3B ORFs into pCAG/PGKneo vectors (10). pCAG/PGK-
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neo vectors without an Oct-3 component were used as
mock transfection vectors (Mock).

Introduction of expression vectors into monkey
and mouse ES cells

To establish stable transfected cynomolgus monkey ES
clones, transfection to cynomolgus ES cells was per-
formed as follows. On 60-mm feeder dishes, 2.4 X 10°
CMKG6 cells were plated 16 h prior to transfection and
were transfected for 2 h with Opti-MEM (Invitrogen)
containing linearized plasmid DNA in complex with 20
pl of Lipofectamine 2000 (Invitrogen). To ensure intro-
duction of an equal number of vector molecules, 10 ug
of Oct-3A or Oct-3B expression vectors, and 8 ug of
Mock vector were used for each transfection. After se-
lection in the presence of 100 ug/ml G418 (Sigma
Aldrich) for 10 days, resistant colonies were counted or
recovered and plated on new feeder layers.

The mouse R1 ES cells were trypsinized and resus-
pended in phosphate-buffered saline (PBS), and 1 X 107
cells were electroporated with linearized plasmid DNA
at 250 V and 500 uF in a 0.4-cm cuvette using a Gene
Pulser (Bio-Rad, Hercules, CA). The amounts of the plas-
mids were 25 ug each of Oct-3A and Oct-3B expression
vectors and 20 ug of Mock vector. Cells were cultured
on 100-mm gelatin-coated dishes in the presence of 200
wg/ml G418 for 7 days, and the number of colonies was
counted.

Alkaline phosphatase staining

ES cells were fixed with 3.7% formaldehyde in PBS
for 20 min at room temperature, and alkaline phospha-
tase (ALP) activity was detected with Vector Red sub-
strate (Vector Laboratories, Burlingame, CA).

Immunoblot analysis

To remove feeder cells, ES cells were plated on MEF
extracellular matrix (ECM)-coated dishes (10). The cells
were lysed in 100 ul of lysis buffer containing 50 mM
Tris-HCI, pH 7.5, 0.15 M NaCl, 25 mM S-glycerophos-
phate, 10 mM NaF, 1 mM NazVOy,, 1% Triton X-100,
10% glycerol, and the protease inhibitor cocktail, Com-
plete Mini (Roche, Switzerland).

The lysate samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
electroblotted onto an Immun-Blot PVDF Membrane
(Bio-Rad), and probed with primary antibodies. After in-
cubation with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Dako Cytomation, Denmark), pro-
teins reacting with antibodies were detected using en-
hanced chemiluminescence reagent (Western Blotting
Luminol Reagent; Santa Cruz Biotechnology, Santa

Cruz, CA), and analyzed by autoradiography. Anti-Oct4
(Oct-3) polyclonal antibodies (AB-3209, Chemicon In-
ternational) whose epitope is common to Oct-3A and Oct-
3B were used to detect both isoforms on the same mem-
brane with different exposure times. The standardization
of the samples was performed using anti-3-actin mono-
clonal (AC-15) antibody (A-5441, Sigma Aldrich). Sig-
nal intensity was measured using pixel intensity analysis
with Scion Image software (Scion Corporation, http:/
www.scioncorp.com/).

Formation of embryoid bodies of monkey ES cells

Cynomolgus ES cells were treated with 0.25% trypsin
supplemented with 1 mM CaCl, and 20% KSR (5) and
detached from feeder cells by gentle pipetting to avoid
dissociation of colonies. The cells were cultured in sus-
pension in petri dishes and aggregated to form embryoid
bodies (EBs). EBs were grown in ES medium for 10 days
and collected for preparation of total RNA.

Transient transfection and RT-PCR analysis

For transient transfection with the expression vectors,
1.2 X 10° cynomolgus ES cells cultured on a feeder layer
in 35-mm dishes were transfected with 5 ug of either
Oct-3A or Oct-3B expression plasmid, or alternatively,
with 4 ;g mock plasmid, in 10 ul of Lipofectamine 2000.
They were cultured initially for 2 h, then, after the
medium was replaced, samples were collected at 24 and
48 h.

Total RNA was extracted from ES cells or from 10-
day-old wild-type EBs using Trizol (Invitrogen), accord-
ing to the manufacturer’s protocol. Total RNA was then
treated with DNase I (Takara Biotechnology, Japan), and
cDNA was synthesized from 2 ug of total RNA using an
RNA PCR kit (AMV) Ver3.0 (Takara Biotechnology).

Ex Taq polymerase (Takara Biotechnology) was used
for the PCR reactions, which were then optimized to al-
low for semiquantitative comparisons within the log
phase of amplification. The gene-specific primers, listed
in Table 1, were designed based on published human
mRNA sequences and did not cross-react with the mouse
feeder cells.

RESULTS

Cloning of Oct-3A and Oct-3B from monkey
ES cells

To examine whether Oct-3 isoforms exist in monkey
ES cells, we performed RT-PCR cloning using variant-
specific primers designed from human Oct-3A and Oct-
3B ¢DNA, and obtained two types of cDNA clones. The
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TaBrLe 1. Primers Usep IN RT-PCR Stupies
Primer sequence Annealing Product

Gene (5" > 3') temperature (°C) Cycles size (bp)

albumin for-GCATCCTGATTACTCTGACATG 58°C 32 229
rev-CTTGGTGTAACGAACTAATTGC

AFP for-TCAGTGAGGACAAACTATTGGC 56°C 25 262
rev-CACCCTGAGCTTGACACAGA

goosecoid for-GCTTCTCAACCAGCTGCAC 60°C 33 250
rev-TGCTGATGATCTTGAGGCT

Cdx2 for-TCACCATCCGGAGGAAAGCC 65°C 32 670
rev-AGAGGTGCAGCCTGCAGATC

NF68kD for-GGCGCGCTATGAAGAGGAG 55°C 33 422
rev-CTTGGCCTTGAGCAGACGA

Oct-3A for-ATGGCGGGACACCTGGCTTC 65°C 25 1094
rev-AGGCAGGCACCTCAGTTTGAATG

Oct-3B for-AGGCAGATGCACTTCTACAGAC 65°C 25 815
rev-AGGCAGGCACCTCAGTTTGAATG

GAPDH for-ACCAGGGCTGCTTTTAACTC 60°C 22 215

rev-TTGCTGATGATCTTGAGGCT

for- and rev- stand for forward primer and reverse primers, respectively.

c¢DNA amplified with human Oct-3A specific primers
was 1,083 bp and the cDNA amplified with human Oct-
3B specific primers was 798 bp. These ¢cDNA clones
were the same size as the reported ORFs of human Oct-
3A and Oct-3B, and had highly homologous nucleic acid
sequences (98.2% and 98.6%, respectively) and deduced
amino acid sequences (98.6% and 98.5%, respectively)
(Fig. 1A,B). These two products were, therefore, con-
sidered to be the ORFs of monkey Oct-3A and Oct-3B
because they have a common structure in the last 678 bp.
Thus, they were considered to be splicing variant iso-
forms, as reported in humans. Similar to mouse Oct-3
and human Oct-3A, monkey Oct-3A has a proline-rich
domain at the amino terminal, which is a transcription
activation domain in mouse ES cells (26,27). In contrast,
Oct-3B lacks this domain. To confirm the expression of
Oct-3A and Oct-3B proteins in monkey ES cells, we per-
formed western blot analysis using anti-Oct-3 antibodies
that recognize the carboxyl termini of human Oct-3
shared by both isoforms. Both Oct-3A and Oct-3B were
detected in monkey ES cells (Fig. 1C). Protein expres-
sion of Oct-3B in monkey ES cells, however, was much
lower than that of Oct-3A.

Establishment of stable transfectants of Oct-3A
or Oct-3B overexpression vectors

Because up-regulation of Oct-3 by 50% above the nor-
mal level promotes differentiation of mouse ES cells into
primitive endodermal or mesodermal lineages (19), we
constructed and transfected Oct-3A and Oct-3B overex-

pression vectors to examine whether a particular Oct-3
expression range is required for maintaining undifferen-
tiated states in monkey ES cells. We first electroporated
these vectors into mouse ES cells to estimate whether the
vectors were functional. After 1 week of G418 selection,
75% of the surviving colonies in Oct-3A-transfected
mouse ES cells were completely differentiated, whereas
only 10% of colonies were completely differentiated in
Mock and Oct-3B transfected cells (Fig. 2A,C). This find-
ing suggested that Oct-3 protein produced from the vec-
tors is functional, and that, like mouse Oct-3, overex-
pression of Oct-3A, but not Oct-3B, affects the
self-renewal of mouse ES cells.

Next, we transfected these vectors into cynomolgus
monkey ES cells. Unlike the results obtained using mouse
ES cells, the ratio of undifferentiated and differentiated
colonies in these transfected monkey ES cells was not
significantly different among the plasmids, and most of
the colonies of each of the transfected cells were undif-
ferentiated (Fig. 2D,G). The total number of surviving
colonies in Oct-3A- and Oct-3B-transfected cells, how-
ever, was smaller than that in mock-transfected cells (Fig.
2F), and this was also observed in the case of mouse ES
cells (Fig. 2B). To examine whether this reduction in
colony numbers resulted from differences in plasmid
transfection efficiency or differences in the effects of Oct-
3A and Oct-3B overexpression, we performed a trans-
fection assay using vectors linearized at the Xbal site.
This site is located at the junction of the promoter and
either Oct-3A or Oct-3B cDNA to avoid expression of
exogenous Oct-3A or Oct-3B from the vectors. There
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Proline- and Glycine-rich region
monkey Oct-BA:MAGHLASDFAFSPPPGGGGDGPGGPEPGWVDPRTWLSFQGPPGGFGIGPGVGPGSEVWGIPPCPPPYEFCGGMAYCGPQVGVGLVPQGGL
|

human Oct-33 :MAGHLASDFAF%FPPGGGGDGPGGPEPGWVDPRTWLSFQGPPGGPGIGPGVGPGSEVWGIPPCPPPYEFCGGMAYCGPQVGVGLVPQGGL

mouse Oct-3 :MAGHLASDFAF%PPP—GGGDGSAGLEPGWVDPRTWLSFQGPPGGPGI—~--GPGSEVLGISPCPPAYEFCGGMAYCGPQVGLGLVPQVGV

POU-gpecific domain
monkey Oct-3A:ETSQPEGEAGAGVESNSDGASPEPCTVPTGAVKLEKEKLEQNPEESQODIKALOKELEQFAKLLKQKRITLGY TQADVGLTLGVLFGKYFS
*

* %

human Oct-3A ETSQPEGEAGVGVESNSDGASPEPCTVIPCAVKLEKEKLEQNPEESQODIKALQKELEQFAKLLKQKRITLGYTQADVGLTLGVLFGRVES

mouse Oct-3 HETLQPEGQAGARVESNSEGTSSEPCADRPNAVKL- -EXVEPTPEESQDMKALQORELEQFAKLLKQKRITLGYTQADVGLTLGVLEFGKVES

NLS POU-honeodomain
RERTSIENRVRGSLENLFLQCPKPTLQQISHIAQQOLGLE

*

SIENRVRGNLENLFLQCPKPTLOOISHIAQQLGLE

monkey Oct-~3A{0TTICRFEALOLS FKNMCKLRPLLOKWVEEADNNENLOELCKAETLVOARE

human Oct-3A:HQTTICRFEALQLSFRKNMCKLRPLLOKWVEEADNNENLQEICKAETLVQ.

SIENRVRWSLETMFLKCPXPSLQOITHIANQLGLE

mouse Oct~3 {QITICRFEALQLSLKNMCKLRPLLEKWVEEADNNENLQEICKSETLVQ

monkey Oct-3A]KDVVRVWFCNRRQKGKRSESDYAQREDFEAAGSPFSGCPVSFPLAPGPHFGTPGYGSPHFTALYSSVPFPEGEAFPPVPVITLGSPMHSN
*

human Oct~32:]KDVVRVWFCNRRQKGRRSSSDYAQREDFEAAGSPFSGGPVSFPLAPGPHFGTPGYGSPHFTALYSSVPFPEGEAFPPVSVITLGSPMHSN

mouse Oct-3 JKDVVRVWFCNRRQKGKRSSIEYSQREEYEATGTPFPGCAVSFPLPPGPHFGTPGYGSPHFTTILY -SVPFPEGEAFPSVPVTALGSPMESN

POU~gpecific domain
monkey Oct-3B:MHEFYRLFLGATRRFLNPEWKGEIDNWCVYVLTSLLPFKIQSQDIKALOKELEQFAKLLKQRRITLGYTQADVGLTLGVLEFGRVESQTTIC

human Oct-3B;MHFYRLFLGATRRFLNPEWRGEIDNWCVYVLTSLLPFKIQSQDIKALQKELEQFAKLLKQKRITLGYTQADVGLTLGVLFGKVFSQTTIC

NLS POU-homeodomain
S KREBTSIENRVRGSLENLFLQCPKPTLOQI SHIAQQLGLEKDVVR

*

TSIENRVRGNLENLFLOCPRKPTLQQISHIAQQLGLEKDVVR

monkey Oct—BB:RFEALQLSFKNMCKLRPLLQKWVEEAﬁNNENLQEICKAETLVQ

human Oct-3B:jRFEALQLSFKNMCKLRPLLOKWVEEADNNENLQEICKAERTLVQ

monkey Oct-3B{VHFCNRRQKGKRSSSDYAQREDFEAAGSPFSGGPVSFPLAPGPHFGCTPCYGSPHFTALYSSVPFPEGEAFPPVPVTTLGSPMHSN

* * *

human Oct-3B:JVWFCNRRQKGKRSHSDYAQREDFEAAGSPFSGGPVSFPLAPGPHFGAPCGYGSPHFTALYSSVPFPEGEAFPPVSVITLGSPLESN

C MEF CMK6 — 373 —
1 2 3 4

FIG. 1. Predicted amino acid sequences and protein expression of two cynomolgus monkey Oct-3 isoforms. Amino acid se-
quences of cynomolgus monkey Oct-3A (A) and Oct-3B (B) were predicted by their nucleic acid sequences. Both monkey Oct-
3A and Oct-3B have high homologies to those of humans (98.6% and 98.5%, respectively). Asterisks (*) or dots (.) indicate
amino acids that are different between human and monkey, or between human and mouse, respectively. Boxed sequences indi-
cate the motifs in Oct-3, which are proline- and glycine-rich regions, POU-specific, and POU-homeo domains. These three mo-
tifs are common in monkey, human, and mouse. Monkey and human Oct-3A is the homolog of mouse Oct-3. Oct-3B does not
have a proline- and glycine-rich region, although the POU-specific and POU-homeo domains, and nuclear localization signal
(NLS) (gray) at the head of the POU-homeodomain, are common to Oct-3A and Oct-3B. The accession numbers for cynomol-
gus Oct-3A and Oct-3B in the DNA Data Bank of Japan (DDBJ) are AB243403 and AB243404, respectively. Protein expres-
sion of Oct-3 isoforms was examined by Western blotting (C). Cynomolgus ES cells (lane 2) expressed Oct-3B (lower) as well
as Oct-3A (upper). Lanes 3 and 4 were Oct-3A and Oct-3B-transfected 3T3 cells used as positive controls: MEF (line 1) was
used as a negative control. Oct-3A and Oct-3B were detected using the same anti-Oct-3 antibody whose epitope is common to
both isoforms, on the same membrane with different exposure times.
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FIG. 2. Colony formation of ES cells followed by trans-
fection of Oct-3A and Oct-3B expression vectors in mouse
ES cells and cynomolgus ES cells. (A) The surviving
colonies of mouse ES cells were detected and their undif-
ferentiated state was examined by ALP staining. (B) The
number of total colonies of Oct-3A- and Oct-3B-transfected
mouse ES cells was scored as the relative number to that of
empty vector (Mock)-transfected cells in each indepen-
dently repeated experiment. The average scores are pre-
sented. (C) The average percentages of undifferentiated
(white), partially differentiated (gray), and differentiated
(black) colonies in each transfected group are shown. (D)
ALP staining of colonies after G418 selection in cynomol-
gus monkey ES cells is presented. (Scale bar = 500 pum.)
(E) Typical appearances of undifferentiated, partially dif-
ferentiated, and differentiated colonies in monkey ES cells
are shown. (F) The total colony number relative to Mock-
transfected cynomolgus ES cells was scored and presented.
(G) Undifferentiated (white), partially differentiated (gray),
and differentiated (black) cynomolgus ES cell colonies were
counted. The average percentages are shown. (H) The rel-
ative number of total colonies of cynomolgus ES cells trans-
fected with the vectors that were cut between promoter and
either Oct-3A or Oct-3B and that did not express exogenous
Oct-3A or Oct-3B is shown.

were no differences in the number of colonies among
these three groups following transfection of these vectors
into cynomolgus ES cells (Fig. 2H). This implied that the
reduced number of surviving colonies was due to the ef-
fects of exogenous Oct-3A and Oct-3B expression, but
not due to differences in the plasmid transfection effi-
ciency. These data suggest that the Oct-3A and Oct-3B
up-regulation in monkey ES cells decreased survival or
proliferation.

We assumed that the reduced total number of Oct-3A-
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and Oct-3B-transfected monkey ES colonies was caused
by their differentiation, and that ES cells with high ex-
ogenous Oct-3 expression differentiate but do not prolif-
erate. To examine this possibility, we quantified the Oct-
3A and Oct-3B protein expression levels in stably
transfected cynomolgus ES cell lines.

The protein expression level of Oct-3A stable trans-
fectants was not more than 1.5 times that of nontrans-
fected ES cells (wild-type) or mock-transfected cells. We
screened the Oct-3A protein expression levels of 18 sta-
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ble Oct-3A-transfected ES cell lines, but did not find any
lines with higher Oct-3A expression. There was no ap-
parent difference in Oct-3A protein levels between Oct-
3A and mock-transfected clones (Fig. 3A). These data in-
dicate that only the transfectants with an Oct-3A protein
expression level similar to that of wild-type could sur-
vive and proliferate. This suggests that the appropriate
level of Oct-3A for maintaining self-renewal and prolif-
eration of monkey ES cells is restricted to a certain range,
as in the case of Oct-3 in mouse ES cells (19), and that
the high-level Oct-3A transfectants in monkey ES cells
were probably eliminated during G418 selection.

In contrast, among Oct-3B stably transfected ES cell
lines, several lines expressed high levels of Oct-3B (Fig.
3B). Of 11 stable Oct-3B transfected ES cell lines, seven
clones had more than twice the Oct-3B expression level
than the wild type, the highest being 4.9 times the wild-
type level. On the other hand, the endogenous Oct-3A
expression level was between 0.8 and 1.5 times that of
the wild type. No correlation was detected between the
expression level of Oct-3B and Oct-3A in any Oct-3B-
transfected ES cell line.

Transient expression of Oct-3A promotes
differentiation of monkey ES cells

To elucidate whether Oct-3A or Oct-3B overexpres-
sion induces differentiation of monkey ES cells, we de-
termined the expression of differentiation marker genes

WT — Mock = [ Oct3A transfectants =
1 2 3 4 5 6 7 8 s 10

B WT Mock p—— Oct3B transfectants ——
12 3 4 5 6 7 8

FIG. 3. Protein expression levels of Oct-3A or Oct-3B in
cynomolgus ES cell lines transfected with Oct-3A and Oct-3B.
(A) Oct-3A protein expression level of six different stable Oct-
3A-transfected lines (lanes 5-10). Stable Oct-3A transfectants
did not have apparently higher levels of Oct-3A expression than
wild-type (WT) ES cells (lane 1) or Mock-transfected (lanes
2-4). (B) Oct-3B or Oct-3A protein expression level of six dif-
ferent stable Oct-3B-transfected lines (lanes 3-8). The stable
Oct-3B transfectants had up to five-fold higher Oct-3B expres-
sion than WT (lane 1) and Mock-transfected cells (lane 2),
whereas the Oct-3A expression levels were not different from
WT or Mock-transfected cells. 8-Actin was used as an internal
control.

24h
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FIG. 4. Expression of differentiation marker in cynomolgus
ES cells transiently transfected with Oct-3A and Oct-3B. Ex-
pression of the differentiation markers at 24 and 48 h after trans-
fection of Oct-3A or Oct-3B was examined by RT-PCR. EB
was used as a positive control for detecting differentiation mark-
ers. MEF was used as a negative control. Neither primer pair
crossreacted with mouse cDNA. GAPDH was used as an in-
ternal control. RT+ and RT— indicate the presence and ab-
sence of reverse transcriptase in the first-strand cDNA reaction,
respectively.

in monkey ES cells that were transiently transfected with
either Oct-3A or Oct-3B vectors by RT-PCR. In the case
of transient transfection, Oct-3A and Oct-3B expression
levels peaked 48 h after transfection, and then decreased
72 h after transfection (data not shown). In Oct-3A trans-
fectants, the endoderm markers, alpha-fetoprotein (AFP)
and albumin, and the mesodermal marker, goosecoid, had
a higher intensity 24 h after transfection than wild-type,
mock, or Oct-3B transfectants (Fig. 4). The higher ex-
pression level of albumin and goosecoid in Oct-3A trans-
fectants remained at 48 h after transfection. On the other
hand, signal intensities of a trophectoderm marker, Cdx2,
and an ectoderm marker, NF68kD, were not different be-
tween wild-type and any of the transfected cells. Differ-
entiation marker expression was not different in Oct-3B-
transfected cells compared to those of wild-type and
mock-transfected cells. These data suggested that over-
expression of Oct-3A, but not Oct-3B, in monkey ES cells
promotes differentiation toward endodermal and meso-
dermal lineages.

DISCUSSION

Oct-3 is a key regulator of early embryonic develop-
ment and is important for maintaining self-renewal in
mouse ES cells (18,19). In humans, there are two Oct-3
isoforms, Oct-3A and Oct-3B (25). Oct-3A is a homolog
of mouse Oct-3, and they share 87% amino acid identity
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(25). Oct-3B is a splicing variant of Oct-3A (25). In
mouse, there is no isoform such as Oct-3B (25). There
are no previous reports on the expression of Oct-3 iso-
forms or their functions in primate ES cells. In our study,
we confirmed mRNA and protein expression of Oct-3
isoforms, Oct-3A and Oct-3B, in cynomolgus monkey
ES cells, and determined that their sequences had high
homology to the human Oct-3 isoforms.

The present study examined the effects of Oct-3A and
Oct-3B overexpression on primate ES cells. The total
number of surviving stable Oct-3A-transfected colonies
was reduced to approximately 55% that of mock-trans-
fected cells, and most of the surviving colonies remained
in an undifferentiated state. Among the stably transfected
monkey ES cell lines, none of the cell lines expressed
high levels of Oct-3A. In the transient transfection assay,
overexpression of Oct-3A in monkey ES cells induced
an increase in endoderm and mesoderm markers. These
data suggest that high Oct-3A expression promoted ES
cell differentiation, and, therefore, cells with high Oct-
3A expression do not proliferate or survive. In mouse ES
cells, most of the surviving colonies were differentiated.
It is possible that both mouse and monkey ES cells were
differentiated due to Oct-3A overexpression, although the
ratio of differentiated colonies were different between
them. This might have been due to differences in viabil-
ity of differentiated cells of each species. Alternatively,
the Oct-3A-transfected primate ES cells might stop pro-
liferation immediately after differentiation, whereas the
Oct-3A transfected mouse ES cells might continue pro-
liferation even after differentiation for a certain period.

We confirmed that Oct-3B is expressed in monkey ES
cells at low but detectable levels. As in the case of Oct-
3A, the total number of stable Oct-3B transfectants was
reduced, and the ratio of undifferentiated colonies was
not different from those of mock-transfected cells. Tran-
sient transfection of Oct-3B and RT-PCR analysis in
monkey ES cells, however, failed to demonstrate any in-
crease in the differentiation markers. Unlike Oct-3A
transfection, several cell lines of stable Oct-3B transfec-
tants had higher Oct-3B expression than wild-type ES
cells. Therefore, Oct-3B overexpression might have had
some influence on the viability of monkey ES cells, al-
though it does not appear to have induced the differenti-
ation of monkey ES cells. Stable Oct-3B-transfected
monkey ES cell lines had up to five-fold higher Oct-3B
expression than wild type. The amount of Oct-3B pro-
tein, however, was much smaller than that of Oct-3A,
even in cells with the highest level of Oct-3B expression.
Thus, Oct-3B overexpression might have little impact on
the proliferation of monkey ES cells.

In summary, this is the first report of two Oct-3 iso-
forms, Oct-3A and Oct-3B, expressed in monkey ES
cells. The overexpression of Oct-3A, but not Oct-3B, pro-
moted differentiation of monkey ES cells into endoder-

mal and mesodermal lineages. It is likely that there is a
mechanism similar to that reported in mouse ES cells (19)
to regulate the level of Oct-3A for maintaining self-re-
newal of primate ES cells. For further studies on the
proper range of Oct-3A expression and the function of
Oct-3B in primate ES cells, regulatable gene expression
systems enable the control of Oct-3A and Oct-3B levels,
including endogenous expression. Possible approaches
include the combination of gene targeting of wild-type
POUSF1I alleles and an inducible system to control ex-
ogenous expression of Oct-3A or Oct-3B in primate ES
cells.
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Non-organic hearing loss
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Abstract

Conclusion. Most non-organic hearing loss (NOHL) patients were young females. The discrepancy between the results of
pure tone audiometry and objective auditory testing suggests NOHL.. The diagnostic problem is that objective audiometry is
not included in routine examinations and we have to suspect NOHL in order to perform further examination. The correct
diagnosis can be difficult in patients who present with unilateral sudden hearing loss or who also have moderate to profound
organic hearing loss. Objective. Symptoms and results of auditory tests for NOHL patients were reviewed. Patients and
methods. This study comprised 31 patients with NOHL.. Age, symptoms, and the results of subjective and objective
audiometry were collected. Resulrs. Twenty-four patients were female and 7 were male. The age at attendance ranged from
7 to 39 years old, with an average age of 16.6 years. Eight patients received steroids before the correct diagnosis was made.
Six of them presented with unilateral sudden hearing loss, and the other two patients had accompanying bilateral organic
hearing loss.

Keywords: Non-organic hearing loss, diagnosis, sudden hearing loss

Introduction Patients and methods

Non-organic hearing loss INOHL) is a condition in Thirty-one NOHL patients attended the Kyoto

which there is a discrepancy between the actual
hearing threshold and admitted threshold of the
patients. Various terms are used to describe this
condition, including functional hearing loss, pseu-
dohypacusis, psychogenic hearing loss, and conver-
sion deafness. Some authors use these terms to
describe different conditions [1], but the differences
are obscure. The term NOHL is the most neutral
one, and we use it in this paper. NOHL is a well-
known clinical entity, but is often forgotten in the
daily clinical setting. In most cases, the diagnosis of
NOHL is easy, but in some cases the correct
diagnosis is difficult and inappropriate treatments
including steroid administration can be adminis-
tered. Such diagnostic difficulty has not been men-
tioned in previous reports. In this manuscript, we
review the etiology and the symptoms of NOHL
patients and clarify the problems in the diagnosis of
NOHL.

University Hospital Department of Otolaryngol-
ogy-Head and Neck Surgery between April 1, 2000
and March 31, 2005. All patients underwent pure
tone audiometry with AA-98 or AA-72 (RION). The
diagnosis of NOHL is made when at least one of the
following two characteristics is observed: (1) dis-
crepancy between subjective and objective hearing
evaluation test, and/or (2) clinically unexplainable
audiological symptoms including prominent fluctua-
tions of the threshold in the pure tone audiometry
and lower threshold in speech audiometry than the
threshold in the pure tone audiometry. Objective
hearing thresholds are obtained using distortion
product otoacoustic emissions (DPOAEs; CUBe-
DIS II, Mimosa Acoustics) and/or auditory evoked
brainstem response (ABR; MEB-2200, Nihon Koh-
den). Speech audiometry was performed using the
67-S word lists for Japanese.
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Figure 1. Number of patients according to their ages. Age at
attendance ranged from 7 to 39 years old. Twenty-four patients
were female and 7 were male. Most of the patients were young
females.

Results

Twenty-four patients were female and 7 were male.
The age at attendance ranged from 7 to 39 years old,
with an average age of 16.6 years (Figure 1). Fifteen
patients presented with sudden deterioration of
hearing and/or tinnitus. Nine patients complained
of progressive hearing loss. The other seven patients
had no accompanying subjective symptoms and
hearing loss was detected in the school screen-
ing hearing test or follow-up study for the organic
hearing loss. Fourteen patients presented with uni-
lateral hearing loss. Fourteen patients showed bilat-
eral hearing loss. The other three patients had
profound organic hearing loss in one ear and
NOHL in the other ear. Among 14 unilateral
NOHL patients, 8 patients developed contrala-
teral NOHL afterwards. A total of 53 ears were
diagnosed as NOHL..

The average pure tone audiometry threshold
ranged from 16.7 dBHL to scale-out (Figure 2).
The patterns of the pure tone audiograms were as
follows: flat pattern in 33 ears, deaf pattern in 11
ears, hearing loss in both low and high frequencies in
5 ears, dip pattern in 2 ears, and hearing loss at high
frequencies in 2 ears. Nine patients also had organic
hearing loss: otitis media with effusion (three
patients); large vestibular aquaduct syndrome
(one); otosclerosis (one); endolymph hydrops
(one); contralateral acoustic neurinoma (one); old
idiopathic sudden sensorineural hearing loss
(ISSNHL,; one); and progressive sensorineural hear-

"ing loss (one). Seventeen patients were tested by
DPOAEs, and 24 patients were tested by ABR.
Thirteen patients underwent both DPOAEs and
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Figure 2. Number of ears according to their thresholds. The
threshold distribution was trimodal, with a first peak at 30 dBHL,,
second peak at 70-80 dBHL, and third peak at >100 dBHL.

ABR testing. In total, 28 patients underwent an
objective hearing test. In two patients DOPAEs
failed to reveal NOHL because of inappropriate
ear-piece insertion. In two patients, ABR was not
able to reveal NOHL. because of underlying organic
hearing loss at high frequencies. Speech audiometry
was performed in six patients. Four patients showed
>90% speech discrimination at lower level than the
threshold in the pure tone audiometry.

Twenty-four patients consulted other doctors first
and were referred to our hospital, and 13 of them
had received some kind of treatment. Seven patients
were admitted to Kyoto University Hospital directly,
and one of them was administered high-dose steroid
therapy with the diagnosis of organic hearing loss. In
total, 14 patients received inappropriate treatment
before the diagnosis of NOHL,, 8 of whom received
steroids. In six of them, hearing loss emerged as
unilateral sudden hearing loss, and the other two
patients had accompanying bilateral organic hearing
loss.

Three representative cases are described below.

Case 1

A 33-year-old man presented with sudden progress
of right tinnitus 4 days previously. The pure tone
audiogram showed moderate to profound sensori-
neural hearing loss at all frequencies (Figure 3). He
had contracted right ISSNHI. 2 years earlier and
received high-dose steroid therapy, leaving hearing
loss between 250 Hz and 1000 Hz. Prior ISSNHL
had been confirmed with DPOAEs, and recurrent
hearing loss was suspected at first. However, the
patient was very nervous about the deterioration of
hearing, and he was tested with ABR. The ABR





