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Effects of bone morphogenetic protein 4 on differentiation of embryonic
stem cells into myosin VIIla-positive cells
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Abstract

Conclusion: Our results indicate that myosin VIla-positive cells are generated from embryonic stem cells (ESCs) co-cultured
with PA6 cells; however, bone morphogenetic protein 4 (BMP4) may not be a key molecule for induction of myosin VIIa-
positive cells from the ESCs. Background: ESCs have been considered as a basis for cell therapy in a range of organs, because
of their potential for self-renewal and pluripotency. Co-culture with PA6 stromal cells can induce differentiation of ESCs
into various types of ectodermal cells including sensory progenitors. BMP4 plays an essential role in the development of
sensory hair cells in the inner ear. Mazerials and methods: We examined effects of BMP4 on differentiation of ESCs into the
hair cell immunophenotype. BMP4 was supplemented at different time points to ESCs co-cultured on PA6 stromal cells.
The ESCs were then collected and examined for the expression of myosin VIIa, a hair cell marker, and BIII-tubulin, a neural
marker. The expression of myosin VIIa and BIII-tubulin was identified. Results: Quantitative assessments revealed that
exogenous BMP4 has significant effects on the expression of BIII-tubulin, but not of myosin VIIa.

Introduction pluripotency. Recently, it has been reported that
ESCs can differentiate into inner ear cells including
sensory hair cells [7]. We have also examined the
potential of ESCs as a source of transplants for
regeneration of spiral ganglion neurons [8,9]. ESC-
derived cells following induction of differentiation
into ectodermal cells are desirable, because most
inner ear cells are originated from the ectoderm.
Several methods for ectodermal induction of ESCs
have been established. We have used the stromal cell-
inducing activity (SDIA), in which ESCs are co-
cultured with PA6 cells [10], stromal cells derived
from mouse skull bones, for this purpose [8,9].
SDIA treatment can induce various types of neuro-
nal cells with a combination of supplements of
BMP4 or sonic hedgehog [11]. However, the poten-
tial of SDIA treatment for induction of inner ear
sensory cells has not been examined. The aim of this
study was set to determine the effects of BMP4 on
differentiation of SDIA-treated ESCs into inner ear
sensory cells. The profile of differentiation of SDIA-

Bone morphogenesis protein 4 (BMP4) plays essen-
tial roles in the development of the inner ear
including sensory epithelium [1-3]. Recently, it
has been reported that BMP regulates differentiation
and cell proliferation in developing auditory epithelia
of chicks [4]. Hair cell regeneration has been a
central issue in the field of inner ear research for
decades. However, hair cell regeneration in mam-
malian cochleae is a problem that is still being
discussed. Recent studies using gene transfer by
adenovirus vectors have demonstrated the potential
of supporting cells for transdifferentiation into hair
cells [5,6]. However, in severely damaged cochleae,
there are no remaining supporting cells that are
capable of transdifferentiation into hair cells. In such
circumstances, cell transplantation may be a possible
strategy for hair cell regeneration.

Embryonic stem cells (ESCs) have been consid-
ered as a basis for cell therapy in a range of organs,
because of their capability for self-renewal and
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treated ESCs by exposure to BMP4 at various time
points was analyzed by immunocytochemistry.

Materials and methods
Materials

Mouse G4-2 ESCs (donated by Hitoshi Niwa of
Riken CDB, Kobe, Japan) derived from the E14tg2a
ESC line [12], and carrying the enhanced green
fluorescence protein (EGFP) gene driven by the
CAG promoter, were used in this study. The PA6
cells (RCB1127), a stromal cell line derived from
newborn mouse calvaria were provided from Riken
Cell Bank, Kobe, Japan. Glasgow’s Modified Eagle’s
Medium (GMEM), knockout serum replacement
(KSR), and nonessential amino acids (NEAA) were
purchased from Invitrogen (Carlsbad, CA, USA),
pyruvate was from Sigma (St Louis, MO, USA) and
2-mercaptoethanol (2-ME) was from Wako, Osaka,
Japan. Recombinant human BMP4 was from R&D
Systems (Cleveland, OH, USA).

Induction of differentiation of ESCs

We used the SDIA for neural induction of ESCs
[10,11]. ESCs were cultured to form differentiated
colonies on a feeder layer of PA6 stromal cells
derived from newborn mouse calvaria in GMEM
supplemented with 5% KSR, 1 mM pyruvate,
0.1 mM NEAA, and 0.2 mM 2-ME at 37°C in a
5% CO;, atmosphere. We set six conditions for the
culture of ESCs during SDIA treatment according to
the duration of the exposure to BMP4 at a concen-
tration of 0.5 nM; during day 1-6, 2—-6, 3-6, 4—6,
5-6 or no exposure. Colonies that formed on the
PA6 monolayer after 6 days of culture were isolated
by collagenase B (Roche Diagnostics, Tokyo, Japan).
Cell suspensions of SDIA-treated ESCs were ad-
justed to a concentration of 10? cells/ul in GMEM,
and a 10 pl portion of the cell suspension was then
replaced onto a sterile membrane (Falcon™ Cell
Culture Insert; 3.0 um pore size, 24-well format;
Becton Dickinson Labware, Franklin Lakes, NJ,
USA) in a 24-well culture plate (Asahi Techno Glass
Corp., Tokyo, Japan). SDIA-treated ESCs were
incubated in the culture medium containing no
BMP4 for an additional 7 days. Each experimental
condition consisted of five wells.

Immunocytochemistry

Following incubation, the cultured specimens were
washed with phosphate-buffered saline (PBS; Naca-
lai Tesque Inc., Kyoto, Japan) and fixed with 4%
paraformaldehyde in PBS for 15 min. The fates of
cultured ESCs were determined by immunostaining
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for myosin VIIa, a marker for hair cells, Pax-2, a
marker for sensory progenitors in the inner ear [13],
and PIII-tubulin in whole mounts. ESC-derived cells
obtained from four wells in each culture condi-
tion were double-stained with rabbit anti-myosin VI
(x700; purchased from Tama Hasson, University
of California, San Diego, CA, USA), and mouse
anti-fIII-tubulin ( x200; Covance, Berkeley, CA,
USA). Secondary antibodies used were Alexa-
Fluor 546-conjugated anti-rabbit and Alexa-Fluor
633-conjugated anti-mouse goat antibodies ( x 200;
Molecular Probes, Eugene, OR, USA). Immunocy-
tochemistry for rabbit anti-Pax-2 ( x 200; Covance)
was performed in one well for each condition. The
specimens were viewed with a Leica TCS SP2
confocal laser scanning microscope (Leica Micro-
systems Inc., Wetzlar, Germany). In each well, we
counted the numbers of ESC-derived colonies
labeled by EGFP and those of colonies containing
myosin VIIa- or BIII-tubulin-positive cells. The ratio
for each marker-expressing colony was then calcu-
lated. The differences in the ratio for each marker
among culture conditions were statistically analyzed
by ANOVA with Fisher’s protected least significant
difference (PLSD). A p value <0.05 was considered
significant.

Results

Both BIII-tubulin- and myosin VIla-positive colo-
nies were found in all the culture conditions. In
these colonies, the majority of myosin VIla-positive
cells were located in the central portion of the
colonies surrounded by PIII-tubulin-positive cells
(Figure 1A-C). A few myosin VIla-positive cells
were found in the peripheral lesion of the colony.
Immunostaining for BIII-tubulin demonstrated mas-
sive elongation of neurites from ESC-derived cells
(Figure 1D-F). On the other hand, we found no
cells that exhibited the expression of both myosin
VIIa and BII-tubulin. We found one or two ESC-
derived colonies containing Pax-2-positive cells in
cultures that were exposed to BMP4 during day 2—
6, day 5—6 or no exposure (Figure 2).

Quantitative assessment for the ratio of PIII-
tubulin-positive colonies demonstrated significant
effects of BMP4 application on differentiation of
ESCs into neurons (p =0.0002; Figure 3A). The
differences in the ratio of BIII-tubulin-positive co-
lonies between day 1-6 or 2—6 and day 4-6, 5—6 or
no exposure, and between day 3—6 and day 5-6 or
no exposure were significant at Fisher’s PLSD. Early
exposure to BMP4 reduced the ratio for PBIII-
tubulin-positive colonies. On the other hand,
BMP4 application had no significant effect on the
ratio for myosin VIla-positive colonies (Figure 3B).
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myosin Vila

Figure 1. Expression of BlII-tubulin and myosin VIla in SDIA-treated embryonic stem cells. (A—C) Embryonic stem cell colony exposed to
BMP4 during day 3—-6. (D~F) Embryonic stem cell colony cultured without exposure to BMP4. Arrows indicate the location of myosin
VIla-positive cells.

Figure 2. Expression of Pax-2 in SDIA-treated embryonic stem cells. Some embryonic stem cells exposed to BMP4 during day 2 -6 exhibit
the expression of Pax-2 (arrows).
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Figure 3. Quantitative assessment of the expression of BIlI-tubulin and myosin VIIa in colonies of embryonic stem cells. X-axis shows the
duration of exposure to BMP4. Exposure to BMP4 has significant effects on the expression of BIII-tubulin (A), and asterisks indicate
significant differences in pairwise comparison. No significant differences were found in the ratio for myosin VIIa expression (B).

In culture conditions exposed to BMP4 from day 3
or 4 to day 6, the ratios for myosin VIIa expression
were slightly higher than other culture conditions;
however, no significant differences were found
among experimental groups.

Discussion

Inner ear cell progenitors are derived from the
ectoderm similar to neural or epidermal progenitors.
The inner ear is derived from a thickened patch of
ectodermal cells, which develops lateral to the
developing hindbrain. The SDIA can generate
various types of ectodermal cells from ESCs [11].
The present findings demonstrate that myosin VIla-
or Pax-2-positive cells can be derived from SDIA-
treated ESCs, which indicates that hair cells may be
generated from SDIA-treated ESCs.

Early exposure of SDIA-treated ESCs to BMP4
induces epidermal differentiation of ESCs, while no
exposure to BMP4 during the SDIA treatment
results in highly neural differentiation of ESCs
[11]. In addition, sensory progenitors are generated
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from SDIA-treated ESCs by the late exposure to
BMP4 [11]. We therefore expected that late expo-
sure of SDIA-treated ESCs to BMP4 might have the
activity for differentiation of SDIA-treated ESCs
into inner ear cells including hair cells. The present
findings demonstrate that BMP4 has a significant
effect on suppression of neural differentiation of
SDIA-treated ESCs, which is identical to previous
findings [11], indicating that the exposure to BMP4
certainly works in our culture systems. However, our
results indicate no significant effects of BMDP4
exposure on the expression of myosin VIla in
SDIA-treated ESCs. In addition, Pax-2-positive cells
were generated with or without exposure to BMP4.
These findings indicate that BMP4 exposure has no
effects on differentiation of SDIA-treated ESCs into
inner ear hair cells.

Recent studies on the development of the inner ear
have indicated that BMP4 plays a crucial role in
maturation of inner ear sensory epithelia [1-3]. In
the chick otocyst culture system, BMP4 induces
differentiation of hair cells from their progenitors,
and promotes down-regulation of Pax-2 protein in
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sensory epithelial progenitors, leading to reduced
progenitor cell population [4]. Based on these
findings, the early exposure to BMP4 might induce
reduction of hair cell progenitors derived from
ESCs, and the late exposure to BMP4 might induce
differentiation of hair cells from the progenitors
derived from ESCs. However, our findings demon-
strated no down-regulation of Pax-2 in ESC-derived
cells by the early exposure to BMP4 and no up-
regulation of myosin VIIa by the late exposure.
Therefore, the molecules that determine the fate of
ESCs to differentiate into inner ears in the earlier
stage of development may be required for induction
of differentiation of ESCs into inner ear cells.

In conclusion, myosin VIIa-positive cell popula-
tions were obtained from SDIA-treated ESCs; how-
ever, no significant effects of BMP4 exposure on the
expression of myosin VIIa in ESC-derived cells were
identified. Further studies are required for identifi-
cation of key molecules for induction of differentia-
tion of SDIA-treated ESCs into hair cells.
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Bilateral congenital ossicular chain disruption mimicking otosclerosis
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Abstract

A rare case of bilateral congenital ossicular chain disruption whose history and findings mimicked those of otosclerosis is
reported. A 54-year-old male consulted us for slowly progressing hearing loss. Audiogram showed bilateral intermediate
mixed hearing loss. The stapedial reflex was negative and the tympanogram was normal A-type. Based on the diagnosis
of otosclerosis, stapes surgery was planned for the left side. Surgical findings revealed normal mobility of the stapes and
a small disruption at the incudostapedial joint with connection of intact mucosa. The disruption was repaired with auto-
bone columella. The patient’s hearing improved after surgery. The surgery for the other side was performed successively,
and similar ossicular disruption was observed. The mechanisms of findings that misled the preoperative diagnosis are

discussed.

Introduction

Disruption of the ossicular chain is caused by
trauma, cholesteatoma, or congenital malformation.
Diagnosis of this disorder is usually not difficult from
the history and the otological test findings. We
experienced a rare case of bilateral congenital
ossicular disruption whose history and findings
mimicked those of otosclerosis. We planned a stapes
surgery for the left side, but we found a small defect
of the incus near the incudostapedial joint during
surgery. The disruption was repaired, and the
patient’s hearing improved. Surgery for the other
side revealed the same type of disruption.

Case report

A 54-year-old male consulted us for slowly pro-
gressing bilateral hearing loss over a period of
several years. He did not have any history of
head injury or otitis media. His ear drums were
normal. Pure tone audiogram (PTA) showed bilat-
eral moderate mixed hearing loss (Figure 1). The
stapedial reflex was negative on both sides. Tym-
panogram showed normal A-type (not Ad- or As-
type). CT scan showed no evidence of ossicular
malformation or disruption. Based on the history

and findings, we diagnosed this case as bilateral
otosclerosis. We first planned a stapes surgery for
the left side. Surgery was performed by a trans-
meatal approach. Unexpectedly we found that the
mobility of the stapes was normal. The mobility of
the malleus and incus was also normal. However,
there was a small defect of the incus at the
lenticular process. This part was connected only
with the intact mucosa that covered the ossicles
(Figure 2A). When we vibrated the incus with a
Rosen needle, the vibrations were transmitted to
the stapes at a very low rate. A small protuberance
on the long crus of the incus just above the
discontinued part was noted as combined malfor-
mation. The surgical procedure was changed to the
repair of ossicular disruption. The mucosa that
covered the defect was cut, and a small particle of
the external canal bone was interposed into the
discontinued part, and was fixed with fibrin glue
(Figure 2B). After surgery, the PTA threshold
improved from 63.3 to 45.0 dB (average of 0.5,
1, and 2 kHz; Figure 3). Three months after the
surgery for the left side, surgery for the right side
was performed. Surgical findings were almost the
same as those in the left side. The ossicular
disruption was repaired in the same way.
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Figure 1. Preoperative otological test findings. (A) Pure tone audiogram (PTA) showed moderate mixed hearing loss on both sides. Average
(0.5, 1, and 2 kHz) air conduction thresholds/air—bone gaps were: right 58.3/21.7 dB, left 63.3/25 dB. (B) The stapedial reflex was negative
on both sides. Opposite (upward) responses were seen in some parts. (C) The tympanogram showed normal A-type on both sides. The solid
line indicates the right side, and the dashed line indicates the left side.

Discussion

Since the patient did not have any history of trauma
or otitis media, we consider the cause of ossicular
disruption to be congenital malformation. The
patient complained of progressive hearing loss over
a period of several recent years. The reason for such
a subjective symptom is not clear. The patient may
have had mild hearing loss due to ossicular disconti-
nuity since his childhood. The recent hearing loss
may have been due to aggravation of the sensor-
ineural component by presbyacusis. The ossicular

disruption usually demonstrates a large air—bone gap
of PTA, negative stapedial reflex, and Ad-type
tympanogram [1-3]. In our case findings were
different except for the stapedial reflex, probably
because the discontinued part was very short and
was connected with mucosa. Preoperative CT scan
could not detect the discontinuity because the defect
was too small for the resolution.

There have been several reports of congenital
disconnection of the incudostapedial joint [4-6];
however, we could not find a case in which the

Figure 2. Findings during surgery of the left side. (A) A small pinched part near the incudostapedial joint was found (arrow). This part
lacked bone and connected only with normal mucosa that covered the bone. A small protuberance on the incus just above the discontinued
part was noted as combined malformation (arrowhead). (B) A particle of external canal bone (arrow) was inserted into the discontinued
part with a Rosen needle. I, long crus of incus; S, stapes head; CT, chorda tympani; RN, Rosen needle.
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Figure 3. Pure tone audiogram of the left side examined before
and 2 months after the surgery. Average air conduction threshold
improved from 63.3 to 45.0 dB.

discontinued part was covered and connected with
intact mucosa. Qur case is rare in that the ossicular
disruption was masked and appeared like otosclero-
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sis because the length of the defect was short and it
was connected with normal mucosa.
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Stabilization technique for columella using trimmed autologous
temporal fascia in type III and IV tympanoplasty — muffler method
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Abstract

Conclusion: High success rates of recovery of hearing level in type III and IV tympanoplasty could be achieved by this
stabilization technique for columella using trimmed autologous temporal fascia. Objective: The aim of this study was to
evaluate a new stabilization technique for columella using trimmed autologous temporal fascia in type II and IV
tympanoplasty. Patients and methods: A total of 55 patients (21 male, 34 female, aged 4~85 years) with chronic otitis media
(n=16) and cholesteatoma (z =39) underwent tympanoplasty using this new stabilization technique for columella. Thirty-
one patients underwent type III tympanoplasty and 24 patients underwent type IV tympanoplasty. Forty-two patients
underwent a staged operation and 13 patients underwent a single operation. The observation period was 3.5 years from 6
months after the last operation. Results: The overall success rates in type III and IV tympanoplasty were 87.1% (27/31) and
83.3% (20/24), respectively. Two of eight patients for whom the procedure was unsuccessful underwent reoperation and
they acquired good hearing.

Keywords: Reconstruction of sound conducting system, dislocation of columella, chronic otitis media, cholesteatoma

columella during a 3.5 year period in our university
hospital and another three general hospitals. The
patients ranged in age from 4 to 85 years; 25 patients
were male and 42 patients were female. Thirty-seven
patients underwent type III tympanoplasty and 30
patients underwent type IV tympanoplasty. Partial or
total canal wall down tympanomastoidectomy was
done in 35 of 41 patients with cholesteatoma and
canal wall reconstruction was done in 28 of these
patients. Forty-nine patients underwent a staged
operation and 18 patients underwent a single-stage
operation. The observation period was 3.5 years
from 6 months after the last operation.

Introduction

Tympanoplasty is a well-established procedure for
the reconstruction of the sound conducting system
in middle ear disease. However, hearing results are
not always satisfactory, especially in type III and/or
IV tympanoplasty [1,2]. One of the major causes of
this failure is the dislocation of substitute for ossicles
[3,4]. We contrived a new stabilization technique for
columella using trimmed autologous temporal fascia
in type III and IV tympanoplasty and achieved better
hearing results. This simple stabilization technique is
detailed and illustrated in this clinical report.

Patients and methods Operation technique

] disease . . .
Patients and diseases Hydroxylapatite total or partial ossicular replace-

Sixty-seven patients with chronic otitis media (=
26) and cholesteatoma (n =41) underwent tympa-
noplasty using this new stabilization technique for

ment prosthesis (Apaceram, Pentax, Asahi Optical,
Tokyo, Japan) was applied for reconstruction of the
osssicular chain. An autologous trimmed cartilage
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that was harvested from the auricle was glued on
the head of the prosthesis. The entire unit was
placed between the stapes or its footplate and the
tympanic membrane. A harvested autologous tem-
poral fascia was dried and was trimmed into a
string (1.5-2.0 x20 mm) (Figure 1). This string
was put around the neck of the prosthesis like a
muffler (Figure 2). Both ends of the string were
attached to the surrounding bone walls (facial canal
in most cases) by fibrin glue (Bolheal, Kaketsuken,
Kumamoto, Japan) (Figure 3).

Results

Air-bone conduction thresholds were calculated as a
postoperative pure tone average of three speech
frequencies (0.5, 1, and 2 kHz). Hearing success
was defined as an average air—bone gap of <20 dB.
Overall success rates in type III and IV tympano-
plasty were 83.8% (31/37) and 76.7% (23/30),
respectively (Table I). Three of 13 patients who
did not have improved postoperative hearing realized
that sudden hearing loss happened immediately after
strongly blowing their noses, sneezing and/or nasal
sniffing while they were in the hospital. The cause of
these sudden hearing losses was discovered to be the
dislocation of columella by high-resolution CT
imaging of the middle ear [4]. Two of these three
patients underwent reoperation with the same tech-
nique and could achieve good hearing.

Discussion

The aim of tympanoplasty is not only removal of
lesions but also hearing improvement. At the present

Figure 1. A hydroxylapatite partial ossicular replacement pros-
thesis with an autologous trimmed cartilage and an autologous
temporal fascia that was dried and trimmed into a string. The
black arrowhead indicates autologous auricular cartilage, the
black arrow indicates hydroxylapatite columella, and the white
arrow indicates the temporal fascia string (muffler).
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Figure 2. A schema of a temporal fascia string that was put
around the neck of the prosthesis like a muffler. The black
arrowhead indicates the autologous auricular cartilage, the black
arrow indicates hydroxylapatite columella, the white arrowhead
indicates the foot plate of the stapes, and the white arrows indicate
the temporal fascia string (muffler).

time, however, satisfactory results of the latter have
not been obtained in type III and IV tympanoplasty
[1,2]. There are many causes of these failures;
factors related to ossicular chains, immobility of
the ossicles themselves and/or dislocation of colu-
mella are thought to be the main causes [3,4].

In type III and IV tympanoplasty, although
it depends on the original diseases, an unstable

Figure 3. Reconstruction of the sound conductive system in
tympanoplasty type IV. The black arrowhead indicates the
autologous auricular cartilage, the black arrow indicates hydro-
xylapatite columella, the white arrows indicate the temporal fascia
string (muffler), the black asterisks show the tympanic segment of
the facial canal, and the white asterisk indicates the tympanic
membrane.
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Table I. Success rate of hearing and cause of failure in cases trea-
ted by the muffler method of tympanoplasty.

Overall 80.6% (54/67) Tympanoplasty 83.8% (31/37)

success type I

rate* Tympanoplasty 76.7% (23/30)
type IV

Overall 19.4% (13/67)  Dislocation of  23.1% (3/13)

failure columella

rate Unknown 76.9% (10/13)

*Hearing success is defined as a postoperative pure tone average
(0.5 KHz, 1.0 KHz, and 2.0 KHz) air-bone gap of <20 dB.

columella has to be placed on the superstructure or
the footplate of the stapes. There is no sustainable
structure around the columella. To date, various
devices and materials have been conceived and used
to try and prevent dislocation of columella [3,5-7].
It is desirable that materials for stabilization of
columella have the following characteristics: (1) no
foreign body reaction, (2) small volume, and (3) no
prevention of sound conduction. The autologous
temporal fascia that we utilized in this study is an
ideal material from the viewpoint of affinity and its
volume is small enough to acquire the tympanic air
space. Moreover this material does not reduce the
efficacy of the sound conduction.

As regards the operation, complicated techniques
that require too much intrinsic procedure do not
become popular. In this regard, our method is easy
enough to carry out without special advanced tech-
niques and it does not require a lengthy operation.

We achieved high success rates of hearing im-
provement by the use of this new technique for
stabilization of columella in type III and IV tympa-
noplasty. These results are much better than those in
earlier reports [1,2]. This may indicate that the
dislocation of columella without any support occurs
more frequently in cases with a subtle prosthetic
displacement from the best hearing position. How-
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ever, our observation period (3.5 years) is not very
long. As a temporal fascia string may gradually
assimilate with the surrounding tissues for a long
time, some force might work to move the columella
in an undesirable direction and might induce dis-
location of the columella. A longer period of
observation is needed.

In 11 of 13 patients whose postoperative hearing
was not improved within 20 dB, the causes of failure
have not been found except for one patient. These
causes of failure need to be elucidated in further
studies.

Conclusion

The stabilization technique for columella using
trimmed autologous temporal fascia is simple, easy,
and cost-effective, and effective for improvement of
postoperative hearing in type III and IV tympano-

plasty.
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Otosurgical Training Using Human Temporal Bone

Juichi Ito

(Kyoto University)

It is very difficult especially for young residents to master otologic surgery because of the anatomi-
cally complex temporal bone. Training by a skilled surgeon is necessary, but training using human tem-
poral bones is most important. Only doctors who have performed repeated use of temporal bone dissec-
tion become skilled and knowledgeable in temporal bone anatomy and will have the confidence to

complete actual otosurgery.

This paper will introduce the concept of surgical dissection of the temporal bone; as well as discuss
of the some problems using human temporal bones.

Key words : training, otologic surgery, temporal bone dissection
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