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Abstract: Although low-power laser irradiation
provides many anabolic effects such as acceleration of
bone formation, the effects of different pulse frequencies
used during laser irradiation on bone formation have
not been elucidated. Osteoblastic cells isolated from fetal
rat calvariae were irradiated once with a low-power Ga-
Al-As laser (830 nm, 500 mW) in two different
irradiation modes; continuous irradiation (CI), and 1
Hz pulsed irradiation (PI). We then investigated the
effects on cellular proliferation, bone nodule formation,
alkaline phosphatase (ALP) activity, and ALP gene
expression. Laser irradiation in both groups
significantly stimulated cellular proliferation, bone
nodule formation, ALP activity, and ALP gene
expression, as compared with the nonirradiation group.
Notably, PI markedly stimulated these factors, when
compared with the CI group. Since 1 Hz pulsed laser
irradiation significantly stimulates bone formation in
vitro, it is most likely that pulse frequency is an
important factor affecting biological responses in bone
formation. (J. Oral Sci. 43, 55 - 60, 2001)

Key words: pulse frequency; low-power laser; bone
nodule formation; osteoblasts; alkaline
phosphatase.
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Introduction

Recently, various photo-biostimuratory effects of low-
power laser irradiation on regeneration have been reported
in skin (1), nerve (2) and skeletal muscle tissues (3,4). In
particular, the acceleration of bone regeneration by laser
treatment has been a focus of recent research (5-10). Since
induction of bone regeneration is always accompanied by
tooth and/or jaw movement with orthodontic treatment,
tooth extraction, orthognathic surgery, bone fracture, and
stimulation of bone regeneration by laser treatment may
be of great potential benefit to shorten the treatment period.

Low-power laser irradiation has also been shown to
modulate various biological responses which are affected
by some factors involved with the mode of laser irradiation
such as total energy dose, laser spectrum, power density,
and trradiation phase. In order to apply laser therapy to
clinical use, the properties and biological effects of laser
irradiation should be precisely elucidated, and more
effective irradiation modes and easier laser application
methods should be developed. However biological effects
of different pulse frequency are not well known. In the
present study, we examined continuous wave and 1 Hz pulse
irradiation of low-power laser on bone nodule formation
using a rat calvarial osteoblastic cell culture system.

Materials and Methods

Cell isolation and culture procedures
The calvaria were dissected aseptically from 21-day-
old fetuses of timed pregnant Wistar rats. The calvaria were
minced and sequentially digested in a 0.3 % collagenase
mixture (Wako, Osaka, Japan). Five populations were
obtained after digestion times of 10, 20, 30, 50, and 70 min.
Cells retrieved from the last four steps of the five-step
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digestion sequence were pooled and plated in T-75 tissue
culture flasks (Falcon 3110, Franklin, NJ) in minimal
essential medium (o-MEM; Gibco, Grand Island, NY)
containing 15 % fetal calf serum, and antibiotics comprising
100 png/ml penicillin G (Sigma Chemical Co., St. Louis,
MO), 50 pg/ml gentamicin sulfate (Sigma), and 0.3 pg/ml
fungisone (Flow Laboratories, McLean, VA), supplemented
with 50 ug/ml ascorbic acid (Wako) and 10 mM Na f3-
glycerol-phosphate (B-GP, Wako) (11,12). The cultures
were maintained in a humidified atmosphere consisting of
95 % air and 5 % CO, at 37 °C. After 24 h of incubation,
attached cells were washed with phosphate-buffered saline
(PBS)to the remove nonviable cells and debris, trypsinized
with 0.05 % trypsin (Gibco) inPBS.

The cells were then resuspended in the culture medium
described above and plated into 35-mm tissue culture
dishes (Falcon) at a density of 5 x 10* cells/dish (5.2 x 10°
cells/cm?), in a 24-well culture plate (Falcon) at a density
of 1 x 10* cells/well (4 x 102 cells/cm?), as well as 100-
mm tissue culture dishes (Falcon) at a density of 4 x 10°
cells/dish (5.1 x 10° cells/cm?). Medium was changed
every 3 days and cultures were maintained from 2 to 21
days.

Procedure of laser irradiation

A low-energy Ga-Al-As diode laser apparatus (model
Panalas-1000, Matsushita, Inc., Osaka, Japan) with a
wavelength of 830 nm (maximum power put out of 500
mW) was used in this study. The laser beam was delivered
by an optical fiber 0.6-mm in diameter that was deforcused
at the tip by a concave lense and was irradiated uniformly
in a circular area, 100 mm in diameter, when the power
density of laser beam was measured by a laser power
meter at the cell-layer level. Irradiation was performed at
550 mm above the cell layer (13). We used two different
types of irradiation; which were continuous irradiation (CI)
and 1 Hz pulsed irradiation (PI). Exposure and rest time
was the same for pulsed irradiation. The total energy
corresponding to ClI exposures of 1.25 to 10 min was
0.48~3.84 J/cm?, while the exposure times in the
corresponding pulsed irradiation group were two-fold
longer (2.5-20 min), though the same total energy was used.

Laser irradiation was carried out after subculture (day
1) on a clean bench. The cells were then maintained in a
CO, incubator for up to 21 days after subculture without
any subsequent treatment. Control dishes and plates were
placed on a clean bench for corresponding periods without
any irradiation,

Determination of cell number
Growing cells in the 24-well culture plates were collected

by digestion with a 1:1 mixture of trypsin (0.05 %) and
collagenase (0.1 %) solutions for up to 25 min at the room
temperature to release the cells from the collagenous
matrix. The number of cells in each well was determined
with a Coulter Counter (Model ZM, Electronics Lid.,
Northwell drive, Luton, Beds England).

Quantification of bone nodules

Primary rat calvarial cell cultures were maintained for
21 days after subcultivation, after which the contents of
each well were fixed for 10 min in 4 % paraformaldehyde
in PBS and stained using the von Kossa technique. Bone
nodules in each 35 mm dish were counted at 15 x
magnification using a dissecting microscope (Olympus,
Tokyo, Japan).

To evaluate the bone nodule areas precisely, the 35-mm
dishes were photographed at 15 X magnification. The
outline of each bone nodule was traced from the
photographs and the traces were measured by a personal
computer using image analysis software (Ultimage Ver.
2.0, Graftek France, Voisins-Le-Bretonneux, France). The
total bone nodule area was calculated by adding each area
in each dish and then the mean + S.D. -was calculated
from 3 replicate data.

Assay of alkaline phosphatase (ALP) activity

Calvarial cells cultured in the 24-well plates were rinsed
three times with PBS,. Tris-HCI (10 mM, pH 7.4)
containing 5 mM MgCl, was then added, and the cells were
collected by a cell scraper and sonicated for 1 min. ALP
activity was assayed on days 3 to 21 by the method
described by Lowry et al. (14). The amount of p-nitrophenol
produced was measured at 410 nm. One unit of enzyme
was defined as the activity which liberated 1 mmole of
product per min at 37°C, and ALP activity was shown as
mU/10° cells.

RNA preparation and RT-PCR analysis

Total RNA was extracted on day 9 from rat osteoblastic
cells by an acid guanidium thocyanate-phenol-chloroforum
extraction method (15). cDNA synthesis and amplification
by RT-PCR were carried out using a GeneAmp RNA kit
(Perkin-Elmer-Cetus, NJ). PCR amplification was carried
out using the GeneAmp PCR system 9600 (Perkin-Elmer-
Cetus) for 30 cycles under the following conditions: 94
°C for 1 min, 55 °C for 2 min, and 72 °C for 3 min. The
PCR primers for amplification of ALP (16) and GAPDH
(17) were designed based on the published sequences.
PCR fragments were electrophoresed on 2.0 % agarose gels
and subsequently stained with ethidium bromide.



Statistics

The values were calculated as mean values + standard
deviation (S.D.). Significance was determined by Student's
test, Tukey test, and one-way analysis of variance
(ANOVA).

Results

Laser irradiation effect on cellular proliferation

The growth curve for fetal rat calvarial cells cultured
under the preceding conditions is shown in Table 1. Laser
irradiation under both conditions significantly stimulated
cellular proliferation as compared with the controls.
However, Proliferation in Plwas significantly stimulated
ondays 6 (P <0.05),9 (P <0.01),and 12 (P < 0.05), when

Table | Effects of low frequency laser irradiation on cellilar
proliferation. Laser irradiation at both conditions
significantly stimulated cellular proliferation as

while PI showed grater cellular proliferation on days
9 than CI(*P < 0.05). Values are mean + S.D. for 3

cultures.
x10?
i‘redu\lmnmmc @ 3 6 9 12 15 18 21
mode
Comt Lo 119104 [40.0£ 1.4 [44.921.4 [53.526.7|57.121.9[439+22[41.321.0
- -
Cl 1.0 1334204 [47.2£1.9 [54.32 1.9 557 1.7|55.8£1.7|41.21.9[429% 1.8
0 =71 -
Pl 1.0 140104 [47811.963.1£1.9[62.0£2.0|56.9£2.1|40.8+2.3[43.2+22
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Fig. 1 Effect of laser irradiation on the number of bone
nodules on day 21. Laser irradiation at both conditions
significantly stimulated the number of done nodules
as compared with the control, and the effects increased
in a dose dependents manner. Values are mean  S.D.
fore 4 cultures. :Significant difference from
nonirradiation control (P < 0.01). *: Significant
difference from corresponding CI (P < 0.05 by tukey
test). Similar results were obtained from three different
experiments.
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compared with the corresponding controls, and the number
of cells in PI was significantly higher (P < 0.01) on days
9 (1.20-fold), when compared with the corresponding CI.

Laser irradiation on bone nodule formation
The number of bone nodules present in 3 replicate 35-
mm dishes was counted and significant stimulation by laser
irradiation occurred under both conditions, however, the
stimulatory effects were dose dependent in each groups
(one-way ANOVA, P < 0.01) (Fig. 1). The maximal
stimulation rates were 1.2-fold in CI (10 min), 1.3-fold in

%)

20 *

Total area of nodules per dish (mm

i

Cont ClI PI

Laser irradiation modes

.2 Comparison of different laser irradiation modes on

total area of bone nodules. Laser irradiation at both

conditions significantly stimulated the total area, as

compared with the control. Values are mean = S.D.

for 3 cultures.*:Significant difference from
nonirradiation control (P < 0.01).
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Stimulatory effects of laser irradiation on ALP activity
in rat calvarial cells.Laser irradiation at both conditions
sigmiicantly stimulated ALP Activity on days 912
andl15, as compared with the control (**P < 0.01, *P
< 0.05),ands PI had greater increase in ALP activity
than corresponding CI (7'/P < 0.01,7P < 0.05). Values
are mean = S.D. for 3 cultures.
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Fig. 4 Stimulatory effects of laser irradiation on ALP mRNA
level in rat calvarial cells. Ethidium bromide staining
patterns of simultaneously amplified PCR probucts
on agarose-gel electrophoresis are shown. The gene
expression of ALP on day 9 was markedly increased
by laser irradiation as compared with the control.
Results represent those from three similar experments.

PI (20 min ), as compared with the controls (P < 0.01).

When the effects of dose on bone nodule formation
were compared, the lowest dose (0.48 J/cm?) did not have
any stimulatory effect in the PI, while the higher doses
(0.96~3.84 J/cm?) showed stimulatory effects. In the CI,
only the two highest doses (2.88 and 3.84 J/cm?) showed
stimulatory effects. Since the number of bone nodules
was dependent on the dose, the stimulatory effects of bone
nodule formation in each group were compared at the
same dose of irradiation. The PI had significant bone
nodule stimulation, as compared with the Cl at 1.92 to 3.84
Jjem? (1.07~1.15-fold ; P < 0.05)(Fig. 1). When the total
bone nodule areas were compared, they were found to be
significantly stimulated in both irradiation groups, as
compared with the controls (CI : 1.7-fold, PI : 1.9-fold,
c0.01) (Fig. 2).

Effect of laser irradiation on ALP activity

We next determined ALP activity, the marker of
osteoblast differentiation, in the cultures. ALP activity in
the controls, CI, and PI increased late in the culture, with
peak expression seen at 18 days in the controls, at 15 days
in Cl and at 12 days in PI-1 (Fig. 3). Laser irradiation on
day 1 significantly stimulated ALP activity on days 9, 12,
and 15 (P <0.01) in the PI, with a maximal increase of
1.8-fold occwrring on day 12. Significant activity was also
seen on days 12 and 15 (P <0.05) in the CI, with the
maximal increase being 1.2-fold on day 15, as compared
with the controls. Moreover, PI had significantly increased

ALP activity as compared with the Cl on day 12 (1.4-fold
P <0.01), and on day 15 (I.1-fold ; P <0.05).

Effect of laser irradiation on ALP gene expression

To elucidate the mechanisms for the alteration of ALP
activity by laser irradiation, ALP mRNA levels in both the
control and laser irradiation groups were examined by
RT-PCR analysis. As shown in Fig. 4, the visualized PCR
products corresponding to GAPDH were the same in the
three samples (control, CI, PI), therefore, it seemed that
the amount of PCR products reflected ALPmRNA Jevel.
The bands of the laser irradiated cells were more intense
than those from the control. Furthermore, the band for ALP
mRNA from the PI was more intense than CI.

Discussion

Using arat calvarial osteoblastic cell culture system, we
clearly demonstrated that low frequency (1Hz) pulsed
laser irradiation (PI) significantly stimulated cellular
proliferation (1.2-fold), ALP activity (1.4-fold), and bone
nodule formation (number, 1.15-fold), as compared with
continuous laser irradiation (CI) at the same total energy
dose. Although laser irradiation in both conditions used
in this study significantly stimulated bone formation in vitro,
bone formation capacity was much higher in the PI than
in the CL In the CI, the number of bone nodules was
increased with only the two highest doses, while in the PI,
the lower dose stimulated the number of bone nodules.
These results showed that the mode of irradiation used in
the PI was effective for bone nodule formation.

Various biostimulatory effects of low-energy laser
irradiation have been reported such as cell proliferation (18),
defferentiation (13), collagen synthesis (19), and the release
of growth factors (20,21) from cells. These effects are
affected by many factors including total energy dose, laser
spectrum, power density, and irradiation phase. However,
there are no knowledge concerning the effects of laser
irradiation pulse frequency on bone formation.

Sanders et al. (22) reported that irradiation with shorter
pulse duration in CO, laser incisions minimized wound-
healing delays more effectively than continuous irradiation.
Miyamoto et al. (23) also reported that the cytotoxicity ratio
of HeLa cells irradiated by pulsed laser (10 Hz) was lower
than that by continuous wave laser in photodynamic
therapy. However the type of cell death differed between
pulsed (apoptosis) and continuous wave (necrosis)
irradiation, as greater amount of the sensitizer entered the
cells during pulsed irradiation than continuous wave
irradiation, causing a different type of DNA damage.
Although these studies may not be directly comparable with
our present results, because of different experimental



designs, it is most likely that pulse frequency influences
biological responses. Since laser light is electromagnetic
rradiation that provides physical stimulus, the biological
¢effects of irradiation may be comparable with those of
tlectromagnetic fields, which are known to modify some
ielevant physiological parameters of cell cultures, such as
proliferation, protein synthesis, secretion of growth factors,
iranscription, and others (24). These biological responses
have also been shown to be influenced by the pulse
frequency of the electromagnetic field. There are some
studies that special pulse frequencies such as 10 or 100
Hz from an electromagnetic field increased cellular
proliferation (25, 26). In osteoblastic cells, Ochi (27)
reported that a 100 Hz pulse frequency was most effective
in stimulating the proliferation of mouse osteoblastic
MC3T3-EI cells, among tested frequencies between 50
and 200 Hz, and concluded that an effective electromagnetic
field pulse frequency for cellular proliferation may be
dependent on cell type, as cells seem to have their own
peculiar sensitivity for certain pulse frequencies. In our
experimental conditions, that used in the PI may be the
more optimal frequency for bone formation compared
with CI in rat calvarial cells.

Bone nodules found arising in cultures of osteoblastic
cells originated from nodule-forming immature precursors
that proliferated and differentiated to mature osteoblasts
over a period of 3 weeks in vitro (11,13). In the present
study, laser irradiation at both conditions would have
increased the induction of nodule forming commitment,
as compared with the control, and the conditions associated
with PI may have had more capacity to increase the
induction of nodule forming commitment than those with
CI. Since the total area of bone nodules may show bone
formation capacity, PI may be better for bone formation.

ALP activity is considered to be a marker of osteoblast
differentiation (28,29). In the present experiment, ALP
activity was significantly stimulated on days 12 and 15 after
laser irradiation, in CI (Fig. 3). In PI it was dramatically
stimulated on days 12, which was significant when
compared with CI. Furthermore, an increase in ALP
activity could involve transcriptional events of the bone
type ALP gene, while dramatic increases in the activity
may reflect stimulation of both differentiation and
proliferation of cells, resulting in a significant increase in
the number of differentiated cells that express differentiation
markers, and finally form more and larger bone nodules.

In conclusion, low frequency pulsed laser irradiation,
such as I Hz, significantly stimulated bone formation in
vitro, as compared with continuous irradiation. Although
the stimulatory capacity of laser irradiation is influenced
by factors such as total energy dose, laser spectrum, power
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density, and irradiation phase, the pulse frequency of low-
energy laser irradiation must also be considered as an
important factor for influencing biological response.

To definite better irradiation mode, further studies such
as effects of different pulse frequencies on bone formation
should be examined.
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Effects of Pulse Frequency of Low-Level Laser Therapy
(LLLT) on Bone Nodule Formation in Rat Calvarial Cells

YUJI UEDA! and NORIYOSHI SHIMIZU?

ABSTRACT

Objective: The purpose of this study was to determine the effect of pulse frequencies of low-level laser therapy
(LLLT) on bone nodule formation in rat calvarial cells in vitro. Background Data: Various photo-biostimula-
tory effects of LLLT, including bone formation, were affected by some irradiation factors such as total energy
dose, irradiation phase, laser spectrum, and power density. However, the effects of pulse frequencies used dur-
ing laser irradiation on bone formation have not been elucidated. Materials and Methods: Osteoblast-like cells
isolated from fetal rat calvariae were irradiated once with a low-energy Ga-Al-As laser (830 nm, 500 mW,
0.48-3.84 J/cm?) in four different irradiation modes: continuous irradiation (CI), and 1-, 2-, and 8-Hz pulsed
irradiation (PI-1, PI-2, PI-8). We then investigated the effects on cellular proliferation, bone nodule forma-
tion, alkaline phosphatase (ALP) activity, and ALP gene expression, Results: Laser irradiation in all four
groups significantly stimulated cellular proliferation, bone nodule formation, ALP activity, and ALP gene ex-
pression, as compared with the non-irradiation group. Notably, PI-1 and -2 irradiation markedly stimulated
these factors, when compared with the CI and PI-8 groups, and PI-2 irradiation was the best approach for
bone nodule formation in the present experimental conditions. Conclusion: Since low-frequency pulsed laser
irradiation significantly stimulates bone formation in vifro, it is most likely that the pulse frequency of LLLT

an important factor affecting biological responses in bone formation.

INTRODUCTION

RECENTLY, various photo-biostimulatory effects of low-en-
ergy laser irradiation on regeneration have been reported
in skin,!? nerve,? and skeletal muscle tissues.45 In particular,
the acceleration of bone regeneration by laser treatment has
been a focus of recent research.6-1° Since bone regeneration in-
duction is always accompanied by tooth movement with ortho-
dontic treatment, tooth extraction, orthognathic surgery, bone
fracture, and the like in the fields of dentistry and orthopedic
surgery, stimulation of bone regeneration by laser treatment
may be of great potential benefit to abbreviate the treatment
period.

Low-level laser therapy (LLLT) has also been shown to
modulate various processes in different biological systems!!
that involve cellular proliferation,!? differentiation,!3 collagen
synthesis,!* and the release of growth factors,!516 from cells.
Further, these biological responses are affected by the mode of

laser irradiation such as total energy dose, laser spectrum,
power density, and irradiation phase. We previously demon-
strated that LLLT at an earlier stage of bone formation was
more effective than irradiation at a later stage,!3!7 and that
stimulation of bone formation by LLLT was dependent on the
total energy dose.!"!8 Further stimulatory effects of bone for-
mation have been obtained by repeated irradiation with a
small-energy dose for a certain period rather than irradiation
once at the same total energy dose.!”.!8 In order to apply LLLT
to clinical use, the properties and biological effects of laser ir-
radiation should be precisely elucidated, and more effective
irradiation modes and easier laser application methods should
be developed.

Recently, Miyamoto et al.!® reported that 10-Hz frequency
pulsed laser irradiation induced apoptosis, while continuous
wave laser irradiation induced necrosis in photodynamic ther-
apy. Since biological responses differ between pulsed and con-
tinuous wave irradiation, we speculated whether the frequency

'Department of Orthodontics, Nihon University School of Dentistry at Matsudo Chiba, Japan.
Department of Orthodontics, Nihon University School of Dentistry, Tokyo, Japan.
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used during laser irradiation affects bone formation capacity
and what mode of frequency most promotes bone formation. In
the present study, we examined the effects of irradiation pulse
frequencies of LLLT on bone nodule formation using a rat cal-
varial cell culture system.

MATERIALS AND METHODS

Cell isolation and culture procedure

The procedures of osteogenic cell isolation and culture
used in the present study have been described by Bellows
et al.2021 Briefly, calvariae were dissected aseptically from
21-day-old fetuses of timed pregnant Wistar rats, and the
adherent soft connective tissues were loosely removed. The
calvariae were minced and sequentially digested in a colla-
genase mixture. Five populations were obtained after diges-
tion times of 10, 20, 30, 50, and 70 min. Cells retrieved from
the last four steps of the five-step digestion sequence were
pooled and plated in T-75 tissue culture flasks (Falcon 3110,
Franklin, NJ) in minimal essential medium («-MEM; Gibco,
Grand Island, NY) containing 15% fetal calf serum, and an-
tibiotics, 100 pg/mL penicillin G (Sigma Chemical Co., St.
Louis, MO), 50 pg/mL gentamicin sulfate (Sigma), and 0.3
pg/mL fungisone (Flow Laboratories, McLean, VA), supple-
mented with 50 pg/mL ascorbic acid (Wako, Osaka, Japan)
and 10 mM Na B-glycerol-phosphate (B-GP, Wako). The
cultures were maintained in a humidified atmosphere con-
sisting of 95% air and 5% CO, at 37°C. After 24 h of incu-
bation, attached cells were trypsinized with 0.05% trypsin
(Gibco) in phosphate-buffered saline (PBS), and then counted
using a Coulter Counter (model ZM, Electronics Ltd., Luton,
Beds, U.K.).

The cells were then resuspended in the culture medium de-
scribed above and plated onto 35-mm tissue culture dishes (Fal-
con) at a density of 5 X 10¢ cells/dish (5.2 X 108 cells/cm?), ina
24-well culture plate (Falcon) at a density of 1 X 10¢ cells/well
(4 X 103 cells/cm?), as well as 100-mm tissue culture dishes
(Falcon) at a density of 4 X 105 cells/dish (5.1 X 102 cells/cm?).
Medium was changed every 3 days, and cultures were main-
tained from 3 to 21 days.

Procedure of laser irradiation

A low-energy Ga-Al-As diode laser apparatus (model
Panalas-1000, Matsushita, Inc., Osaka, Japan), which has a
wavelength of 830 nm (maximum power output of 500 mW),
was used in this study. The laser beam was delivered by an
optical fiber 0.6-mm in diameter that was de-focused at the

" tip by a concave lens to provide a uniform circle of irradia-
tion, 100 mm in diameter, at the cell-layer level. The power
density of the laser beam was measured by a laser power
meter. We used four different modes of irradiation: continu-
ous irradiation (CI) and 1-, 2-, and 8-Hz pulsed irradiation
(PI-1, PI-2, PI-8). Exposure and rest time was the same for
each pulsed irradiation (50% duty cycle). The total energy
corresponding to CI exposures of 1.25-10 minutes was
0.48-3.84 J/cm?, while the exposure times in the correspond-
ing pulsed irradiation groups were twofold longer (2.5-20
min), though the same total energy was used.

Ueda and Shimizu

The laser dose chosen was previously reported to stimulate a
number of bone nodules from rat calvarial cells using an exper-
imental model similar to the one in the present study.!® Laser
irradiation was carried out after subculture (day 1) on a clean
bench. The cells were then maintained in a CO, incubator for
up to 21 days after subculture without any subsequent treat-
ment. Control dishes and plates were placed on a clean bench
for corresponding periods without any irradiation.

Determination of cell number

Growing cells in the 24-well culture plates were collected by
digestion with a 1:1 mixture of trypsin (0.05%) and collage-
nase (0.1%) solutions for up to 25 min to release the cells from
the collagenous matrix. The number of cells in each well was
determined with a Coulter counter.

Quantification of bone nodules

The number of bone nodules present in the 35-mm culture
dishes was quantified, as described previously.!* Primary rat
calvarial cell cultures were maintained for 21 days after sub-
cultivation in vitro, after which the contents of each well were
fixed for 10 min in 4% paraformaldehyde in PBS and stained
using the von Kossa technique. Bone nodules in each dish were
counted at X 15 magnification using a dissecting microscope
(Olympus, Tokyo, Japan) by placing the culture dish on a
transparent acetate grid ruled in 2-mm squares.

To evaluate the bone nodule areas precisely, the 35-mm
dishes were photographed at X100 magnification using a dis-
secting microscope (Olympus, Tokyo, Japan). The outline of
each bone nodule (outside edge of light brown stained area)
was traced from the photographs, and the traces were measured
by a personal computer using image analysis software (Ultim-
age Ver. 2.0, Graftek France, Voisins-Le-Bretonneux, France).
The total bone nodule area was calculated by adding each area
in each dish, and then the mean + standard deviation (SD) was
calculated from five replicate data. The mean area of bone nod-
ules was then determined by dividing the total area by the
number of nodules in each dish, and the mean + SD was calcu-
lated from five replicate data.

Assay of alkaline phosphatase (ALP) activity

Calvarial cells cultured in the 24-well plates were rinsed
three times with PBS. Tris-HCI (10 mM/L, pH 7.4), containing
5 mM/L MgCl,, was then added, and the cells were collected
by a cell scraper and sonicated for 1 min. ALP activity was as-
sayed on days 3-21 by the method described by Lowry et al.22
The amount of p-nitrophenol produced was measured at 410
nm. One unit of enzyme was defined as the activity that Iiber-
ated 1 mmole of product per min at 37°C, and ALP activity was
shown as mU/105 cells.

RNA preparation and RT-PCR analysis

Total RNA was extracted on day 9 from rat osteoblastic
cells cultured in 100 mm dishes by an acid guanidinium
thiocyanate—phenol—chloroform extraction method.?* cDNA
synthesis and amplification by RT-PCR were carried out
using a Gene Amp RNA kit (Perkin-Elmer-Cetus, NJ). PCR
amplification was carried out using the Gene Amp PCR



Pulse-LLLT Stimulates Bone Formation

5
7 X10
6
25
"=
o]
Tl
Q
oy
= e
3
G mm-mm
o cont ‘
o 3 Hay 9[cgnt [CW [1Hz [2Hz [8Hz
e cont T~ [ [ [ T
E CW t 1 | ns
1H: ns |
2 i 2Hz tH
Z 2
12|cont [CW |1Hz 2Hz 8Hz
ont ns - ns
Cont
1 —a— CI
—a— PI-1
—%— PI-2
-o— PI-8
1 1 1 1 1 2 B cein )
0 3 6 9 12 15 18 21
Culture day

FIG. 1. Effects of different modes of laser irradiation on cel-
lular proliferation. Laser irradiation at all conditions (3.84
J/cm?, 10 or 20 min) significantly stimulated cellular prolifera-
tion as compared with the controls (**p < 0.01, *p < 0.05),
while PI-1 and -2 showed grater cellular proliferation on days 9
than CI or PI-8 (fp < 0.05, 11p < 0.01). Values are mean + SD
for four cultures. Similar results were obtained from two differ-
ent experiments.

system 9600 (Perkin-Elmer-Cetus) for 21-33 cycles under
the following conditions: 94°C for 1 min, 55°C for 2 min,
and 72°C for 3 min. The PCR primers for amplification of
ALP?4 and GAPDH?5 were designed based on the published
sequences. The primers were as follows: 5'-GAA AGA GAA
AGA CCC CAG-3' (forward primer for ALP); 5'-ACC
ACC CAT GAT CAC ATC-3' (reverse primer for ALP);
5'-ATC ACC ATC TTC CAG GAG-3' (forward primer
for GAPDH); 5'-ATG GAC TGT GGT CAT GAG-3' (re-
verse primer for GAPDH). PCR fragments were electro-
phoresed on 2.0% agarose gels and subsequently stained with
ethidium bromide.

Statistics

The values were calculated as mean values + SD. Signifi-
cance was determined by Student’s #-test, Tukey’s test, and
two-way analysis of variance (ANOVA).
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RESULTS

Laser irradiation effect on cellular proliferation

The growth curve for fetal rat calvarial cells cultured under
the preceding conditions is shown in Figure 1. Laser irradia-
tion under all modes significantly stimulated cellular prolifera-
tion as compared with the controls. Although the total dose was
the same in all groups (3.84 J/cm?2, 10 or 20 min), the stimula-
tory effects were different in each. CI and PI-8 showed similar
effects, as they had significant cellular proliferation on days 6
(p < 0.05) and 9 (p < 0.01), as compared with the correspond-
ing controls. However, PI-1 and -2 had more effective prolifer-
ation, as cellular proliferation was significantly stimulated on
days 6 (p < 0.05), 9 (p < 0.01), and 12 (p < 0.05) when com-
pared with the corresponding controls, and the number of cells
in both groups were significantly higher (p < 0.01) on day 9
(1.20-fold) when compared with the corresponding CI and PI-8
groups. In contrast, final saturation densities on day 21 were
‘the same in all groups.

Laser irradiation on bone nodule formation

The number of bone nodules present in five replicate 35-mm
dishes was counted, and significant stimulation by laser irradi-
ation occurred under all modes (Fig. 2). The interaction be-
-tween the two independent factors (irradiation dose and mode)
was significant (p < 0.0001) by two-way ANOVA. The maxi-
mal stimulation rates in each group were 1.33-fold in CI (10
min), 1.43-fold in PI-1 (20 min), 1.49-fold in PI-2 (20 min),
and 1.31-fold in PI-8 (20 min) as compared with the controls
(p <0.01).
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FIG. 2. Effect of different modes of laser irradiation on the
number of bone nodules. Laser irradiation at all conditions sig-
nificantly stimulated the number of bone nodulés as compared
with the controls, and the effects increased in a dose-dependent
manner. In the PI-2 group, the lowest dose of irradiation still
had the capacity to stimulate bone nodule formation. Values are
mean + SD for five cultures. Significant difference from non-
irradiation control (*p < 0.01). Significant difference from CI
and PI-8 (T1p < 0.01, tp < 0.05 by Tukey test).
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When the effects of dose on bone nodule formation were
compared, irradiation in the PI-2 group was considered the
most effective, because the lowest dose (0.48 J/cm?) still had
stimulatory effect. In the PI-1 group, however, the lowest dose
(0.48 J/cm?) did not have any stimulatory effect, while the
higher doses (0.96-3.84 J/cm?) showed stimulatory effects. In
the CI and PI-8 groups, only the highest doses (3.84 J/cm?)
showed stimulatory effects.- When the effects of bone nodule
formation in each group were compared at their maximal dose
of irradiation, the PI-1 and -2 groups had significant bone nod-
ule stimulation, as compared with the CI and PI-8 groups (PI-
1, p < 0.05; PI-2, p < 0.01). When the total bone nodule areas
were compared (Fig. 3A), they were found to be significantly
stimulated in all irradiation groups, as compared with the con-
trols (CI, 1.73-fold; PI-1, 1.94; PI-2, 2.18; PI-8, 1.69; p <
0.01). Furthermore, the total area of bone nodules in PI-2
group was significantly greater, as compared with all other
groups (p < 0.05 by Tukey test). To determine the size of each

>
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FIG. 3. Effect of different modes of laser irradiation on total
area (A) and mean area (B) of bone nodules at the same laser
dose. Laser irradiation at all modes significantly stimulated the
total area (A) and mean area (B) of bone nodules as compared
with the controls, and PI-2 had the significantly greater amount
of total area than other groups. Values are mean + SD for five
cultures. Significant difference from non-irradiation control
(*p < 0.01). Significant difference from CI and PI-8 (1p < 0.05
by Tukey test).
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bone nodule, the mean area of bone nodules was evaluated and
found to be significantly greater in all irradiation groups
(1.29-1.45-fold; p < 0.01), as compared with the controls;
however, there were no significant differences among the irra-
diation groups (Fig. 3B).

Laser irradiation on ALP activity

We next determined ALP activity, the marker of osteoblast
differentiation, in the cultures. ALP activity in the controls, CI,
and all pulsed irradiation groups increased late in the culture,
with peak expression seen at 18 days in the controls, at 12 days
in PI-1 and PI-2, and at 15 days in CI and PI-8 (Fig. 4). Laser
irradiation on day 1 significantly stimulated ALP activity on
days 9, 12, and 15 (p < 0.01) in the PI-1 and PI-2 groups, with a
maximal increase of 1.8-fold occurring on day 12. Significant
activity was also seen on days 12 and 15 (p < 0.05) in the CI
and PI-8 groups, with the maximal increase being 1.2-fold on
day 15, as compared with the controls. Moreover, PI-1 and PI-
2 had significantly increased ALP activity as compared with CI
and PI-8 on day 12 (1.4-fold; p < 0.01), and in PI-2 the effect
remained on day 15, in contrast to CI and PI-8 (1.1-fold; p <
0.05).

Laser irradiation on ALP gene expression

To elucidate the mechanisms for the alteration of ALP activ-
ity by laser irradiation, ALP mRNA levels in both the control
and laser irradiation groups were examined by RT-PCR analy-
sis. As shown in Figure 5A, the visualized PCR products corre-
sponding to GAPDH were the same in the five samples
(control, CI, PI-1, PI-2, PI-8); therefore, it seemed that the
amount of PCR product reflected each mRNA level. The bands
for ALP mRNA from rat calvarial cells were visible after 27,
30, and 33 cycles, though the bands of the laser irradiated cells
were more intense than those from the control. Furthermore,

0O Coatrol

w

|8

ALP activity (mU/105cells)

21
Culture day

18

FIG. 4. Effect of different modes of laser irradiation on ALP
activity. Laser irradiation at all conditions significantly stimu-
lated ALP activity on days 12 and 15, as compared with the
controls, while PI-1 and -2 had greater increases in ALP activ-
ity than corresponding CI or PI-8. Values are mean + SD for
four cultures. Significant difference from non-irradiation con-
trol (**p < 0.01, *p < 0.05). Significant difference from corre-
sponding CI and PI-8 (t1p < 0.01, tp < 0.05 by Tukey test).
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FIG. 5. Effect of different modes of laser irradiation on ALP
mRNA levels in rat calvarial cells. Ethidium bromide staining
patterns of simultaneously amplified PCR products on agarose—
gel electrophoresis are shown. The gene expressions of ALP on
day 9 was markedly increased by laser irradiation as compared
with the control (A). When ALP gene expressions were com-
pared in each group by densitometric readings, the order was PI-
2, PI-1, CI, PI-8, and control. The expressions were normalized
to equivalent amounts of GAPDH housekeeping mRNA (B).

the bands for ALP mRNA from the PI-1 and PI-2 cells were
significantly more intense than the other laser irradiation
groups.

Relative optical density measurements indicated that ALP
mRNA in the PI-2 cells was highest, as compared with the
other irradiation groups, and the rate of increase in the PI-2
group was approximately 2.6-fold of the value seen in the con-
trol, and 1.5-fold in PI-8, 1.4-fold in CI, and 1.05-fold in PI-1
(Fig. 5B).

DISCUSSION

Various photo-biostimulatory effects of LLLT have been re-
ported, such as cell proliferation,!? differentiation,!® collagen
synthesis,'* and the release of growth factors!>1¢ from cells,
and these effects are affected by many factors, including total
energy dose, irradiation phase, laser spectrum, and power den-
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sity. We previously demonstrated that laser irradiation stimu-
lated bone formation in a mid-palatal suture during rapid max-
illary expansion in rats!” and bone nodule formation in vifro in
a rat calvarial cell culture!® in an irradiation-dependent man-
ner. Moreover, these stimulatory effects were much greater
with laser irradiation at an earlier stage of maxillary expan-
sion!? or of calwvarial cell culture;!3 as compared with irradia-
tion at a later stage. Karu!2 has elucidated an action spectrum
for the biostimulation of DNA synthesis by laser irradiation in
HeLa cells. Hans et al.26 reported that the power density and
exposure time of He-Ne laser irradiation were more important
than total energy dose for stimulation of fibroblast prolifera-
tion and collagen production. However, there are no known
publications concerning the effects of pulse frequency of laser
irradiation on bone formation.

In the present study, using a rat calvarial cell culture system,
we clearly demonstrated that low frequency (1- or 2-Hz)
pulsed laser irradiation (PI-1 and PI-2 groups) significantly

stimulated cellular proliferation (1.2-fold), ALP activity (1.4-

fold), and bone nodule formation (number, 1.1-fold; total area,
1.3-fold only in PI-2), as compared with continuous laser irra-
diation (CI) or higher frequency (8-Hz) pulsed laser irradiation
(PI-8). In the CI and PI-8 groups, the number of bone nodules
was increased with only the highest dose (3.84 J/cm?), while in
the PI-1 group the lower doses (1.92 and 0.96 J/cm?) stimu-
lated the number of bone nodules, and even the lowest dose

'(0.48 J/cm?) was effective in the PI-2 group. These results

showed that the mode of irradiation used in the PI-2 group was
effective for bone nodule formation, even though it had only
one-eighth the energy dose of that in the CI and PI-8 groups.

Sanders et al.?7 reported that irradiation with shorter pulse
durations in CO, laser incisions minimized wound-healing de-
lays more effectively than continuous irradiation. Miyamato et
al.1? also reported that the cytotoxicity ratio of HeLa cells irra-
diated by pulsed laser (10-Hz) was lower than that by continu-
ous wave laser. However, the type of cell death differed
between pulsed (apoptosis) and continuous wave (necrosis) ir-
radiation, as a greater amount of the sensitizer entered the cells
during pulsed irradiation than conti.nu;ous wave irradiation,
causing a different type of DNA damage.

Although these studies may not be directly comparable with
our present study, it is very likely that pulse frequency influ-
ences biological responses. Since laser light is electromagnetic
irradiation that provides a physical stimulus, the biological ef-
fects of irradiation may be comparable with those of electro-
magnetic fields, which are known to modify some relevant
physiological parameters of cell cultures, such as proliferation, .
synthesis, secretion of growth factors, and transcription.?®
These biological responses have also been shown to be influ-
enced by the pulse frequency of the electromagnetic field.
Takahashi et al.? reported that DNA synthesis in Chinese ham-
ster lung fibroblast V79 cells was significantly enhanced when
exposed to an electromagnetic field with 10- and 100-Hz pulse
frequencies. Date et al.3 also reported, using HeL.aS3 cells and
IMR 90 cells, that 100-Hz pulse frequencies increased cellular
proliferation. In osteoblastic cells, Ochi?! reported that a 100-
Hz pulse frequency was the most effective in stimulating the
proliferation of MC3T3-E1 cells, and concluded that an effec-
tive electromagnetic field pulse frequency for cellular prolifer-
ation might be dependent on cell type, as cells seem to have
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their own peculiar sensitivity for certain pulse frequencies.
With regard to our laser irradiation modes, low-frequency
pulsed laser irradiation, especially PI-2, may be the most opti-
mal mode for bone formation.

In the present study, bone nodules found arising in cultures
of osteoblastic cells originated from nodule-forming imma-
ture precursors that proliferated and differentiated to mature
osteoblasts over a period of 3 weeks in vitro.13.20 Therefore,
the significant increase in the number of nodules caused by
LLLT may have been the result of an increased induction of
nodule-forming commitment in the uncommitted precursors.
The conditions associated with PI-1 and especially PI-2 may
have had more capacity to increase greater induction of nod-
ule forming commitment than those with CI or PI-8. Since the
total area of bone nodules may strongly show bone formation
capacity, it was most likely that PI-2 mode of laser irradiation
had 1.3-fold greater capacity of bone formation compared
with CI or PI-8 mode.

ALP activity is considered to be a marker of osteoblast dif-
ferentiation.32 It has been reported that early progenitor cells
do not express ALP activity, but differentiate through a defined
number of cell divisions to ultimately express a mature os-
teoblast phenotype, which is a postmitotic cell expressing this
marker that is capable of bone formation.3? In the present ex-
periment, ALP activity was dramatically stimulated on days 12
and 15, which was significant when compared with CI and PI-
8. Furthermore, an increase in ALP activity could involve tran-
scriptional events of the bone type ALP gene, while dramatic
increases in activity may reflect stimulation of both differentia-
tion and proliferation of cells, resulting in a significant in-
crease in the number of differentiated cells, and finally form
more and larger bone nodules.

The stimulatory mechanisms of LLLT on bone are not fully
understood. It was recently shown that osteoblast-like cells
may simultaneously secrete osteoblastic differentiation factors
in vitro,-37 and that local regulation of bone ce]l functions is
known to be regulated by cytokines, growth factors, and
prostaglandins.®® Since Yu et al.1516 reported that LLLT can
cause the release of growth factors from cultured fibroblasts,
further studies of the effect of LLLT on the production of these
growth factors may be necessary to clarify in detail the stimu-
latory mechanisms of bone formation by laser treatment.

In conclusion, low-frequency pulsed laser irradiation, such
as 1- and 2-Hz, significantly stimulated bone formation in vitro,
as compared with continuous irradiation or higher frequency
pulsed irradiation (8 Hz). It is suggested that the pulse fre-
quency of LLLT must be considered as an important factor for
influencing bone formation.

ACKNOWLEDGMENTS

We wish to express gratefulness to Akira Kaneda, senior engi-
neer of Matsushita Industrial Equipment Company Limited, for
providing the laser therapy apparatus. This research was sup-
ported in part by Grants-in-Aid for Scientific Research from
the Ministry of Education, Science, Sports and Culture, C-2
(12672018), grants from the Ministry of Education, Culture,
Sports, Science and Technology to promote a multidisciplinary
research project, 2001, and the Satoh Fund grant to N.S.

10.

1

1

1

14.

15.

16.

1

1

1

20.

2

—

1.

2.

3.

i/}

8.

9.

—

Ueda and Shimizu

REFERENCES

. Conlan, M.J., Rapley, J.W., and Cobb, C.M. (1996). Biostimula-

tion of wound healing by low-energy laser irradiation. A review. J.
Clin. Periodontol. 23, 492-496.

Yu, W., Naim, J.0., and Lanzafame, R.J. (1997). Effects of photo-
stimulation on wound healing in diabetic mice. Lasers Surg. Med.
20, 56-63.

Assia, E., Rosner, M., Belkin, M., et al. (1989). Temporal parame-
ters of low-energy laser irradiation for optimal delay of post-trau-
matic degeneration of rat optic nerve. Brain Res. 476, 205-212.

: Weiss, N., and Oron, U. (1992). Enhancement of muscle regenera-

tion in the rat gastrocnemius muscle by low-energy laser irradia-
tion. Anat. Embryol. 186, 497-503.

Bibikova, A., and Oron, U. (1993). Promotion of muscle regenera-
tion in the toad (Bufo virdis) gastrocnemius muscle by low-energy
laser irradiation. Anat. Rec. 235, 374-380.

. Chen, JI., and Zhou, Y. (1989). Effect of low-level carbon dioxide

laser radiation on biochemical metabolism of rabbit mandibular
bone callus. Laser Ther. 1, 83-87.

. Nagasawa, A., Kato, K., and Negishi, A. (1991). Bone regenera-

tion effect of low-level lasers including argon laser. Laser Ther. 3,
59-62.

. Tang, X.M., and Chai, B.P. (1986). Effect of CO, laser irradiation

on experimental fracture healing: a transmission electron micro-
scopic study. Lasers Surg. Med. 6, 346-352.

. Trelles, M.A., and Mayayo, E. (1987). Bone fracture consolidates

faster with low-power laser. Lasers Surg. Med. 7, 36-45.
Kawasaki, K., and Shimizu, N. (2000). Effects of low-energy laser
irradiation on bone remodeling during experimental tooth move-
ment in rats. Lasers Surg. Med. 26, 282-291.

Belkin, M., Zatrunsky, B., and Schwartz, M. (1988). A critical re-
view of low-energy laser bioeffects. Lasers Light Ophthalmol. 2,
63-71.

Karu, T. (1989). Photobiology of low-power laser effect. Health
Physics 56, 691-704.

Ozawa, Y., Shimizu, N., Karya, G., et al. (1998). Low-energy
laser irradiation stimulates bone nodule formation at early stages
of cell culture in rat calvarial cells. Bone 22, 347-354.

Balboni, G.C., Brandi, M.L., Zonefrati, R., et al. (1986). Effects of
He-Ne/L.R. laser irradiation on two lines of normal human fibro-
blasts in vitro. Arch. Ital. Anat. Embryol. 91, 179-188.

Yu, W., Naim, J.O,, and Lanzafame, R.J. (1994). The effects of
photoirradiation on the secretion of TGF-f and PDGF from fibro-
blasts in vitro. Laser Surg. Med. Suppl. 6, 8(abst).

Yu, W., Naim, J.O., and Lanzafame, R.J. (1994), The effect of laser
irradiation on the release of bFGF from 3T3 fibroblasts. Pho-
tochem. Photobiol. 59, 167-170.

Saito, S., and Shimizu, N. (1997). Stimulatory effects of low-
power laser irradiation on bone regeneration in mid-palatal suture
during expansion in rat. Am. J. Orthod. Dentfac. Orthop. 111,
525-532.

Ozawa, Y., Shimizu, N., Mishima, H., et al. (1995). Stimulatory ef-
fects of low-power laser irradiation on bone formation in vitro.
Proc. SPIE 1984, 281-288.

Miyamoto, Y., Umebayashi, Y., and Nisisaka, T. (1999). Compari-
son of phototoxicity mechanism between pulsed and continuous
wave irradiation in photodynamic therapy. J. Photochem. Photo-
biol. B 53, 53-59.

Bellows, C.G., and Aubin, J.E. (1989). Determination of numbers
of osteoprogenitors present in isolatted fetal rat calvarial cells in
vitro, Dev, Biol. 133, 8-13.

- Bellows, C.G., Aubin, J.E., and Heersche, J.N.M. (1987). Physio-

logical concentrations of glucocorticoids stimulate formation of
bone nodules from isolated rat calvaria cells in vitro. Endocrinol-
ogy 121, 1985-1992. .



Pulse-LLLT Stimulates Bone Formation

22,

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

Lowry, O.H., Roberts, N.R., Wu, M.L., et al. (1954). The quantita-
tive histochemistry of brain. II. Enzyme measurements. J. Biol.
Chem. 207, 19-37.

Chomczynski, P., and Sacchi, N. (1987). Single-step méthod of
RNA isolation by guanidinium thiocyanatc—phenol—chloroform
extraction. Anal. Biochem. 162, 156-159.

Noda, M., Yoon, K., Thiede, M., et al. (1987). cDNA cloning of al-

kaline phosphatase from rat osteosarcoma (ROS 17/2.8) cells. 1.
Bone Miner. Res. 2, 161-164.

Tokunaga, K., Nakamura, Y., Sakata, K, et al. (1987). Enhanced
expression of glyceraldehyde-3-phosphate dehydrogenase gene in
human lung cancers. Cancer Res. 47, 5616-5619.

Hans, H.EL, Breugel, V., and Bar, D. (1992). Power density and
exposure time of He-Ne laser irradiation are more important than
total energy dose in photo-biomodulation of human fibroblasts in
vitro. Lasers Surg. Med. 12, 528-537.

Sanders, D.L., and Reinisch, L. (2000). Wound healing and colla-
gen thermal damage in 7.5-psec pulsed CO, laser skin incisions.
Lasers Surg. Med. 26, 22-32. ;

Goodman, E.M., Greennebaum, B., and Marron, M.T. (1995). Ef-
fect of electromagnetic fields on molecules and cells. Int. Rev.
Cytol. 158, 279-338.

Takahashi, K., Kaneko, I, Date, M., et al. (1986). Effect of pulsing
electromagnetic fields on DNA synthesis in mammalian cells in
culture. Experientia 42, 185-186.

Date, M., Kaneko, I, and Fukuda, E. (1986). Pulsed magnetic
stimulator for biological system. Sci. Papers LP.C.R. 80, 11-16.
Ochi, M. (1993). Effect of pulsing electromagnetic fields on the
MC3T3-E1 osteogenic cell line, J. Jpn. Soc. Oral Implant. 6,
82-96. '
Owen, T., Aronow, M., Shalhoub, V., et al. (1990). Progressive
development of the rat osteoblast phenotype in vitro: reciprocal re-
lationships in expression of genes associated with osteoblast pro-

33.

34,

3s.

36.

37.

38.

277

liferation and differentiation during formation of the bone extra-
cellular matrix. J. Cell. Physiol. 143, 420-430.

Hughes, EJ., Collyer, J., Stanfield, M., et al. (1995). The effects of
bone morphogenetic protein-2, -4, and -6 on differentiation of rat
osteoblast cells in vitro. Endocrinology 136, 2671-2677. -
Birnbaum, R.S., Bowsher, R.R., and Wiren, K.M. (1995). Changes
in IGF-I and -II expression and secretion during the proliferation
and differentiation of normal rat osteoblasts. J. Endocrinol. 144,
251-259.

Ellies, L.G., Heersche J.N.M., Vadas, P., et al. (1991). Interleukin-
la stimulates the release of prostaglandin E, and phospholipase A,
from fetal rat calvarial cells in vitro: relationship to bone nodule .
formation. J. Bone Miner. Res. 6, 843-850.

Harris, S.E., Sabatini, M., Harris, M.A., et al. (1993). Expression
of bone morphogenetic protein messenger RNA in prolonged cul-
tures of fetal rat calvarial cells. J. Bone Miner. Res. 9, 389-394.
Nair, S.P.,, Meghji, S., and Henderson, B. (1993). Osteoblastic-like
cells respond to mechanical stress by secretion of osteolytic and
osteoblastic differentiation factors. Calcif. Tissue Int. Suppl. 52,
$31.

Marks, S.C., and Popoff, S.N. (1988). Bone cell biology: the regu-
lation of development, structure and function in the skeleton. Am.
J. Anat. 183, 144,

Address reprint requests to:
Dr. Noriyoshi Shimizu
Department of Orthodontics
Nihon University School of Dentistry
1-8-13, Kanda-Surugadai, Chiyoda-ku
Tokye 101-8310, Japan

E-mail: shimizu-n@dent.nihon-li.ac.jp



H }#a7#, Nihon Univ Dent J. 77. 293-300, 2003

BRI —F
TNWVWHY)ERAT 77

a0 A

BN ey N H’i“’}'*" JJI

(g

EE R L —F oyt e e S
T, 2O T v b EEEE S AR LA,

L= —(Ga-Al-As Pk L —F— {171 500mW) %

DANRTE Y

BELT,
ForLH C26 M3 (C-26) &
Hit e |

Ml Lz & LCIRMEGIE & Iigid 4 2 L TC-26, C-2012

DEFE®
HiZ1@EMEE, 5 HEIZ1 EE L, HBRig 1 HEL
R THT o 720 FOFEE, K5 fL“]” C-26 (2B Tid,
Mgl A s Lz 22, 3HHIZL
WK LT, £ TIE:
B L ALPase ifMEIZB VT, X
CEET A LT,
OB ro i,
F—T7—FK:{kihH L—4F—

B, A

1
SRR T T A F T2 ~ 3 E T W

il

ARG I AT

L éf'o- RETLEET E LD, BB
e TOREIEGAME L > T B, WAE, OO

H U}&W?&fﬂiﬂ LRItz X5 7260, BEkaFz 7
OQRAY 774 B, RS 32 DY, 28741
FRIVE Y G EDRRFEG SN TS, Lﬁ’L:?l”L%CfoiE-
MldzS-1d, B, &S~ OERESIEE L), WEZH
FRIGHIZIEZE o Tk v, WRHG I BRI, ’ﬁ'U)JI?ﬁBZ"i’”JF(
WEEIHRETHY, 6 FET & IUTEEIIR =
}fﬁﬂﬁﬂ i TELEEDbN S,
, L = — S AR S G E R AR
PEER 11, BRI R S g RIRASGEER Y10 A3
ENTd, DL —HF—HGHI & g TRl 2 RE T &
iE, WRHSIERROA L 5T, 1L®ﬁﬁ$‘[’ﬁiﬁif’li’6‘®ﬁ'5ﬂh‘)}f‘
BRI b EEZONL, TNETOin vivo DIFTE
3, HARZENRIC & B H KIS~ L —H — B AR ﬂc’i‘
T HELE3NTHE T, Lo LKFEEOFHMIzowT
T SN Ty, dn vitro OIFFE T, T v G4
i%ﬁﬂ‘ HIREL L 7245 A AR AN AR ) b — o — IR g
L, HEEOEEASEINT 2 2 G s hTwni 12
L L&dss, ZOWETIET v MBFAEE > S R
FELMIE T b e, flie o bEEE o R 2 2

4R

S T R 51 H 28 1)
T 101-8310 W LTART-F5 MM Bl B 5 1-8-13

N,

f1o7z0 ik )J L— A — D115 3.82 ] /em?,
3 Jﬁl f'l’ 'lf:rul”/}]
R LI ER S St o 7oA,
[ W3 % 47 > 7= & & (2 IR R |
IS N L odz, LI C-20 DIEETIE,
SN hh o7,
ML T 2R AT L £ 65, T/, TMEHEITEAL

Lo L b,

— BRE3 SRR ER i

—EiHEIZ5 2 5 R H
% F

H ["*[J‘l ‘um 4\ % IIJ‘ -[)(
i A Wb

el 7z L —H— 1Y
’JﬂLf
L, #fakgstis 7oA RA7 7
H‘/al/ W — B O AN, B, B gt
04 % 1ol L, Mifadffls: 1 BB 1 mES, 36
Witk 1, 2, 30HI2%1 [, ﬁ#:ﬂlﬂlﬁﬁﬁﬂ'c’)?ﬁﬁ
ALPase T 7LH T,
L, FOH%O ALPase {iAliA T"‘
WD Z T b AR 5
DL — =L, feafbs il
L, @FBG TERE

H %JLHL[ 1‘% [}hﬁ %Zan ’%
C20 #iIE (C-20) 12 {EH )
¥ — £ (ALPase) {141l

ThVANVFAT 75—+

293

FasfFE L TR Y, b —%— OB BT % iE
TAIEBLTwhv, F2C, FEIZT v FlsRTR
Gl E T, iR LR 2 v s 2k
TL—H—O#REEHHATEI L2570 L7,

ROB e iZ# 77 v FMEHZEMRTE L OHitkE A L
FORTH ROB-C26 g (C-26) 1%, b RiiilyT,
AN IER e~ 5L EE % b A T 2 5 3N o BT R
Maca 5 ¥, F7/2, ROB-C20 N (C-20) (353~
DA LR E AT <, e e e~ o a{bhE % dc - T
BY w27k ) RAT 75 —¥(ALPase) gkl
C26DFNEIET S L 3BT LN,

AWFETIEL, CRETWSHIZEN TR, B
W A EAE T B 72 @ O FE G D feai 7 L — F — DB 4T &
frefed 72012, SMBREDRL -7-C-26 &£ C-20 %

fEHL, MM L —F—EaNI L A, #Faksi s ALPase
B 2V TR 247 2 726
MEBEEUHEE
1 "-IHJ]’iJ
GEER I D Ao, 5 SR o Wi BN T, T ke b 7

C-26 5 & Uhk.#t BN 0 < b L7 C20 ThH B 1T
Zieofifal, BRFESHoINT BHEESS, H
AR AR S A | R o FasR R L T
fEftandboThs,




2. Mgk R

AR, 10% 7~ ¥ BRI (FBS, JRH BIOSCIENCES),
PUEWE (100 pg/ml =2 » GUEAHIE), 100 pg/ml
hF~vA (|JJm4UL), 0.3 ug/ml 7 7 ¥ ¥ > (Gibeo
Laboratories) ] # % & a-Minimum Essential Medium
(Gibco Laboratorles)’CJlH{f‘ L7255 T 37°C, 5%k
HAGAH T THERE Lz, Moy 70y Mok 720
ST, 0.05% M 7 2 (Gibeo Laboratories) & PBS T
AiHe % 458k L, s O BEiC L o TRl 2 ML L 728 &,
10X101Mkm DHET 3 ~ 4RI R 2 7V, SR

R B, AEISIEORER L, ALATAAMBE TR
m_ﬂﬁt.aﬂ_&uMﬁ&®AMme,mﬂMhﬁ
it o, C-26 BLUFC20%, FNENWG KT ILFTIL
7 = )b 7L — b (Corning Science Products) ®%& 7 = )b
129X 10% f/em® &R B LA LEELA, 71—

Mo, BESTaM(n=5) khBEII, Tl
PRI S D £ 912, Tl bR AR
L, JeBEfio 7

3. EH L — ¥ g

L —F—MgHE, Ga-Al-As Pkl
e (2395 21000, 500 mW, %4 830nm, K FiE
) TV, 20 — o FPITEEERIR A RS L A,
L= —3120.6mm D7 7 A4 /S —TiFE s i, Lo
L ATHRER, &7 2 LoMinicly—IcRE S,
06 Y = 7L — b FizEEs Az, L —kip
REE»SL 7L — MENE T 240[nn1@)P“ﬂﬁ‘b” JrL
7o ARBFFEAECIE, R 100 mm ¥ — 72 MHTT 2 1 5
ZEWNTEL, BEHIL, Ozawa 52 ORFIEEY 575%'
12, 122 & 10400 (3.82]/cm®) & L7z, RFEETOH C-
96 3 L7 C-20 Wﬁ"‘mm’\@“"Q‘J‘—“—T"Y-Ei, 1) 1 HE 1 =g

AEAf RS L REZ L I IRGS), 2) 3 HF L [l B AR,

3) 5 H M1 g JﬂF, 4) 1 HE 3t s L Uvs) 1,
2, 3HH 1 MG E L7z,

C-26, C-20EnENhiZ>nT
105@ ) DM &I -7, 2B, HFEBEEEAK T

L= hZEWTL—F—MEE{e, L—F—hoflkgt
ik L7z, oGO EE LT, L -3 —Mi
G & Jn HR 1lliH¢in L, e Ts L9z —9—
HES 2 —FOFEEBHI, 72— FPNIITE L
72 Ql-i.'[f.’aﬂ"l'#'l'? ’% T’i- 272
4. A oNE

ol o g e i A R (M S N E s L, cell counting kit
(FEMZARSEEgERT) & M 7z et s & Dl L7z, il
L, EHH 2 O% o Vh b RIEE a:Ib{ 0 Erv72tk, PBS
THEih L, 10% @58 il & I 2 728548 % 100 pl 3200
7, 37°C, 5% CO: %A F T2 MR L7z, #0f, <
1207 — b)) —4%—(Multiskan MS KAL) %
T, Mk 450 nm TWOEIE & llaE, T 2 & 129k

— ¥ — it

LR 5 WDEMET, &

294

WG & L — 1 — ”"'“J R L 720 Mg id, AlladdEilig

1H |:l L= — 2 R A AT S L, F0Eard 1
[, FOHE Uze Sl 5 ™ = L ol o1y

ik }f'"' il A= TR L7z,
5. ALPase {fifEfo iz
ALPase (PO, v~ 707 L — TN

FBOC%E4T 9 Oshima & '8 O FEICHE L T - f o Al
Frolllg & WAk, MEERSL %0 HH &L, MW H I PBS
TYx VaikE L7z, SmM/s7 = b7 =) Vi
(CFIOGAESE T3E) & 10 mM Hidb~ 277 % 2 7 20 (RIHEHEE 1.
Kjbi001mMMMLWmH1mﬁﬂfﬂ@ﬁﬂWOJMﬁ
1)y (HDGHEE %100 pl 3200 %,
37°C, 2047 J@Wt—r ilin 71““ ’371; D%, 1.0M KL
T U T L CHIEHEE T ) i % 100 ol 0002, B
FOBEE L&, 8610, w420 7L— 1) —4%—
(MultiskanMS, JCHAREE) 2 1T, B 405nm T
W5E L 7zo ALPase iSO Tunit (U)id, 37°C T 1 45
(21 gmol @XF S b BT 22 /Ii%ﬂﬂf] S D
BEEm e L, Mg 107 i 72 b o fifi( IR L, 5
ooz b O & BRI S TR L T
6. b

------

FERHLEN 20X, Student’s (-test & w7z,
b e
1. C-26 128134 b —4F — BAGHHE & JiE I 515 0 0 454 5
YA
C26fifitaf 3 HHIZEM N Ty 70 MR

FOMMEEIER 2 X 10 cells/well T o721 ~5 |><|)o
1~5) @EDLH L —F—MAEMFIzBwTh, I
BE L JEIEBI M T SRR b - 1,
2, C-261I8BT4 L —F—MEHHE LIS ALPase
it o

C-26 @ ALPase iFf:(d, 3HEAG4AEL6 L5 L,
5H%éwibun’”kM£LL FOHEA AL
72 THUH 1 I MESIEETIZ, Musauﬁbkm#rm
HEF T, L—F—[HHET ALPase {TVEAAT E 5o
7zo O L —AF — BRI AT I R 2 o) L, 7HHIZ
RAY 1340, PR L2 B 1D, 3HHE 1
Mg EEClZ, 4, 5, 7 0L — ¥ —IRH#ET ALPase i
PR EIZE -7z, FOi0E5 HH TR L3, OF
BTHI2HmTH (2K, 5 0 H 1 IIEEETE T
FEHGHE L oo EE GRS S, F/42, 1 HHE 3
TG, 1, 2, 3HHE 1 [0 BEEHE D MR A E R0 5
Ndror (53 ~5),
3. C-2012B1F 5 L —F—TRHHHEE & JENE ST R 34 56
o i

C-204%%tk, SHHDWEI6HHICary7 v M ER
D, TOMIREIEH 1 X 10" cells/well TH - 72 (456 ~



b DRSO

210 e 8
a
~
2 ¢ ,
ﬁ &)
o 4 °
§ 2 2
<

0 0

days in culture

AR v ESE —o— AR —x— BAR
ALPasejEtE HERaiEHE
T C-26 1 HH 1]
MIERERES, 1 OHIZ LI L —F=00 L7 & & D ALPase & (mU/10" cells) & A1 (X 10" cells/well) 4. ALPase ;541 5
~ 10 HH F TGS D S ARSIML Tv b (i p < 005, ™ p < 00D, MMHNE, 3HEICIZIEEFHERLTVD, (n=5)

u—y

-
x 10* cells/well

ALPaseEE mU/10% cells
o N E-1 D (o] [en ]

days in culture

B R A B e PRETRE —o—JEMBAE —e— EHE
ALPaseiEtE HRa R
2 C-2693 [ H 1 [al i
AR AR, 3 OIS 1L — =G L 72 & & @ ALPase iP5 (mU/10 cells) & A5 ( % 10 cells/well) %333, ALPase ifEt
457 HEH TIRGHTE L D &8I L T3 ( p < 0.05), MIRHE, 3 HEICIEEEHEe 5L Twa, (n=5)

, 10 — 8
?‘38
1-9 GE
~ M
2 6 . s
[4)

ﬁ“ =
[:+]
£ 2 <"
|
<

0 0

days in culture

m GEEGTRY e R AR —o— JEHEATEE —— MEETE
ALPasei& T THRa e TE

§31 C-26 05 [ H 1 IR
HNARRER:, 5 HE IS 1 L —4—Mgf L 72 & %0 ALPase {57 (mU/10" cells) & MR (X 107 cells/well) #7554 ALPase ifif i3 4
HEIZES L, 2o Eeiiemy. i, 300t il Tvs, (h=5)

295



]01:])0 (l:“@.l') c - ﬂ“'_l]”gj l,,)-g';h, JB\/"{), "i']H

Na%k ‘:carriﬁlqvj-#é: DI EEIRD SN 12,
4. C-20128B1T 5 L —H— WG & T O ALPase
iﬁ‘l?’ﬁ@l‘h-&

C-20 @ ALPase i3, BEHELIZEAL, 6HHT

E— 758 L, FOkiE M WA LT, 7., EFOMEE
BT O b — — I & JENE e & o5 Tl A S
-buby)b;f’l«f 7’)"0#(’*6“10“)0

zZ =

, CHRRSETE R EER R L, LRSS

B
%-%IHJM’\@|L=I.?‘7zf’-J?I'J FHRE LS, Lo L, THHORFRT
BRI 2 T S5 OIS SC oW Tk
WAt S 4 th Vg L7zt T, L —F—%
BT RN T 2 2012, BB E R RIS TS
L —4—HE HJ SRR FERIICE T 2 YD B,
Saito & Shimizu™ &, in vivo DEBRTZ v MiEhO
ERES ORI KGO REETE~O M H 1 N L — 3 — B
A, BEH~OFEEE 14 ks, koo

L= —HEosf@Td Y, RINOMEHINE)TH -7

AR, I A LV —F — DG IR AR A7 3 R ﬂ LHELTwa, $7o, O?‘]W'] 5123 v MG
v, = AKBEESH Y, b MRSSEEY Jf W AT A EREL L Ao A AR I 12 1 | b — A IR AT
LN TW A, B )-H‘ﬂ]ﬂa’\ﬂ’)[lfl BEHTIR R L, R/ ALPase ifl H‘O) (S 72 K o) lad( 3.4 [ O T B ET O 2L AT
OIEBRR RS E LS EOBRBEERIZE L0 (‘: LTwh, ’f EsS- o EERE LTS, 26, L—Y—D5
—7J5, Ozawa 5 ' {3, FIEMMUEEANIEIZ L —F — B4 AT J}H‘ﬂ-ﬂ”i W oA b )T, ¢
- 10 8
;8 8
‘rg 6 g\
2 6 =2
473
4 °
2 2 %
2 2
0 0
1 2 3 4 5 6 7 8 9 10
days in culture
GRS e RRGEE —o—JE TR o MBHE
ALPasei& % MR TE
HAlX C-260 1 HH 3 Mg

iz, 1AHEIZ30 [] L—HF— WL 72 & & @ ALPase it (mU/10 ' cells) &4 IIHJ‘ i
FEFMERT, MR, 4 ~5 DHIZIETERT R L

A7 (X 10" cells/well)
Wb,

#Y . ALPase iGlEid 4
(n=175)

ALPaseiE{t mU/10* cells

F-Y D

x 10% cells/well

nN

o

days in culture

A e FESTEE

ALPasciETE
M5 C-260 123 HE 1 R
A%, 1, 2, 3HHEIK
wttid4 HHC B

AL, FORIIITEEET R

1042 L —H =g L 72 & & @ ALPase it (mU/10 " cells) &
o HMAAGEIE, 3 HEI

296

—o— JEMEaT R —— HAGHEE
HERaiETE

HTLHa A (< 1
FizEFEiis "L Twab, (n=5 )

0'cells/well) #7539, ALPase



b — 4 — DR R A~ o SR

E-S
o
+a

% 30 JE
2 :
£ ©
20 2 g
" 5
%10 b
%

<

0 0

days in culture

AR s FEATRE —o—JEMBATEE —— MRS
ALPaseiEH #HRa e R

6B C-20® 1 HH 1 Ot
AEsEAEZ, 1 HHIZ L@ L —F =G Lo & 20 ALPase i (mU/10" cells) & SMbEa (X 10" cells/well) %759, ALPase i5P13 6
AHICER L, TORIBEEFEME R, M, 4 ~5 DEIC3EFEREs 3L Twva, (n=5)

i
o
F-Y

W
o
(9]

[ %]
x10* cells/well

N
o

o
—

ALPaseiEtE mU/10* cells

o
o

days in culture

WA R v AT EE —o— JEMNE S BHE
ALPase;EH: R

BT C-2003 1 H 1 EITEEEE
MR, 3HHIC L — =84 L7/ L &0 ALPase itk (mU/10 " cells) & MINLHTE (% 107 cells/well) %755 ALPase i1 6
HEWZ AL, #0RIIIZEREET AT Mgk, 4 ~5 BHICFIZENET B LTwS, (n=5)

] w L
o o o
E S

)
x 10" cells/well

o

ALPaseiEtE mU/10* cells

o

1 2 3 4 9 6 7 8 9 10

days in culture

— AR mm AR —o— JEMRETH —— METH
ALPase;EtE iR

8l C-205 HH 1 I lEEH:
AN, 5 HH 1 ol L —F—HHGF L 72 & & @ ALPase ifi# (mU/10 " cells) & MR (X 107 cells/well) #3753, ALPase iz 6
HEZ AL, ZOBIITEEMNERT, SIRNENIL, 4 ~5 0 RICIEEEE s R LTva, (n=5)

297



& H B OB CRD AT L, 3813 B AR TE HOBGTE L —W MO RI L Tz,

WMED G L a2l BT L T, IR Lo B RS oM AR MR & E 2 b A,
G421 Uo7 » b AT A B R & N7z 2R C-26 OEF@EETE, BE7THHIF2) Yil{n T
BEfa Lz 1L, His o5 BB oM ifr 4 W 26, WA A2Z S ENTEY O, 73 YiEE AT
K7 iz & o & 5 i bE R oMIIgis L — - IRG o) DLUTEWERENVWEEZ LN, E512C-2012
B3 L0 ERE Lz, #2040, GALREEOR L - kA&, ALPase - FOFEMtr M &R TH 2
7-C-26 B L TFC-20 & Hvv7- 3, C-26 13 710 %5 30 L, Lol el i o EFEZ S
i BAHE (osteoblast precurser cell) TH D DIIH) LT, No, by, s {bAEs LB T 5 &%
C-20 1X, ALPase {iiThd & O°F OB IEFIEW A E 25 A B, L= — O AR L, 20 A SR
<X L U Ay A WAl T A B kg S (osteoblast precurser cell) E# 2z 6iLs, C-26, C-201
LT B 117200 BMP-2, BMP-6 # i S& 72078 TIE, C-26 DAIC
AEETIISOMEIC L —F —F it 728 2 A, ALPase {200t (2 -3 BUL AR 2 £ 5 Al oL o ot
F LBl C-26 Tld, F381l, 3HHO 1 MHEIZEDY B ENT A MU, ol b L —F— GRS,
ALPase i I3A7 31280k L, F7- 200443 WM (1 (& BMP o4 3408 b e R IR L 788 2 5 L T
HH)Y® 23X Y meirisi g sz, LaLl, 5H WATTEM S # 2 6N D,
- 40 4
3
u —
w 30 =
T Z
g =2
20 3
ﬁ e
@ 10 X
q
=

1 2 3 4 5 6 7 8 9 10

days in culture

m— ERE AR e ERATEE —o—JEfRSEE o BEE
ALPasejEtE R TE

oM C-2001 HH 3 mHEGTE
MRS, 1S3 Wb —#— WA L 22 & & ALPase {57 (mU/10" cells) & AKX 10" cells/well) #2297, ALPase iithi4 3
~Ad [z ER L, FO@ISITEEitE R Migssd, 4 ~5 HHICRITEHEHERL TS, (n=5)

, 40 4

E

N x

:E =
@

i,120 2:)

% =

]

@ 10 L *

d

<

days in culture

m— AR s EAH 0 —o— AR o WATH
ALPasei& 1% MR

F10 1 C-20001, 2, 311 H 1 lEHHE

MMEAEE, 1, 2, 3HEC 1ML —— 4 Lo & 2@ ALPase itk (mU/10 " cells) & AN (X 10" cells/well) 73% . ALPase
W 4 ~ 5 UHIZ LS L, FORIEIEEiiitnd, filaiimd, 4 ~5 HHICEEififizmLTvb, (n=5)

298



L = DT

X512, Saito & Shimizu'® OWFFETE, 7 v FIEAIT
gl A RIS ORI~ L — = RSH X B
1 EAECEI A, PEAATI O L —F =BG O AATET, RIT
BRI CHhor b LTWh, TIUE KB Ciem

RGN AFAL S B AR AL I 5 R
IR |l RN e B = G o
¥, ZhOMIAHIEOF
T L —Y—owRitdebh s

T 70 & 270 0 i A0
—F—=EH L7-b D&
AL~ b LT L

bbb,

"}J, ]/_-hL—or)." ‘j’i’ f’*/f}\“][_/f\_J_”l" £i ]/'7'}}-'*
I Rl ok u H e k0, HEGSEFIE & IR ] 12 s

B LWV RREE 2BEID, K j&:ﬁT’C‘ti ALPase itk
% 1 |, BRRE 1 H I'! 23T, Rl 2, 3
HE 2% 1 ol SRR C L — W = W %04 & e L 7z

FORGH, L —H— .iiliJ-J'O‘WJ—/Hi 1 Il M85 O ST E) T

&0, MORETECE, JRREEEICIE~ ALPase i 1E oM
'k(i.,b&f)bﬂ ol ZHIZ EMG, L—W=lFo

ALPase {ififh A J 213 il G =2, Mg S at
AR L, BB e TIEFREN s hwEEZ BN

bo BHED & ZA L —HF — Mgl i A J = X 2 13 Mg
SNTwhyA, #fEobi & 2l o M EHALH L —

R 9

= LD RS2 b S
C-26 B L U7 C-20 (4,

LTwhEEzLNLS
in vitro T 'IM'L)C}.’“?L T 1

T NIZTEHE T AT R B w2l 4 A 2 B AT & vy
f‘bb ALPase itk illE+4o 2 ik, L—HF—0%F)
LA Gl L 720 ALPase W3 IERE ) SRR 2 BT
A sEaRibE ffLJ"'gL%u& CALNLTHBY "i', B
!Jk FELEHTH L TWAEEL LN TS, £,
BRI O 53 TL?l?‘;fit'ti & AlPase (flkr g N+5Z &
5, BEMBOS Ly — A -t EZLNRTES if) wa) i
WO WA 2 E A% v, Kusakari © 27 14, UMR

L ==& iy, DNAB LY 87 4
WL kb ALPase itk His LTwad, F7z,
Ozawa 5 ' & 7 v ML~ L — 3 — HH}C
ALPase ifiT'E o4 )\’S:H > PoERER I O AL sl
T b, L= =555 ALPase aithd (345 35
T A % i+ 5 c': HAZ, HOHIRALR TN & i
CRIET LIEEEE 2 615,

ARAEE T, Ersfli 2 oo THRE & 17 - 729,
YW= OWRIENIZSH 72 Tik, L —4 — DO % i
MR 4 R NFET A I EARETH DL, (S 2 L,
Ga-Al-As ¥k L —F— (£ 790 nm, )7 60 mW) >
WA, S Imm Ok b P i my 1 5
50%EM A5 L& llif'TL i 72 Ga-Al-As -3 ﬂ\l/“
R, NEZUE DL HIH AR C i
P E L TwD, 4 |,'J]JLH Vi 7z Ga-Al-As JEAR

=i, oL oL —F=Jrl LT, HMHEGES A
Y FEREMIZI T T & 2R E 2, 4 Rz

i,
LB -;'.:wr-w-'a-: OAF5EE vy, S L 723 Al Tl R oE) %

106 i (2

L —
&L ,

299

Sl AT~ B

BRIMT AN TE A L TV REFBHLEEL OGN
ZD (s}
fii e BB B £ LA HARE

T

B, wbE RefdE iR (ot
Tz, /M] JEOEITICEE YR, W EB0 L
- W S REHDIES€ R WY/ AR APAY /Al I S AP
L’Sfﬁ") I T E F L AR
0L, B X ORI RS e 5 TR L — 1 —
”w DoF LA Pt deia o tt, Sl WERIZE

)
TEAA E R R, e
:lj\ i i ':;

i ﬂ]_']’jl
mlH-LiE1 LEFES,
N AR

Hid, Sz o T 4 TR g0 B
7z,

X B

Yamasaki K, Shibata Y, Fukuhara T (1982) The effect of
prostaglandins on experimental tooth movement in
monkeys (Macaca fuscata), ] Dent Res 61, 1444-1446

Takano-Yamamoto T, Kawakami M, Kobayashi Y.
Yamashiro T. Sakuda M (1992) The effect of local applica-

1)

o

tion of 1.25-dihydroxycholecalciferol on osteoclast numbers
in orthodontically treated rats. J] Dent Res 71, 53-59

WG ML, AL L1999 1IEA » T P b
— = . H LB 20, 11-19

Tang XM, Chal BP (1986) Effect of CO: laser irradiation on
experimental fracture healing: a transmission electron
microscopic study. Lasers Surg Med 6, 346-352

Trelles MA, Mayayo E (1987) Bone fracture consolidates
faster with low-power laser. Lasers Surg Med 7, 36-45
Abe T (1990) Diode laser LLLT-enhanced bone fusion of
shaft

w

e

%
-~

[=7]

by chronic
osteomyelitis : a case report. Laser Therapy 2, 175-178
Nagasaka A, Kato K, Negishi A (1991) Bone regeneration
effect of low level lasers including argon laser.
Therapy 3, 59-62

A file—(1992) ﬂil )Jl/—*f—”“iff_ot/ai i
T BE 3 % 528m000r5e. DAL —H —
EL 05 (1996) 16 )JI/~«f 7 L 2 24 M O
HER A B9 L ML 1L [ERE 17, 43-50
Kawasaki K, Shimizu N (2000) Effects of low-energy laser
irradiation on bone remodeling during experimental tooth
282-291

(2001) Pulse irradiation of low-power

femoral fracture complicated

~1
—

Laser

o]

T AR 3t
3 35-44
LA AR

1)

=]

—
(=]

movemenl in rats. Lasers Surg Med 26,
Ueda Y, Shimizu N
laser stimulates bone nodule formation. J Oral Sci 43, 55-60
Ozawa Y. Shimizu N, Kariva G, Abiko Y (1998) Low-
energy laser irradiation stimulates bone nodule formation

i
SV
—

at early stages of cell culture in rat calvarial cells. Bone 22,
347-354
Yamaguchi A, Kahn AJ (1991) Clonal ostogenic cell lines

—
(o8]

express myogenic and adipocytic developmental potemtial.
Calcif Tissue Int 49, 221-225

Yamaguchi A, Katagiri T, lkeda T, Wozney JM, Rosen V,
Wang EA, Kahn A]J, Suda, Yoshiki S (1991) Recombinant
human

14

bone morphogenetic protein-2 stimulates
osteoblastic maturation and inhibits myogenic differentia-

tion in vitro. J Cell Biol 113, 681-687



15)
16)

—_
~1

18

19

20)

21)

22)

LT B (1995) 4 2 #illa o4k, FEBRES 13, 415419

B LLAT (2002) 554849 20 AT A0S & B 3l B0 B 3k
ITF =Y o OETEBIIDWT. IR 76,
447-452

Yamada T, Kamiya N, Harada D, Takagi M (1999) Effects
of transforming growth factor- 71 on the gene expression
of decorin, biglycan, and alkaline phosphatase in osteoblast

precursor cells and more differentiated osteoblast cells.
Histochem ] 31, 687-694

Ohshima M, Kuwata F, Otsuka K, Saito R, Sato K, Shioji S,
Suzuki K (1988) Alkaline phosphatase activities of cultured
human periodontal ligament cells. ] Nihon Univ Sch Dent
30, 208-217

Saito S, Shimizu N (1997) Stimulatory effects of low-power
laser irradiation on bone regeneration in midpalatal suture
during expansion in the rat. Am J Orthod Dentofacial
Orthop 111, 525-532

Takagi M, Yamada T, Kamiya N, Kumagai T, Yamaguchi
A (1999) Effects of bone morphogenetic protein-2 and
transforming growth factor- 21 on gene expression of
decorin and biglycan by cultured osteoblastic cells.
Histochem ] 31, 403-409

Ebisawa T, Tada K, Kitajima I, Tojo K, Sampath TK,
Kawabata M, (1999)
Characterization of bone morphogenetic protein-6
signaling pathways in osteoblast differentiation. ] Cell Sci
112, 3519-3527

van Breugel HH, Bar PR (1992) Power density and
exposure time of He-Ne laser irradiation are more

Mivazono K, Imamura T

300

]
%)

24)

25

[S™]
(o3

29

important than total energy dose in photo-biomodulation of
human fibroblasts in vitro. Lasers Surg Med 12, 528-537
ANRIERE, I E D &2, INARELS, S50, N B BAS
2, RME (1979 T A A )R A T 7 ¥ — P OmEEMbs.
HIGH 12 615

De Bernard B (1982) Glycoproteins in the local mechanism
of calcification, Clin Orthop 162, 233-244

Gundberg CM, Hauschka PV, Lian JB, Gallop PM (1984)
Osteocalcin: isolation, characterization, and detection.
Methods Enzymol. Osteocalein: isolation, characterization,
and detection. Meth Enzymol 107, 516-544

Owen TA, Aronow M, Shalhoub V, Barone LM, Wilming L,
Tassinari MS, Kennedy MB, Pockwinse S, Lian JB. Stein
GS (1990) Progressive development of the rat osteoblast
phenotype in vitro: reciprocal relationships in expression
of genes associated with osteoblast proliferation and
differentiation during formation of the bone extracellular
matrix. J Cell Physiol 143, 420-430

Kusakari H, Orikasa N, Tani H (1992) Effect of low power
laser on wound healing of gingiva and bone. In Laser
Application in Medicine and Surgery, Galletti G, Bolognani
L, Ussia G eds, Monduzi Editore, Bologna, 49-52

WA, fRE B AR A B4 AREE Sy (LN R, SElyaf
i (1994) 384k L — H — O ARG 2B 3 2 IR6E09T0F3E. 1
L —HF— R 5, 13-22

Hillenkamp F (1980) Interaction between laser radiation

and biological systems. In Lasers in biology and medicine,
Hillenkamp F, Pratesi R, Sacchi CA eds, Plenum Press,
New York, 37-68




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


