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Distinct Anabolic Response of Osteoblast to Low-Intensity
Pulsed Ultrasound

KOUJI NARUSE,' AKIMITSU MIYAUCHI,> MORITOSHI ITOMAN,' and YUKO MIKUNI-TAKAGAKI'~

ABSTRACT

Low-intensity pulsed ultrasound, a form of mechanical energy transmitted as high-frequency acoustical
pressure waves, provides noninvasive therapeutic treatment for accelerating fracture repair and distraction
osteogenesis. Relatively young osteoblasts respond to ultrasound by transiently upregulating message levels of
immediate-early genes as well as that of osteocalcin and insulin-like growth factor I (IGF-I). Osteocytes
derived from newborn rat tibia and calvaria responded to a lesser extent only in c-fos and cyclooxygenase-2
(COX-2) messages. Compared with the stretched osteocytes, which use stretch-activated and parathyroid
hormone (PTH)-potentiated Ca*>* influx as an entry route to the protein kinase A (PKA) signal transduction
pathways, there was no evidence of Ca®* internalization by any of the cells tested on exposure to the
ultrasound. On the other hand, inhibitors of p38 mitogen-activated protein kinase (MAPK) and upstream
phosphoinositide 3-kinase (PI3K) blocked COX-2 and osteocalcin upregulation by the ultrasound-exposed
ST2, murine bone marrow—derived cells. This is distinct from the aforementioned osteocytic response to
low-frequency stretching and implies the involvement of integrins. Our findings suggested that accelerated
fracture repair and distraction osteogenesis by the low-intensity pulsed ultrasound depend, at least in part, on
the stimulation of osteoblastic cells at relatively early stages of osteogenic lineage. Bone is under control of
multiple regulatory mechanisms so that diverse physical forces can be reflected to the microenvironment of
each cell, in turn, to the entire bone. (J Bone Miner Res 2003;18:360-369)

Key words: therapeutic ultrasound, insulin-like growth factor I, osteoblast, osteocyte, PI3K

INTRODUCTION Gd*", suggesting the involvement of stretch-activated (SA)
cation channels. Ca®>" influx has been mainly localized
along the cell processes in rat young osteocytes.> Presence
of secondarily driven Ca’>" channels such as the voltage-
operated L-type channel® or Na*/Ca>" exchangers®” has
suggested that multiple ion channels might be functioning in
osteocytic processes in collaboration to propagate mechan-
ical stimuli to the entire bone.®

In search of mechanotransduction pathways unique to
osteoblasts, and of crosstalk among signaling pathways, we
studied the anabolic response of osteogenic cells to low-
intensity pulsed ultrasound. It provides a noninvasive ther-
apeutic treatment for fracture repair and distraction osteo-
genesis.”'” Our goal in the present study was (1) to
determine target cells in the bone cell linage and (2) to
elucidate sensory and signal transduction mechanisms.
Compared with the extremely low frequency of stretching
The authors have no conflict of interest. deformation (1/3 Hz) used to stimulate osteocytes in our

ELLS IN BONE are equipped with mechanisms to sense

diverse physical forces and transduce signals for adjust-
ment of their microenvironment."” Our in vitro studies of
osteocytic stretch-sensing mechanisms showed that certain
types of mechanical stress are sensed only by certain stages
of osteogenic cells.** We have identified parathyroid hor-
mone (PTH)-potentiated Ca*>* influxes into the osteocytic
cell processes, which use protein kinase A (PKA) signaling
pathways for downstream anabolic responses such as pro-
duction of insulin growth factor I (IGF-I) and osteocalcin.®
The upregulation of mRNA levels of these molecules oc-
curred in a manner similar to that of typical immediate-early
genes, c-fos and COX-2.“ The upregulation was dependent
on the presence of extracellular Ca>* and was inhibited by
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previous studies, pressure pulses of the sonic accelerated
fracture healing system (SAFHS) send high frequency sine
waves of 1.5 MHz in pulses of 200 us each, at a pulsing
frequency of 1.0 kHz. When intact bone is mechanically
loaded experimentally, strain of relatively high intensity,
1000-4000 pE, was reported necessary to induce bone
formation.”" !> Lower intensity, however, is compensated
by the strain frequency''*'® or by the strain rate when the
frequency is relatively low.""> While it is entirely artificial,
SAFHS provides an effective mechanical stimulation to the
cells in fracture callus,"'® probably because of the high
frequency. In this article, we have examined anabolic re-
sponses in rat long bone- and bone marrow-derived primary
cells as well as murine bone marrow-derived ST2 cells to
evaluate their responses in relation to the stages of osteo-
genic cell differentiation.

MATERIALS AND METHODS
ST2 cells

We have preliminarily characterized anabolic responses
of ST2 cells to SAFHS.""” Stromal ST2 cell line of murine
bone marrow origin was established by Ogawa et al.'® as
a cell line that supports differentiation of murine T cells, and
was obtained from the RIKEN Cell Bank (Tsukuba, Japan).
ST2 cells or bone marrow cells cultured in the presence of
ascorbate or dexamethasone (Dex) were differentiated suc-
cessfully for studies of osteoblastic cells."*~2? Cells within
the fifth or sixth subculture were plated in 6-well dishes at
1 X 10° cells/cm? (9.4-cm*/well) 24—48 h before exposure
to ultrasound. Alpha minimum essential medium (e-MEM)
was used with supplements, 10% FBS (Gibco, Invitrogen
Corp., Carlsbad, CA, USA), and the above-mentioned an-
tibiotics mixture (Gibco) in the presence or absence of 25
ng/ml ascorbate-2-phosphate (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan) or 10~ % M dexamethasone (Sigma,
St. Louis, MO, USA) for 1 week. Medium was replaced
with 2 ml fresh medium 24 h before the experiment.

Preparation of osteoblastic and osteocytic cells from
rat long bone

The following experimental protocols were approved by
either Kanagawa Dental College or Kitasato University
School of Medicine Animal Care Committee. Osteoblastic,
as well as osteocytic, cells were enriched by sequential
collagenase digestion as reported earlier.* Pieces of
3-day-old rat femur and tibia bone collars were split,
stripped carefully of most periosteal soft tissues, and
washed by repeated pipetting to remove bone marrow cells.
After the first brief digestion with 0.75 mg/ml collagenase
(Wako Pure Chemical Industries, Ltd.), cells released by the
second and third digestions (20 minutes each) at 37°C were
collected and cultured as osteoblasts. After each sequential
release of osteoblastic cells, strips of long bone fragments
were flushed by repeated pipetting with Ca®"/Mg*"-free
PBS (Nissui Pharmaceutical, Tokyo, Japan); PBS (—) and
the cells released were combined with the digests and in-
oculated at a density of 5 X 10* cells/cm? in the 6-well plate
(Falcon, BD Biosciences, Bedford, MA, USA). a-MEM was
used with supplements, 10% FBS (Gibco), and antibiotics
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mixture (Gibco). To prepare osteocytic cells, residual bone
strips were further cut into 1- to 2-mm? pieces, incubated
with collagenase again, washed with PBS (—), and placed in
a culture dish. Some of the released cells and outgrowth of
flat cells, distinct from fibroblastic cells, were used as
sources of osteocytic cells after they reached confluence.
Final cell density of these cells was less than one-tenth of
the osteoblasts, approximately 2000—5000/cm?.

Bone marrow—derived cells

Six-week-old Wistar rats were killed, their femora were
excised and cleaned, and the epiphyses were removed.
Marrow contents were flushed out with a-MEM squirted
through a 20 G X 11/2" needle, and single cells were
isolated in suspension by repeated pipetting. Cells from
each femur, 2 X 107 cells, were cultured in a 25-cm? flask
(Falcon) in a-MEM containing 10% FBS (Gibco) and an-
tibiotics in a humidified atmosphere of 5% CO, in air at
37°C. After a 24-h incubation to allow cells attach to the
bottom of the plate, nonadherent cells were removed by
rinsing the plate with PBS (—). Cultures were maintained
for another week. After reaching 70% confluence, the cells
were detached by treatment with 0.05% trypsin and replated
either in 75-cm? flasks (Falcon) or in 6-well plates (9.4-
cm?/well) at a density of 5.3 X 10%cm?. Cells were cultured
for 2 weeks before the experimental use. Dexamethasone
(1 X 1078 M from a 1-M stock solution in ethanol) or 0.25
mM ascorbate 2-phosphate (Asc 2-P) was added to differ-
entiate these cells.

Exposure to ultrasound

Ultrasound was generated with the transducer (effective
area for each well is 3.88 cm?) for the SAFHS (Smith &
Nephew Inc., Memphis, TN, USA) operated at 1.5-MHz
frequencies in a pulsed-wave mode.!” Medium was
changed 24 h before the exposure of cultures to the ultra-
sound and care was taken not to disturb cells before the
experiment. Unless otherwise described, cells were exposed
to the ultrasound for 20 minutes and harvested after another
20 minutes. At 40 minutes, significant upregulation of mes-
sages were observed in our previous experiments.'” To
preincubate Asc 2-P—treated ST2 cells with inhibitors,
5000-fold stock solution of the highest experimental con-
centrations was prepared in DMSO, and 250 ul of the 5-fold
solution in the complete medium was added gently to every
milliliter medium to make a final concentration. LY294002,
SB203580 (SB202190), and PD98059 were purchased from
Calbiochem-Novabiochem Corp. (San Diego, CA, USA).
NS398 (Biomol Research Laboratories, Inc., Plymouth
Meeting, PA, USA) was dissolved to DMSO (16 mM) and
diluted to 16 uM with the complete medium to make a final
concentration of 2 uM.

Reverse transcription-polymerase chain reaction
analysis

Total RNA from the culture was extracted using ISOGEN
from Nippon Gene Co. (Tokyo, Japan). Conditions for
reverse transcription-polymerase chain reaction (RT-PCR)
and primers used were listed elsewhere®'” except for mu-
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rine glucocorticoid receptor GR®® and BMP-4*> primers.
Egr-1 primers were designed from the reported se-
quence(zm; Egr-1 sense, 5'-CGCTGCAGATCTCTGACC-
CGTTCG-3' and antisense, 5'-TGCCACTGTTG-
GGTGCGGGCTCCAG-3'. For the relative quantification
of COX-2, IGF-I. and osteocalcin mRNA by real-time PCR,
the LyghtCycler system was used with SYBR Green I and
other reagents provided by the manufacturer (Roche Mo-
lecular Biochemicals, Mannheim, Germany). Except for
GAPDH®” and murine COX-2,*® primers prepared for
conventional PCR were used. Total RNA (1 pg) from the
ultrasound and vehicle experiments was reverse transcribed
and 5% of the RT reaction was amplified in a quantitative
real-time PCR with the GAPDH primers. The product was
quantified using a standard curve that correlated each cycle
number at which the amplification of the product was in the
linear phase with a value. This value was then normalized to
the value of the standard GAPDH. Amount of cDNA sub-
jected to relative quantification was determined so that the
crossing cycle number of GAPDH product curve is 20.
Experimental samples of such GAPDH values were exam-
ined for each message with standards, which were derived
from serially diluted control samples. Measurements were
repeated at least three times to determine statistical signif-
icance by Student’s #-test (p < 0.05).

Measurement of cytosolic calcium, [Ca*" Ji, and
[Ca?™ ]i imaging in ultrasound-exposed cells

Cytosolic calcium was measured in single cells as described
previously.® ST2 cells cultured for 1-2 days on glass
coverslips were washed with PBS and loaded with 5 uM
fura-2/AM for 1 h at 25°C in Ringer’s solution (138 mM
NaCl, 5.5 mM KCl, 1 mM MgCl,, 1 mM CaCl,, and 20 mM
HEPES buffer, pH 7.3 with NaOH). After two washes with
the Ringer’s solution, the measuring chamber and an ultra-
sound probe were mounted to a microfluorometric system.
Ultrasound was emitted, and images (F340 and F360) were
collected at wavelengths of 340 and 360 nm. The ratio of
F340/F360, constructed after background image subtrac-
tion, disclosed subcellular [Ca®"]i localization. The average
[Ca?*]i values were calculated from calibration curve as
described.”®

Prostaglandin E, assay

Prostaglandin E, (PGE,) produced by ST2 cells plated at
10° cells/well was determined using an ELISA (Assay De-
signs Inc., Ann Arbor, MI, USA). After the exposure to the
ultrasound, cells were incubated to collect medium at each
time point. Original medium was replaced with 2 ml of fresh
medium, and cells were further incubated before harvesting.
Medium samples were centrifuged to remove debris and
stored in portions at —80°C until the assay. Concentration of
PGE, in 50 ul of the supernatant was determined from a
standard curve of serially diluted PGE,.

Western blot

Immediately after the 20-minute exposure of ultrasound
or set incubation periods, the culture wells were rinsed in
ice-cold PBS (—), and the cells on each slide were lysed in
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400 pul of SDS sample buffer (62.5 mM Tris-HCI, pH 6.8,
2% SDS, 10% glycerol, 50 mM DTT, and 0.1% bromophe-
nol blue). Duplicate gels were run simultaneously to facil-
itate probing for COX-2 on a blot and staining for total
protein. A 10-ul aliquot of each sample was fractionated on
a4-12% SDS-PAGE gel at 50 mA/gel. After electrophore-
sis, the fractionated proteins were transferred to
Immobilon-P (Millipore Corp., Bedford, MA, USA) using
plate electrode Trans-Blot system (Bio-Rad Laboratories,
Hercules, CA, USA) for 30 minutes, and probed for COX-2
using 1:1000 dilutions of polyclonal rabbit antibodies (San-
ta Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Using
Immuno Star Western Blot Detection Kit (Wako Pure
Chemical Industries, Ltd.), blotted filters were incubated for
1 minute with chemiluminescence substrate and exposed to
ECL film (Amersham Pharmacia Biotech, Buckingham-
shire, UK) up to 2 minutes. The bands on the gel were
digitized using the CCD camera-based Image Acquisition
System (ATTO Corp., Tokyo, Japan) and analyzed densi-
tometrically using the Scion Image analysis software (Scion
Corp., Frederick, MD, USA). A representative result was
presented.

RESULTS

Response of bone- and bone marrow—derived primary
osteogenic cells to SAFHS

Rat long bone-derived primary cells at different stages of
differentiation and Dex-treated bone marrow—derived cells
were compared in Figs. 1 and 2 and in Tables 1 and 2. In
OBI cells, transient expression of immediate-early genes,
c-fos and COX-2, as well as changes in other genes such as
IGF-I (up-), ALP (down-), and osteocalcin (upregulation)
were confirmed 20 minutes after the 20-minute exposure to
the ultrasound (Fig. 1; Table 1). Osteocyte response to
SAFHS was relatively small in c-fos and COX-2 messages
and was insignificant in other messages such as IGF-I and
osteocalcin. Osteocytes derived from newborn rat calvaria
were equally less responsive (data not shown). OB2 cells,
which showed response mainly in c-fos and COX-2, were
cultured longer than OB1 osteoblasts. Overall responsive-
ness decreased in the order of OB1, OB2, and OCY, along
with the bone cell differentiation. Bone marrow—derived
adherent cells without any treatment (bone mineral content
[BMC]) were essentially insensitive to SAFHS. Significant
differences were detected by relative quantification with the
LyghtCycler system in the following messages: COX-2,
IGF-1, and osteocalcin in OB1, and COX-2 in OB2 and
OCY (Table 1). Alkaline phosphatase and c-fos were not
quantified.

In the bone marrow—derived cells, which were forced to
differentiate into osteoblasts by incubation with Dex for 1
week, basal message levels of osteocalcin and ALP were
significantly upregulated. On the other hand, response of the
osteoblastic cells to the ultrasound was inapparent at 1 week
except in c-fos, and to a lesser extent, COX-2 (Fig. 2, 1W).
In fact, Dex by itself was not inhibitory to the stimulation,
but provoked a significant response at 1 day in both IGF-I
and osteocalcin (Fig. 2, 1D). As summarized in Table 2,
significant differences were detected in 1D (IGF-I and os-
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FIG. 2. Differential response of Dex-differentiated rat bone marrow—
derived cells to the low-intensity pulsed ultrasound. BMC cells were
prepared as described in Fig. 1 and treated with Dex at 1 X 10~% M for
either 1 day (1D) or 1 week (1W) before the exposure to the ultrasound.
After the 40-minute experiment as in Fig. 1, total RNA was extracted
and subjected to RT-PCR as in Fig. 1. +, samples exposed to the
ultrasound; —, vehicles not exposed to ultrasound under otherwise
identical conditions.

teocalcin as well as COX 2) and in 1W (COX 2 alone) by
the relative quantification method described in Table 1.

ST2 cells and SAFHS

ST2 cells of murine bone marrow origin were treated
with ascorbate or Dex so that we were able to study
osteoblastic cells in their response to the ultrasound (Fig.
3; Table 3). One-week incubation with Dex significantly
lowered the basal level of COX-2. Dex, here again, was
not inhibitory at all in the response of ST2 cells, at least
to this particular mechanical perturbation. Besides, typi-
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FIG. 1. mRNA levels of immediate early
genes and other bone proteins after 20-minute
exposure of rat bone marrow—derived cells
(BMC) and the primary long bone cells (OB1,
OB2, and OCY) to low-intensity pulsed ultra-
sound. Adherent BMC cells were cultured for 3
weeks before the experiment. OB1 (osteoblastic
cell 1) were released from bone chips by colla-
genase digestion as described in the Materials
and Methods section and cultured for 1 week
before the experiment. OB2 cells were cultured
for another 2 weeks. OCY (osteocytic cells)
were prepared as described in the Materials and
Methods section and cultured for 4 weeks before
the experiment. After the 20-minute exposure
and 20-minute incubation, total RNA was ex-
tracted and subjected to RT-PCR as described in
the Materials and Methods section. GAPDH was
used as an internal standard. +, samples exposed
to the ultrasound; —, vehicles not exposed to
ultrasound under otherwise identical conditions.

TABLE 1. UPREGULATION OF MESSAGES IN BONE-DERIVED CELLS
ExpPosep TO Low-INTENSITY PULSED ULTRASOUND

Gene BMC OBl OB2 ocy
cox2 NS 28 0.6 79 £ 13 34 0.7
IGF-1 NS 32+05 NS NS
OCN NS 41=*1.0 NS NS
GAPDH 1.0 £ 0.0 1.0 £0.0 1.0 £ 0.0 1.0 £ 0.1

Alkaline phosphatase and c-fos were not quantified.
NS, no significant difference.

TABLE 2. DIFFERENTIAL RESPONSE OF BONE MARROW—DERIVED
CELLS TO Low-INTENSITY PULSED ULTRASOUND AFTER 1-DAY AND
1-WEEK TREATMENT WITH DEXAMETHASONE

Gene 1D 1w
COX2 10.6 £2.3 2.8 0.7
IGF-1 64 +23 NS
OCN 3.0+0.5 NS
GAPDH 1.0 = 0.1 1.0 = 0.1

Alkaline phosphatase and c-fos were not quantified. See Fig. 2 for the
detail.
NS, no significant difference.

cal messages of osteoblastic phenotype, such as ALP and
osteocalcin, which were induced either by ascorbate
2-phosphate or Dex, were further upregulated in response
to the ultrasound. Response to the ultrasound seems to be
characteristic to the osteoblastic cells, excluding
immediate-early genes such as Egr-I or c-fos, which
were always responsive regardless of the differentiation
status in osteogenic lineage. No changes were detected in
the levels of BMP-4 and glucocorticoid receptor mes-
sages, which may alter the responsiveness of cells indi-
rectly. Excluding Egr-1 and c-fos messages, significant
differences were detected only in +Asc 2-P and +DEX
by the relative quantification (See Table 3).
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TABLE 3. UPREGULATION OF MESSAGES IN DIFFERENTIATED ST2
CELLS ExPOSED TO LOW-INTENSITY PULSED ULTRASOUND

Gene ST2 Asc 2-P DEX
COX2 2.1 =03 4.0*0.6 9.5 £ 32
IGF-I NS 1.9+04 NS
OCN NS 26+ 1.0 NS
GAPDH 1.0 = 0.0 1.0 = 0.1 1.0 £ 0.0

Egr-1, c-fos, and ALP were not quantified.
NS, no significant difference.

PGE, and COX-2 as mediators of signals in the
ultrasound-stimulated ST2 cells

As we have suggested previously, COX-2 mRNA may
appear in a biphasic manner in ST2 cells on exposure to
ultrasound."'”*? In Fig. 4A, the only band that seems to be
almost totally abrogated is COX-2 at 8 h in the NS398-
treated cells. NS398, a selective inhibitor of PGHS,, which
is an inducible form of prostaglandin G/H synthase, did not
reduce bands at earlier time points. To examine the actual
release of PGE2, medium was collected periodically after
the 20-minute exposure to ultrasound. A significant release
of PGE2 was detected in the replaced fresh medium by ELISA
at 30 minutes and around 6 h in the absence of added substrate,
arachidonic acid (Fig. 4B). Further determination of the en-
zyme activity (Fig. 4B) and the protein by Western blotting
(Fig. 4C) confirmed the cumulative effect; enzyme levels in-
creased up to 8 h and was somewhat reduced by 24 h.

Possible signal transduction pathways leading to the
anabolic message induction

First, we tested the extracellular Ca®>* influx, which is
significant in the stretched osteocytes.?” None of the cells

|
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|
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|
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FIG. 3. Response of Dex- or ascorbate-
differentiated ST2 cells to the low-intensity
pulsed ultrasound. Cells were prepared as de-
scribed in the Materials and Methods section and
treated for 1 week either with dexamethasone at
1 X 108 M (DEX) or with 0.25 mM ascorbate
2-phosphate (Asc 2-P) before the exposure to the
ultrasound. After the 40-minute experiment as in
Fig. 1, total RNA was extracted and subjected to
RT-PCR. +, samples exposed to the ultrasound;
—, vehicles not exposed to ultrasound under
otherwise identical conditions. Messages were
grouped in three types: unresponsive, immediate
early gene, and variably responsive types.

tested in the osteoblast lineage, osteoblastic cells (rat and
mouse, data not shown), osteocytes (rat and human, data not
shown), or ST2 cells demonstrated any response on expo-
sure to the ultrasound. Figure 5 shows the results of both
ST2 cells and ascorbate-differentiated ST2 cells. In both
cases, control experiment that involved stretching with hy-
poosmotic Ringer’s solution induced Ca’>* influx. The in-
crease in the intracellular Ca>* concentration, [Ca®*]i, was
approximately 50% of rat osteocytes (dotted line) in the
stretched ST2 cells. Second, we tested the efficacy of met-
abolic inhibitors in the mRNA levels of ascorbate-
differentiated ST2 cells (Fig. 6). Specific and selective
inhibitors of p38 MAPK, SB203580 (SB), and SB202190
(data not shown), and a specific inhibitor of upstream ef-
fector, PI3K, LY294002 (LY) resulted in distinct modula-
tion profiles, whereas PD98059 (PD), an inhibitor of MAPK
kinase-1 and -2 (MEK) did not have any significant effect
on the ultrasound-induced message upregulation. Namely,
COX 2 and osteocalcin (OCN) messages were multiplied by
3.6 £ 0.9 and 2.5 = 0.6 in control ST2 cells, whereas the
two messages were similarly multiplied by 2.9 = 0.6 and
1.8 £ 0.5 in the cells treated with PD98059 (PD; Table 4).
It should be noted that inhibitor alone might have some
effect on message levels.

DISCUSSION

There is no doubt that mechanical stimuli play critical
roles to maintain healthy skeleton. Cells in bone are
equipped with mechanisms to sense diverse physical forces
and transduce signals for adjustment of their microenviron-
ment.®%*" To date, however, it is unclear as to exactly
which forms of mechanical stimuli trigger bone formation
or prevent bone loss in vivo and which types of bone cells
are responsible. Some candidates include shear stress or
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exposure. Cells were harvested at 20 minutes,
which was immediately after the exposure, 40
minutes, 1 h, and 8 h. All other conditions were
similar to those in Fig. 3. RT-PCR experiments
were carried out as in Fig. 1. (B) The released
PGE, into the fresh medium was assayed with-
out adding substrate, arachidonic acid, in cul-
tures. Medium collected at each time point after
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streaming potentials sensed by osteoblasts,**® oste-

oclasts,®” and osteocytes**~*"; deformation of cells in
osteoblasts and osteocytes>****; and cytoskeletal reaction
in osteoblasts and osteocytes. =49

Our in vitro studies of osteocytic stretch-sensing mecha-
nisms showed that bone cells respond differently to specific
types of mechanical stress depending on stages of differen-
tiation.”” We have reported PTH-potentiated Ca*>* influxes,
which use PKA signaling pathways for downstream ana-
bolic responses such as the production of IGF-I and osteo-
calcin.®**” The upregulation of mRNA levels occurred in
a manner similar to that of immediate-early genes, c-fos or
COX-2.“ This upregulation was dependent on the presence
of extracellular Ca®>", which suggests the involvement of
stretch-activated (SA) cation channels. Ca?” influx, visual-
ized in fura-2 preloaded rat “young” osteocytes, has been
localized along the cellular processes, not the cell body.”
Our results further suggested that multiple ion channels
might be interacting to process and transduce mechanical
stimuli in osteocytes.®

We then searched for mechanotransduction pathways
unique to osteoblastic cells. SAFHS, a fracture healing
system using sonication, has been reviewed as a device that
reduces the time frame of fracture healing by 38% in human
tibial diaphysis and distal radius.®'® Although SAFHS
seems to facilitate the overall process of fracture repair,'®
the underlying mechanisms by which this is achieved in
individual processes are not well understood. Azuma et
al."® reported an interesting observation that the maximum
torque of the ultrasound-treated femur was significantly
greater than that of the controls while no accompanying
changes, neither in hard callus area nor in the BMC, were
present. Such a qualitative improvement by SAFHS implies
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the 20-minute ultrasound exposure was sub-
jected to ELISA as described in the Materials
and Methods section. Medium was replaced with
the fresh medium at the points marked with
arrows. [1, ST2 cells exposed to ultrasound; H,
control cells. (C) The enzyme protein in ST2
cells was determined in a similar set of cultures
with and without the exposure to the ultrasound
up to 24 h. Western blotting was carried out as
described in the Materials and Methods section.
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FIG. 5. Time-based plot of the intracellular Ca>* concentration in
ST2 cell exposed to the pulsed ultrasound. Result was compared with
that of the cells exposed to hypotonic Ringer’s solution for stretching
experiment. [Ca®"]i of single cells was measured as described in the
Materials and Methods section. ST2 cells (A) without any treatment
with differentiating agent and (B) with ascorbate 2-phosphate were
subjected to the mechanical stimulation to detect Ca>* influxes. No
Ca®" influx was observed in either cell in response to the pulsed
ultrasound. Peak [Ca®" i increased from the basal value in the stretched
ST2 was lower (40-50 nM in both A and B) than that of control rat
osteocyte, approximately 100 nM (dotted line in A). Arrows in the
figure represent time points when hypotonic exposure (Hypo) or the
transmission of pulsed ultrasound (US) was started. Tracings are rep-
resentative of at least three experiments for each condition.
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FIG. 6. Effect of various agents on upregulated message levels of Asc 2-P—treated ST2 cells by the exposure to the pulsed ultrasound.
Experiments were performed as described in Fig. 3, except that cells were challenged in the presence of a certain agent. RT-PCR analysis of c-fos,
COX-2, and osteocalcin messages was performed after 10-minutes preincubation with each agent, which was followed by the 20-minute exposure
to the ultrasound and 20-minute incubation. Control samples (—) were harvested after a similar 10-minute preincubation with each agent followed
by a 40-minute incubation without the exposure to the ultrasound. Final concentration of LY294002 (LY) and PD98059 (PD) was 2 uM, and for
SB203580 (SB) was 1 uM. Compared with the upregulated mRNA levels in control ST2, no such differences were apparent in the presence of

inhibitors except with PD98059.

TaBLE 4. EFFECT OF AGENTS ON UPREGULATED LEVELS OF
MESSAGES IN Asc 2-P-TREATED ST2 CeLLs ExpPoseED TO Low-
INTENSITY PULSED ULTRASOUND

Gene ST2 LY PD SB
COX2 3.6 209 29=*0.6 NS NS
OCN 25*0.6 1.8 0.5 NS NS
GAPDH 1.0+ 0.1 1.0 0.1 1.0 £ 0.0 1.0 = 0.1

c-fos was not quantified. See Fig. 6 for the detail.
NS, no significant difference.

the enhanced osteoblastic activity, but not the induction of
cell proliferation. Our result in Fig. 1 suggests that the
osteoblasts at 1 week are early osteoblasts expressing higher
alkaline phosphatase and at 3 weeks, late osteoblasts ex-
pressing higher levels of osteocalcin. Increased osteocalcin
expression by the exposure in the early osteoblast perhaps
means that ultrasound induces differentiation. It should be
noted that a large part of the given energy remitted by
SAFHS in vivo does not penetrate the intact bone. There-
fore, the effect detectable in osteoblastic cell culture sys-
tems must be prevailing when compared with the in vivo
results."' 7849 The difference has to be explained by a large
proportion of cells exposed to the ultrasound in culture.

In our earlier study using ST2 cells, biphasic upregulation
of mRNA levels of bone proteins such as IGFs and osteo-
calcin were detected after 20-minute exposure to ultra-
sound.""” Together with our result in Fig. 4, it is suggested
that ultrasound stimulates early PGE, production, which in
turn induces late COX-2 mRNA expression followed by
other messages at 24 h. PGE, seems to be an essential
molecule responsible for the amplifying, long-lasting effect
of mechanical stimulation. While amplification of PGHS2
by PGE, has been reported in osteoblastic cell lines,*
Chow and Chambers®” demonstrated the biphasic expres-
sion of IGF-I mRNAs in an in vivo “pinned tail” experi-
ment. Our results confirmed the immediate PGE, release in

ST2 cells as well as the increased enzyme protein at 6—12 h.
On the other hand, we detected that the TGF-B1 message
level does not elevate in the exposed ST2 cells''” and that
PTH is not synergistic to the ultrasound (H Sekiya and
Y Mikuni-Takagaki, unpublished observation, 2002). These
results agree with the previous report by Ryaby et al.,*"
which Warden et al.’ reviewed lately as an inconclusive
negative effect of SAFHS on osteogenesis. We have pre-
sented in this article, however, that anabolic response to the
ultrasound is distinct from that interactive with PTH. None
of the osteoblastic or osteocytic cells showed any sign of
extracellular Ca®" influxes induced by the ultrasound as
shown in Fig. 5. Apparently, Ca>*/PKA pathway, which is
potentiated by PTH and plays an essential role in stretched
osteocytes, is not involved. Instead, response of osteoblasts
to the ultrasound was modulated by inhibitors of p38
MAPK and of upstream effector, PI3K. We believe that is
probably why SAFHS is extremely effective in accelerating
bone maturation in distraction osteogenesis, which applies
static tensile force.®® In addition to stimulating stretch-
sensitive cells by stretching callus, exposure to the ultra-
sound activates osteoblastic population responsive to ultra-
sound. A regulatory role of PI3K activity in mechanical
response has been studied in endothelial cells but not ex-
tensively.®® Therefore, the confusion might have arisen
because messages such as COX-2 and IGF-I are similarly
upregulated in response to both types of mechanical stim-
ulation we have described in osteocytic and osteoblastic
cells, respectively.

In primary rat bone- and bone marrow—derived cells,
OBI fraction of high ALP expression showed greater re-
sponse, whereas OB2 and osteocytes were much less re-
sponsive to the pulsed ultrasound. Limited response in os-
teocytes was observed regardless of the origin of bone. In
another line of experiment, bone marrow—derived cells
were treated with dexamethasone to differentiate osteoblas-
tic cells. When treating cells, which are not originally re-
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sponsive to the ultrasound, with Dex for 1 day and for 1
week, cells first acquired responsiveness to the ultrasound
and then lost it. With the established line, ST2, cells also
responded to the pulsed ultrasound only after the exposure
to agents used to develop ST2 cells into osteoblasts. With-
out such agents, SAFHS did not upregulate COX-2 much
from the basal level, which was relatively high to begin
with. Again, it is likely that osteoblasts, but neither the
precursor cells nor mature osteoblasts are the target cells of
SAFHS among the osteogenic cell populations.

In patients with steroid-induced osteoporosis, lowered
PGE, level in the bone cells may play an important role in
the pathogenesis.®* As mentioned earlier, it is likely that
Dex does not inhibit anabolic response to the ultrasound but
induce differentiation of osteoblast resulting in reduced
response. It is recognized that osteoblasts are quite heter-
ogenous.®> Slightly different responses to Dex between
1W (bone marrow cells) in Fig. 2 and +DEX (ST2 cells) in
Fig. 3 may be reflecting that aspect of bone cell differenti-
ation. Although treating ST2 cells with Dex and vitamin D5
together may create fully differentiated osteoblastic cells,
complication is expected in studying mechanical responses
with such cells. Induction of COX-1 or inhibition of NF-«B
ligand 2, which may modulate the response, has been re-
ported.“®>” In any case, certain mechanical stimulus is
likely to provoke anabolic response of relatively young
osteoblasts at whatever level of COX-2 they may be. Our
result provides not only a basis for exercise programs for
such patients, but also a clue for mechanical manipulation.

Regarding the functional pathways involving PI3K, it has
been reported that the type 1 IGF-I receptor; IGF-IR is
important. When the concentrations of insulin receptor sub-
strate 1 (IRS-1) are high, the signal is mitogenic and anti-
apoptotic, while, in the absence of IRS-1, the IGF-IR sends
a differentiation signal, which leads to cell differentia-
tion.®%? They suggested that the mitogenic signal of the
IGF-IR depends largely on the activation of the PI3K.
Phosphorylation by PI3K determines cell proliferation/
differentiation. As presented in Fig. 6, the anabolic effect of
the ultrasound was not inhibited at all by PD98059. It is
likely that the activation of ERK, typically leading cells to
proliferation,>S" is not involved, while the p38-dependent
bone cell differentiation pathway is accelerated. Association
of p38, but not of ERK, has also been suggested in the
induction of COX-2 in mesangial cells exposed to chlo-
ride.® This particular choice of discretionary route may be
consistent with the characteristic features of accelerated
fracture healing by the ultrasound: promotion of osteogenic
differentiation but not of cell proliferation.>'® The re-
sponses we observed are likely reflection of the osteogenic
phase in the SAFHS-accelerated fracture repair. Effects of
growth factors on cell differentiation also pointed to the
regulatory role of PI3K,®® which is a key molecule in cell
proliferation, apoptosis, and differentiation. Downstream
regulatory pathways have been reviewed in the integrin-
stimulated cells®®” and in FAK signaling complex in myo-
cardium mechanotransduction.®> In endothelial cells,
PI3K-dependent NO generation and the phosphorylation of
NO synthase have been studied as a consequence of fluid
shear stress.®>®” Further characterization of PI3K-related

367

upstream/downstream pathways in shear stress-activated
bone cells will shed light on the complex nature of mechan-
ical stimulation of bone formation and prevention of bone
loss. Although anti-apoptotic effect of the ultrasound was
not emphasized in this article, our preliminary screening
with a DNA array kit (SuperArray Inc., Bethesda, MD,
USA) uncovered a significant difference between the exper-
imental and control ST2 cells in related messages. Further
studies will elucidate another aspect of SAFHS signaling in
the anabolic exploitation.

ACKNOWLEDGMENTS

We thank A Abe for her technical assistance. This inves-
tigation was supported in part by grants-in-aid from the
Ministry of Education, Culture, Sports, Science and Tech-
nology to YM-T, and from the Ministry of Health, Labor
and Welfare to MI, AM, and YM-T. KN is a recipient of a
research grant for graduate studies at Kitasato University
Graduate School for Medical Sciences.

REFERENCES

1. Rubin CT, Gross TS, McLeod KJ, Bain SD 1995 Morphologic
stages in lamellar bone formation stimulated by a potent mechan-
ical stimulus. J Bone Miner Res 10:488-495.

2. Mikuni-Takagaki Y, Suzuki Y, Kawase T, Saito S 1996 Distinct
responses of different populations of bone cells to mechanical
stress. Endocrinology 137:2028-2035.

3. Miyauchi A, Notoya K, Mikuni-Takagaki Y, Takagi Y, Goto M,
Miki Y, Takano-Yamamoto T, Fujii Y, Jinnai K, Takahashi K,
Kumegawa M, Chihara K, Fujita T 2000 Parathyroid hormone-
activated volume sensitive calcium influx pathways in mechani-
cally loaded osteocytes. J Biol Chem 275:3335-3342.

4. Kawata A, Mikuni-Takagaki Y 1998 Mechanotransduction in
stretched osteocytes—temporal expression of immediate early and
other genes. Biochem Biophys Res Commun 246:404—408.

5. Langton PD 1993 Calcium channel currents recorded from isolated
myocytes of rat basilar artery are stretch sensitive. J Physiol
471:1-11.

6. Levesque PC, Leblanc N, Hume JR 1991 Role of reverse-mode
Na+-Ca2+ exchange in excitation-contraction coupling in the
heart. Ann NY Acad Sci 639:386-397.

7. Kimura J, Watano T, Kawahara M, Sakai E, Yatabe J 1999
Direction-independent block of bi-directional Na*/Ca®" exchange
current by KB-R7943 in guinea-pig cardiac myocytes. Br J Phar-
macol 128:969-974.

8. Mikuni-Takagaki Y 1999 Mechanical responses and signal trans-
duction pathways in stretched osteocytes. J Bone Miner Metab
17:57-60.

9. Warden SJ, Bennell KL, McMeeken JM, Wark JD 2000 Acceler-
ation of fresh fracture repair using the sonic accelerated fracture
healing system (SAFHS): A review. Calcif Tissue Int 66:157-163.

10. Rubin C, Bolander M, Ryaby JP, Hadjiargyrou M 2001 The use of
low-intensity ultrasound to accelerate the healing of fractures.
J Bone Joint Surg Am 83:259-270.

11. Rubin CT, Lanyon LE 1985 Regulation of bone mass by mechan-
ical strain magnitude. Calcif Tissue Int 37:411-417.

12. Turner CH, Forwood MR, Rho JY, Yoshikawa T 1994 Mechanical
loading thresholds for lamellar and woven bone formation. J Bone
Miner Res 9:87-97.

13. Rubin CT, McLeod KJ 1994 Promotion of bony ingrowth by
frequency-specific, low-amplitude mechanical strain. Clin Orthop
298:165-174.

14. Hsieh YF, Turner CH 2001 Effects of loading frequency on me-
chanically induced bone formation. J] Bone Miner Res 16:918—
924.

15. Mosley JR, Lanyon LE 1998 Strain rate as a controlling influence
on adaptive modeling in response to dynamic loading of the ulna
in growing male rats. Bone 23:313-318.

16. Azuma Y, Ito M, Harada Y, Takagi H, Ohta T, Jingushi S 2001
Low-intensity pulsed ultrasound accelerates rat femoral fracture



368

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

healing by acting on the various cellular reactions in the fracture
callus. J Bone Miner Res 16:671-680.

Naruse K, Mikuni-Takagaki Y, Azuma Y, Ito M, Oota T, Kam-
eyama K, Itoman M 2000 Anabolic response of mouse bone-
marrow-derived stromal cell clone ST2 cells to low-intensity
pulsed ultrasound. Biochem Biophys Res Commun 268:216-220.
Ogawa M, Nishikawa S, Ikuta K, Yamamura F, Naito M, Taka-
hashi K, Nishikawa S 1988 B cell ontogeny in murine embryo
studied by a culture system with the monolayer of a stromal cell
clone. ST2: B cell progenitor develops first in the embryonal body
rather than in the yolk sac. EMBO J 7:1337-1343.

. Kuznetsov SA, Krebsbach PH, Satomura K, Kerr J, Riminucci M,

Benayahu D, Robey PG 1997 Single-colony derived strains of
human marrow stromal fibroblasts form bone after transplantation
in vivo. J Bone Miner Res 12:1335-1347.

Otsuka E, Yamaguchi A, Hirose S, Hagiwara H 1999 Character-
ization of osteoblastic differentiation of stromal cell line ST2 that
is induced by ascorbic acid. Am J Physiol 277:C132-C138.
Dieudonné SC, Kerr JM, Xu T, Sommer B, DeRubeis AR,
Kuznetsov SA, Kim IS, Gehron RP, Young MF 1999 Differential
display of human marrow stromal cells reveals unique mRNA
expression patterns in response to dexamethasone. J Cell Biochem
76:231-243.

Rubin J, Biskobing DM, Jadhav L, Fan D, Nanes MS, Perkins S,
Fan X 1998 Dexamethasone promotes expression of membrane-
bound macrophagecolony-stimulating factor in murine osteoblast-
like cells. Endocrinology 139:1006-1012.

Mikuni-Takagaki Y, Kakai Y, Satoyoshi M, Kawano E, Suzuki Y,
Kawase T, Saito S 1995 Matrix mineralization and the differenti-
ation of osteocyte-like cells in culture. J Bone Miner Res 10:231—
242.

Ghosh B, Wood CR, Held GA, Abbott BD, Lau C 2000 Glucocor-
ticoid receptor regulation in the rat embryo: A potential site for
developmental toxicity? Toxicol Appl Pharmacol. 164:221-229.
Ikegame M, Ishibashi O, Yoshizawa T, Shimomura J, Komori T,
Ozawa H, Kawashima H 2001 Tensile stress induces bone mor-
phogenetic protein 4 in preosteoblastic and fibroblastic cells, which
later differentiate into osteoblasts leading to osteogenesis in the
mouse calvariae in organ culture. J] Bone Miner Res 16:24-32.
Sukhatme VP, Cao XM, Chang LC, Tsai-Morris CH, Stamenkov-
ich D, Ferreira PC, Cohen DR, Edwards SA, Shows TB, Curran T
1988 A zinc finger-encoding gene coregulated with c-fos during
growth and differentiation, and after cellular depolarization. Cell
53:37-43.

Schmittgen TD, Zakrajsek BA 2000 Effect of experimental treat-
ment on housekeeping gene expression: Validation by real-time,
quantitative RT-PCR. J Biochem Biophy Methods 46:69—-81.
Hinz B, Kraus V, Pahl A, Brune K 2000 Salicylate metabolites
inhibit cyclooxygenase-2-dependent prostaglandin E(2) synthesis
in murine macrophages. Biochem Biophys Res Commun 274:197—
202.

Pilbeam CC, Raisz LG, Voznesensky O, Alander CB, Delman BN,
Kawaguchi H 1995 Autoregulation of inducible prostaglandin G/H
synthase in osteoblastic cells by prostaglandins. J Bone Miner Res
10:406-414.

Wolff JL 1986 The Law of Bone Remodeling. Springer-Verlag,
Berlin, Germany.

Frost HM 1988 Vital biomechanics: Proposed general concepts for
skeletal adaptations to mechanical usage. Calcif Tissue Int 42:145—
156.

Reich KM, Gay CV, Frangos JA 1990 Fluid shear stress as a
mediator of osteoblast cyclic adenosine monophosphate produc-
tion. J Cell Physiol 143:100-104.

Reich KM, Frangos JA 1991Effect of flow on prostaglandin E2
and inositol trisphosphate levels in osteoblasts. Am J Physiol
261:C428-C432.

Ogata T 1997 Fluid flow induces enhancement of the Egr-1 mRNA
level in osteoblast- like cells: Involvement of tyrosine kinase and
serum. J Cell Physiol 170:27-34.

Smalt R, Mitchell FT, Howard RL, Chambers TJ 1997 Induction of
NO and prostaglandin E2 in osteoblasts by wall-shear stress but not
mechanical strain. Am J Physiol 273:E751-E758.

Ogasawara A, Arakawa T, Kaneda T, Takuma T, Sato T, Kaneko
H, Kumegawa M, Hakeda Y 2001 Fluid shear stress-induced
cyclooxygenase-2 expression is mediated by C/EBP beta, cAMP-
response element-binding protein, and AP-1 in osteoblastic
MC3T3-El cells. J Biol Chem 276:7048—-7054.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

NARUSE ET AL.

McAllister TN, Du T, Frangos JA 2000 Fluid shear stress stimu-
lates prostaglandin and nitric oxide release in bone marrow-derived
preosteoclast-like cells. Biochem Biophys Res Commun 270:643—
648.

Cowin SC, Weinbaum S, Zeng Y 1995 A case for bone canaliculi
as the anatomical site of strain generated potentials. J Biomech.
28:1281-1297.

Klein-Nulend J, van Der PA, Semeins CM, Ajubi NE, Frangos JA,
Nijweide PJ, Burger EH 1995 Sensitivity of osteocytes to biome-
chanical stress in vitro. FASEB J 9:441-445.

Klein-Nulend J, Semeins CM, Ajubi NE, Nijweide PJ, Burger EH
1995 Pulsating fluid flow increases nitric oxide (NO) synthesis by
osteocytes but not periosteal fibroblasts—correlation with prosta-
glandin upregulation. Biochem Biophys Res Commun 217:640—
648.

Cheng B, Zhao S, Luo J, Sprague E, Bonewald LF, Jiang JX 2001
Expression of functional gap junctions and regulation by fluid flow
in osteocyte-like MLO-Y4 cells. J Bone Miner Res 16:249-259.
Rawlinson SC, Pitsillides AA, Lanyon LE 1996 Involvement of
different ion channels in osteoblasts’ and osteocytes’ early re-
sponses to mechanical strain. Bone 19:609-614.

Rawlinson SC, Wheeler-Jones CP, Lanyon LE 2000 Arachidonic
acid for loading induced prostacyclin and prostaglandin E(2) re-
lease from osteoblasts and osteocytes is derived from the activities
of different forms of phospholipase A(2). Bone 27:241-247.
Pommerenke H, Schreiber E, Durr F, Nebe B, Hahnel C, Moller
W, Rychly J 1996 Stimulation of integrin receptors using a mag-
netic drag force device induces an intracellular free calcium re-
sponse. Eur J Cell Biol 70:157-164.

Toma CD, Ashkar S, Gray ML, Schaffer JL, Gerstenfeld LC 1997
Signal transduction of mechanical stimuli is dependent on micro-
filament integrity: Identification of osteopontin as a mechanically
induced gene in osteoblasts. J] Bone Miner Res 12:1626-1636.
Ajubi NE, Klein-Nulend J, Nijweide PJ, Vrijheid-Lammers T,
Alblas MJ, Burger EH 1996 Pulsating fluid flow increases prosta-
glandin production by cultured chicken osteocytes—a cytoskeleton-
dependent process. Biochem Biophys Res Commun 225:62—68.
Sekiya H, Mikuni-Takagaki Y, Kondoh T, Kan-ichi S 1999 Me-
chanical response, either upregulation or downregulation of bone
protein messages, is always synergistically affected by PTH in
human alveolar osteocytes. Biochem Biophys Res Commun 264:
719-723.

Kokubu T, Matsui N, Fujioka H, Tsunoda M, Mizuno K 1999 Low
intensity pulsed ultrasound exposure increases prostaglandin E2
production via the induction of cyclooxygenase-2 mRNA in mouse
osteoblasts. Biochem Biophys Res Commun 256:284-287.
Warden SJ, Favaloro JM, Bennell KL, McMeeken JM, Ng KW,
Zajac JD, Wark JD 2001 Low-intensity pulsed ultrasound stimu-
lates a bone-forming response in UMR-106 cells. Biochem Bio-
phys Res Commun 286:443—450.

Chow JW, Chambers TJ 1994 Indomethacin has distinct early and
late actions on bone formation induced by mechanical stimulation.
Am J Physiol 267:E287-E292.

Ryaby JP, Matthews J, Pilla AA, Duarte LR 1991 Low intensity
pulsed ultrasound modulates adenylate cyclase activity and trans-
forming growth factor beta synthesis. In: Brighton CT, Pullack SR
(eds.) Electromagnetics in Biology and Medicine. San Francisco
Press, San Francisco, CA, USA, pp. 95-100.

Shimazaki A, Inui K, Azuma Y, Nishimura N, Yamano Y 2000
Low-intensity pulsed ultrasound accelerates bone maturation in
distraction osteogenesis in rabbits. J Bone Joint Surg Br 82:1077-
1082.

Garcia-Cardena G, Anderson KR, Mauri L, Gimbrone MA Jr 2000
Distinct mechanical stimuli differentially regulate the PI3K/Akt
survival pathway in endothelial cells. Ann NY Acad Sci 902:294—
297.

McCarthy TL, Ji C, Chen Y, Kim K, Centrella M 2000 Time- and
dose-related interactions between glucocorticoid and cyclic aden-
osine 3’, 5’-monophosphate on CCAAT/enhancer-binding protein-
dependent insulin-like growth factor I expression by osteoblasts.
Endocrinology 141:127-137.

Candeliere GA, Liu F, Aubin JE 2001 Individual osteoblasts in the
developing calvaria express different gene repertoires. Bone 28:
351-361.

Adams AE, Abu-Amer Y, Chappel J, Stueckle S, Ross FP, Teitel-
baum SL, Suva LJ 1999 1, 25 dihydroxyvitamin D5 and dexameth-



PULSED ULTRASOUND TARGETS OSTEOBLASTIC CELLS

57.

58.

59.

60.

61.

62.

63.

asone induce the cyclooxygenase 1 gene in osteoclast-supporting
stromal cells. J Cell Biochem 74:587-595.

Ikeda T, Kasai M, Utsuyama M, Hirokawa K 2001 Determination
of three isoforms of the receptor activator of nuclear factor-kappaB
ligand and their differential expression in bone and thymus. En-
docrinology 142:1419-1426.

Peruzzi F, Prisco M, Dews M, Salomoni P, Grassilli E, Romano G,
Calabretta B, Baserga R 1999 Multiple signaling pathways of the
insulin-like growth factor 1 receptor in protection from apoptosis.
Mol Cell Biol 19:7203-7215.

Valentinis B, Baserga R 2001 IGF-I receptor signalling in trans-
formation and differentiation. Mol Pathol 54:133-137.

Kurihara S, Hakuno F, Takahashi S 2000 Insulin-like growth
factor-I-dependent signal transduction pathways leading to the
induction of cell growth and differentiation of human neuroblas-
toma cell line SH-SYS5Y: The roles of MAP kinase pathway and PI
3-kinase pathway. Endocr J 47:739-751.

Dunn SE, Torres JV, Oh JS, Cykert DM, Barrett JC 2001 Up-
regulation of urokinase-type plasminogen activator by insulin-like
growth factor-I depends upon phosphatidylinositol-3 kinase and
mitogen-activated protein kinase. Cancer Res 61:1367-1374.
Cheng HF, Wang JL, Zhang MZ, McKanna JA, Harris RC 2000
Role of p38 in the regulation of renal cortical cyclooxygenase-2
expression by extracellular chloride. J Clin Invest 106:681-688.
Martelli AM, Borgatti P, Bortul R, Manfredini M, Massari L,
Capitani S, Neri LM 2000 Phosphatidylinositol 3-kinase translo-
cates to the nucleus of osteoblast-like MC3T3-El cells in response
to insulin-like growth factor I and platelet-derived growth factor
but not to the proapoptotic cytokine tumor necrosis factor alpha.
J Bone Miner Res 15:1716-1730.

64.
65.

66.

67.

369

Hynes RO 1999 Cell adhesion: Old and new questions. Trends Cell
Biol 9:M33-M37.

Franchini KG, Torsoni AS, Soares PH, Saad MJ 2000 Early
activation of the multicomponent signaling complex associated
with focal adhesion kinase induced by pressure overload in the rat
heart. Circ Res 87:558-565.

Gallis B, Corthals GL, Goodlett DR, Ueba H, Kim F, Presnell SR,
Figeys D, Harrison DG, Berk BC, Aebersold R, Corson MA 1999
Identification of flow-dependent endothelial nitric-oxide synthase
phosphorylation sites by mass spectrometry and regulation of
phosphorylation and nitric oxide production by the phosphatidyl-
inositol 3-kinase inhibitor LY294002. J Biol Chem 274:30101-
30108.

Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher
AM 1999 Activation of nitric oxide synthase in endothelial cells by
Akt- dependent phosphorylation. Nature 399:601-605.

Address reprint requests to:

Yuko Mikuni-Takagaki, PhD
Department of Oral Biochemistry
Kanagawa Dental College

82 Inaokacho

Yokosuka 238-8580, Japan
E-mail: yukomtak @kdcnet.ac.jp

Received in original form November 2, 2001; in revised form
August 12, 2002; accepted September 4, 2002.



