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Abstract Low-energy laser irradiation (Ga—Al-As semi-
conductor laser, output 50 mW) was applied to rat
osteoclast precursor cells for 1, 3, 6, or 10 min at 24-h
intervals during the culture period. The number of tartrate-
resistant acid phosphatase positive multinucleate cells was
increased by approximately 1.3-fold in the 3- and 6-min
irradiation groups. Further, osteoclasts appeared on day 2
in the laser irradiation groups but not until day 3 in the
control groups. In immunohistochemical staining for
receptor activator of NF-kB (RANK), the laser irradiation
groups showed significantly greater amounts of staining in
comparison with the control group on days 2 and 3.
Reverse transcription-polymerase chain reaction results
also showed that the expressions of RANK were
upregulated. In the pit formation assay, resorption pits
were significantly more abundant in the laser irradiation
groups than in the controls. The present results suggest that
low-energy laser irradiation facilitates differentiation and
activation of osteoclasts via RANK expression.

Keywords Ga—Al-As diode laser - Osteoclast-like cell -
TRAP - RANK - Bone resorption

Introduction

Recently, various biostimulatory effects of low-energy
laser irradiation have been reported, including wound
healing [1-3], fibroblast [4, 5], and chondral [6] prolifer-
ation, collagen synthesis [7-9], and nerve regeneration
[10]. In particular, the acceleration of bone regeneration by
laser treatment has been the focus of recent studies [11, 12].
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In the field of orthodontics, low-energy laser irradiation
can be utilized for several different treatments in the
clinical practice of orthodontics such as in the reduction of
postadjustment pain [13] or in the treatment of traumatic
ulcers promoted by the appliance in the oral mucosa [14].
However, little information is available concerning the
effect of low-energy laser irradiation on bone remodeling
during orthodontic tooth movement. Tooth movement is
related to the response to applied orthodontic forces that
cause remodeling of the periodontal tissues, especially
alveolar bone. The typical 2- to 3-year treatment period is
burdensome for patients; thus, it is very important to
accelerate alveolar bone remodeling during treatment to
shorten the time required. Our laboratory previously
reported the stimulatory effects of low-energy laser irradi-
ation on bone regeneration in the median palatine suture
area during rapid maxillary expansion in rats [15]. Further,
Ozawa et al. [16] demonstrated that laser irradiation
stimulates cellular proliferation and differentiation of
osteoblast lineage bone nodule-forming cells, especially
in committed precursors, resulting in an increase in the
number of differentiated osteoblastic cells as well as in
bone formation. In addition, Kawasaki and Shimizu [17]
reported that low-energy laser irradiation stimulated the
amount of tooth movement and formation of osteoclasts on
the pressure side during experimental tooth movement in
vivo. Since bone remodeling is a physiological process that
involves the resorption of bone by osteoclasts and synthesis
of bone matrix by osteoblasts [18, 19], those findings are
not surprising. A recent study showed that low-energy laser
irradiation accelerated the velocity of orthodontic move-
ment of human teeth [20]. Therefore, low-energy laser
irradiation may accelerate bone remodeling and shorten the
orthodontic treatment period.

Osteoclasts are specialized members of the monocyte/
macrophage family that differentiate from hematopoietic
precursors [21]. The expression of tartrate-resistant acid
phosphatase (TRAP) is a characteristic of the macrophage/
osteoclast lineage and is often used as one of the lineage
markers [22]. Activity of osteoclasts in vitro is measured by
excavation of pits in bone or dentin slices, and this is the



feature that undoubtedly identifies mature, active osteo-
clasts [23]. Recently, a receptor activator of NF-«B ligand
(RANKL) has been identified as an osteoclast differenti-
ation factor [24] and has been shown to bind to a receptor
activator of NF-kB (RANK) on the surface of osteoclastic
cells. While detailed molecular mechanisms for each of the
diverse functions of RANK are expected to be revealed in
the near future, there has already been considerable
progress in elucidating the RANK signaling pathways in
a few specific cell types, especially osteoclasts and
osteoclast precursor cells. Further, it is thought that
RANK might be involved with osteoclast formation that
is accelerated by laser irradiation.

In contrast, very little is known about the effects of laser
irradiation on bone resorption, though some reports have
demonstrated effects on bone formation. The present study
was designed to examine the effects of low-energy laser
irradiation on the formation of osteoclasts and RANK
expression from rat osteoclast precursor cells in vitro.

Materials and methods
Cell culture

Rat osteoclast precursor cells that had been purified from
rat bone marrow cells [25] were purchased from Hokudo
Co. (Hokkaido, Japan). The cells were seeded onto 16-well
Lab-Tek chamber slides (Nunc, Naperville, IL, USA) at a
density of 4x10* cells/100 pl and maintained in commer-
cial medium (x-MEM supplemented with 10 unit/ml of
penicillin, 10 wml of gentamicin, and 10% fetal calf
serum) with both macrophage colony stimulating factor
(M-CSF) and RANKL (both at 10 ng/ml) for 8 days. The
medium was changed every 3 days.

Laser irradiation

In this study, we used a Ga—Al-As diode laser (ora-laser
2100, ORALIA Dentalproukte GmbH, Konstanz, Ger-
many), which has a continuous wavelength of 810 nm and
a maximum power output of 50 mW (Fig. 1). The laser
beam was delivered by an optical fiber 5 mm in diameter
that was defocused at the tip using concave lenses and used
to irradiate a uniform circular area 7 mm in diameter at the
cell-layer level. The power density of the laser beam was
measured using a laser power meter, and irradiation was
performed from 14 mm above the cell layer. In this manner,
16-well Lab-Tek chamber slides were simultaneously and
uniformly irradiated for a period of 8 days. The periods of
exposure were 1, 3, 6, or 10 min/day, which corresponded
to 9.33, 27.99, 55.98, or 93.30 J/cm?, respectively, per
exposure. When not being laser-irradiated, the cells were
kept in a 5% CO, incubator at 37°C. As controls, chamber
slides were placed on a clean bench for the corresponding
time points without irradiation.
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Fig. 1 Diagram of Ga-Al-As diode laser (ora-laser 2100,
ORALIA)

TRAP staining

When the irradiation schedule was completed, the cells
were washed twice with phosphate-buffered saline (PBS)
and stained with TRAP, using a commercial staining kit
(Hokudo Co.).

RANK immunohistochemistry

Immunohistochemical staining was performed as follows:
When the irradiation schedule was completed, rat osteo-
clast precursor cells were washed three times with PBS and
were then fixed in 4% (v/v) paraformaldehyde. After
washing in PBS, the samples were incubated with anti-
RANK polyclonal antibody (Santa Cruz Biotechnology,
CA, USA; working dilution, 1:200) for 2 h at 4°C and
stained using Histofine simple stain MAX-Po kits (Nichirei
Co., Tokyo, Japan), according to the manufacturer’s
protocol. The samples were rinsed with PBS and final
color reactions were performed using the substrate reagent
3,3-diaminobenzidine tetra-hydrochloride; this was fol-
lowed by counterstaining with hematoxylin. As immuno-
histochemical controls, some samples were incubated in
the same way with either nonimmune rabbit IgG or 0.01 M
PBS alone, instead of the primary antibody.

RT-PCR analysis

Detection of mRNA encoding RANK from rat osteoclast
precursor cells was performed using a reverse transcrip-
tion-polymerase chain reaction (RT-PCR) assay. We
extracted the RNA from rat osteoclast precursor cells



26

with the Qiagen RNeasy Mini Kit, following the man-
ufacturer’s protocol. Total RNA was converted to cDNA by
ReverTra Ace (Toyobo Co., Japan). PCR amplification was
done using KOD Dash (Toyobo Co.) in a thermal cycler
(PTC-0200 DNA Engine, MJ Research, Inc., USA). After a
hot start, temperature cycling was done as follows:
denaturation at 98°C for 10 s, primer annealing at 63°C
for 10 s, and extension at 74°C for 15 s for 30 cycles. PCR
primers for RANK and {3-Actin were purchased from
SIGMA Genosys Co. (Hokkaido, Japan). The PCR primers

A

—

a Control

for amplification were designed with reference to the
sequences of cDNA reported for RANK [26] and (3-Actin
[27]. The primers were designed as follows: RANK (5-TTA
AGCCAGTGCTTCACGGG-3’ and 5-ACGTAGACCAC
GATGATGTCGC-3"), 3-Actin (5-ATGAGGATCCTCACC
GAGCGCGGCTCAGC-3' and 5-ACACCACTGTGTTG
GCGTACAGGTCTTTGC-3'). PCR fragments were resolved
by electrophoresis on a 2% agarose gel and stained with
ethidium bromide.
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Fig. 2 Effects of laser irradiation on osteoclast formation (TRAP
staining). Osteoclast precursor cells (4x10* cells/100 ul) were
cultured for 8 days with various doses of laser irradiation.
a Representative TRAP staining field: (a) control; (b) laser
irradiation, 1 min/day; (c) laser irradiation, 3 min/day; (d) laser

irradiation, 6 min/day; (e) laser irradiation, 10 min/day. b TRAP-
positive multinucleated cells containing three or more nuclei were
counted. Data are expressed as the means £ SD of 15 wells
(*p<0.05, **p<0.01)



Pit formation assay

The resorptive activity of mature osteoclasts formed in
vitro was evaluated by their ability to form resorption pits
on dentin slices (diameter, 6 mm; thickness, 0.15 mm) and
submicron synthetic calcium phosphate thin films (BD Bio
Coat Osteologic Discs; BD Biosciences, New Jersey,
USA). Briefly, osteoclast precursor cells were cultured in a
commercial medium in wells containing RANKL and M-
CSF (both at 10 ng/ml) at 37°C. After being incubated for
8 days, the samples were washed three times with PBS. The
slices were placed for 30 min in 1 M NH4OH and cleaned
by ultrasonication to remove adherent cells and were then
washed and dried. After drying, the dentin slices were
mounted onto stubs for scanning electron microscopy and
sputter-coated with platinum or onto glass slides for light
microscopy. The entire surface of each dentin slice was
examined using a scanning electron microscope (S-2700;
Hitachi, Tokyo, Japan) or a reflected light microscope with
bone resorption quantified using an eyepiece graticule. We
performed an experiment using von Kossa staining and,
since natural dentin often causes scattered results, calcium
phosphate. The rat osteoclast precursor cells were incu-
bated on submicron synthetic calcium phosphate thin films
for 10 days. The samples were washed three times with
PBS and placed for 30 min in 1 M NH4OH, after which
they were cleaned via ultrasonication to remove adherent
cells and were then washed and dried. Fresh 5% silver
nitrate was then added for 30 min, after which the samples
were stained with von Kossa stain and dehydrated to obtain
the area covered by calcium phosphate.

Fig. 3 Time course of laser-
mediated stimulation of TRAP-
positive cells. Osteoclast
precursor cells (4x10* cells/
100 pl) were cultured with or
without laser irradiation (3 min/
day). TRAP-positive cells
(arrowheads) were detected on
day 2 in the laser group but not
until day 3 in the control group.
a Laser irradiation, day 2.

b Laser irradiation, day 3.

¢ Control, day 2. d Control,
day 3

Cell culture on day 2

a Laser irradiation (3 min/day)
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Statistical methods

Values were calculated and are presented as the means +
standard deviation (SD). Student’s ¢ test was used for
analyzing the difference of the two groups. Differences
were considered significant when p<0.05.

Results
Effects of laser irradiation on osteoclast formation

To detect TRAP-positive mononuclear and multinuclear
osteoclasts, we performed TRAP staining following 8 days
of laser irradiation. The number of TRAP-positive cells
was significantly increased by laser irradiation for 1, 3, and
6 min/day (1.2-, 1.3-, and 1.2-fold, respectively) as
compared with the respective controls, whereas there was
no significant stimulation seen with irradiation for 10 min/
day (Fig. 2a,b).

Time dependency of laser stimulation
in TRAP-positive cells

As Fig. 2 shows, the greatest increase in the number of
TRAP-positive cells occurred with laser irradiation for
3 min/day. In view of this result, following the changes of
time dependency in TRAP-positive cells, immunohisto-
chemistry and RT-PCR analysis of RANK were performed
for 3 min/day. The time dependency of laser stimulation
was also investigated by treating cultures at various stages

Cell culture on day 3

— .

b Laser irradiation (3 min/day)

¢ Control

d Control
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during the course of osteoclast-like cell development.
Figure 3 already shows TRAP-positive cells on day 2 in the
laser irradiation groups but such cells did not appear until
day 3 in the control groups.

Immunohistochemistry results of the effects of laser
irradiation on RANK

Receptor activator of NF-kB is the sole signaling receptor
for RANKL in the process of inducing the development
and activation of osteoclasts [28]. To investigate the effects
of laser irradiation on the development and activation of
osteoclasts, we examined RANK expression in the control
and laser groups. In immunohistochemistry staining for
RANK, the laser irradiation groups showed stronger
positive staining than the control group on days 2, 3, 4,
6, and 8, while the staining for both groups was not
detected on day 1.

Effects of laser irradiation on RANK mRNA
by RT-PCR analysis

To elucidate the molecular mechanisms of alteration of
immunohistochemical staining for RANK by laser irradi-
ation, we investigated RANK mRNA expression in both
the control and laser-irradiated cells via RT-PCR analysis.
As immunohistochemical staining for RANK was in-
creased by 2 and 3 days of irradiation for 3 min/day, gene
expression was also investigated in the same conditions.

As Fig. 5 shows, because the visualized PCR products
corresponding to [3-Actin were the same in both samples, it
was acceptable to have the amount of PCR product reflect
each mRNA level. The bands for RANK mRNA of rat
osteoclast precursor cells were visible at 30 cycles, with the
bands of the laser-stimulated osteoclast precursor cells
appearing more intense than those of the corresponding
controls (Fig. 5).

Pit formation assay

Resorption of mineralized tissue was investigated by
measuring the capacity of in vitro formed osteoclasts to
resorb dentin and submicron synthetic calcium phosphate
on thin films. When osteoclast precursor cells were
cultured for 8 days on dentin slices with or without laser
irradiation, resorption lacunae appeared on the surfaces of
the slices. However, resorption pits were more abundant in
the laser irradiation groups than in the control group.
Laser irradiation and control group cells were incubated
on submicron thin films of synthetic calcium phosphate for
10 days. In pit formation assays using calcium phosphate,
the resorption pits were more abundant in the 1-, 3-, and 6-
min laser irradiation groups as compared with the control

group.

The resorption pit area in a single well was determined
by an image processing system (Win Roof, Mitani Co.,
Japan). Significant differences were observed between the
1-, 3-, and 6-min irradiation groups and the control.
However, the 10-min irradiation group did not show any
differences from the control in the resorption pit area.
Further, resorption lacunae were significantly stimulated
by laser irradiation of 1, 3, and 6 min/day: 1.2, 1.3, and 1.4
times, respectively, those of the control (p<0.01), whereas
no significant stimulation was seen with irradiation of
10 min/day (Fig. 7b).

Discussion

There are only a few experimental studies regarding the
biostimulatory mechanisms of laser irradiation on fibro-
blasts and blood polymorphonuclear leukocytes in vitro [7,
29]. Therefore, it is considered important to clarify the
mechanisms of the effects of laser irradiation in molecular
and cell-based studies. Our apparatus previously demon-
strated effective performance in a study on bone metabo-
lism [15-17]. Based on those results, we used a Ga—Al-Gs
diode laser in the present study to examine the effects of
irradiation on osteoclast formation.

The present findings suggest that low-energy laser
irradiation for 8 days significantly stimulated the number
of TRAP-positive cells, as their numbers were increased by
factors of 1.2, 1.3, and 1.2 with laser irradiation of 1, 3, and
6 min/day, respectively, in comparison with the control
cells that received no laser irradiation. In contrast, no
significant increase was seen with 10 min/day (Fig. 2b). In
an in vivo study, Kawasaki and Shimizu [17] reported that
the number of multinuclear osteoclasts in the irradiation
group increased 1.6-fold compared with the nonirradiation
group and suggested that laser irradiation may stimulate the
fusion of mononuclear macrophages to mature osteoclasts.
In addition, TRAP-positive cells were found on day 2 in the
irradiation groups but not until day 3 in the control groups
(Fig. 3), suggesting that laser irradiation may stimulate not
only fusion but also differentiation in the early stages of
cell growth.

Osteoclasts are multinucleated cells responsible for bone
resorption in modeling and remodeling. Mature osteoclasts
differentiate from progenitors of the hematopoietic/macro-
phage lineage through cell-to-cell interactions with osteo-
blasts. The discovery of RANKL, a member of the tumor
necrosis factor (TNF) superfamily originally identified as a
T-cell-derived immunomodulatory cytokine [24, 30], has
helped to elucidate the mechanisms of osteoclast differen-
tiation and function that are regulated by osteoblasts [28,
31]. It is expressed on the surfaces of stromal/osteoblastic
cells in response to various bone-resorptive bone cytokines
and hormones and binds to its cognate receptor, RANK
[24, 32], which is expressed on the cell surfaces of
osteoclasts and their progenitors to induce osteoclast
differentiation and enhance osteoclast cell survival.



Further, critical roles of RANK signaling pathways in
osteoclastic bone resorption have been demonstrated by in
vitro studies of gene manipulation. It has also been shown
in vitro that RANKL and M-CSF can substitute for
supporting cells of the stromal/osteoblastic lineage to
induce osteoclast differentiation from spleen- or bone-
marrow-derived progenitors [33]. Thus, RANKL/RANK
signaling and M-CSF are both necessary for osteoclast
differentiation. In the present study, we examined the
effects of laser irradiation on the expression of RANK in
osteoclast precursor cells cultured with RANKL and M-
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CSF. Figure 4 shows that RANK expression in the laser
irradiation group was stronger than that in the nonirradia-
tion group on days 2 and 3. Furthermore, the RT-PCR
results also showed that the expressions of RANK were
upregulated on days 2 and 3 (Fig. 5). Therefore, osteoclast
differentiation following laser irradiation may be induced
via RANK expression.

To examine whether laser irradiation induces osteoclast
activation, we cultured osteoclast precursor cells on dentin
slices and submicron synthetic calcium phosphate thin
films with or without laser irradiation. We found that
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After 2 days of cell culture After 3 days of cell culture

Control Laser irradiation

Control Laser irradiation

RANK
(497bp)

B - actin
(331bp)

Fig. 5 RT-PCR findings of the effects of laser irradiation on RANK.
The expression of RANK and f3-actin mRNA in osteoclast precursor
cells exposed to laser irradiation (3 min/day) for 2 and 3 days by RT-
PCR. The experiments were performed five times with similar
results

resorption pits were significantly stimulated by factors of
1.2, 1.3, and 1.4 as compared with the controls, following
laser irradiation of 1, 3, and 6 min/day, respectively (Figs. 6
and 7a,b). Therefore, laser irradiation may induce osteo-
clast activation as well as differentiation. In contrast, TRAP
staining and pit formation were not significantly stimulated
by irradiation of 10 min/day. Ueda and Shimizu [34]
demonstrated that there is an optimal mode of laser
irradiation for bone formation. Based on the present results,
we considered that low-frequency laser irradiation, espe-
cially for 3 min/day, may be optimal for osteoclast
formation. Interestingly, Dortbudak et al. [35] reported
that bone resorption at bony implant sites were not affected
by low-energy laser irradiation. These contrasting results
may have been due to differences between the different
types of laser used and/or different types of experimental
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Fig. 6 Scanning electron micrograph images of resorption pits on
dentin slice surfaces. Osteoclast precursor cells were cultured for
8 days on dentin slices with or without laser irradiation. a Control.

x389

model. Further studies are necessary to confirm this
phenomenon.

As for the effects of laser irradiation on proliferation and
differentiation in osteoblasts, Ozawa et al. [16] reported
that laser irradiation in the early stages of osteoblast-like
cells isolated from fetal rat calvariae significantly stimu-
lated cellular proliferation, ALP activity, and osteocalcin
gene expression thereafter. Furthermore, laser irradiation in
the earlier stages of cultures significantly stimulated the
proliferation of osteoblasts, resulting to a greater number
(1.7-fold) and a larger area (3.4-fold) of bone nodules that
developed in the culture dish on day 21. These results
suggest that laser irradiation may stimulate proliferation
and differentiation, resulting to an increase in the number
of more differentiated osteoblastic cells and an increase in
bone formation. Furthermore, Barushka et al. [36] reported
that low-energy laser (He—Ne) irradiation after injury
affected the population of osteoblasts and osteoclasts in the
injured site. On the basis of the findings of the present
study, it is possible that low-energy laser irradiation may
accelerate the process of bone remodeling by stimulating
osteoblast and osteoclast differentiation.

RANKL has been identified to be an osteoclast differ-
entiation factor [24] that binds to RANK on the cell surface
of osteclastic cells. On the other hand, osteoprotegerin
(OPQG) is a novel secreted member of the TNF receptor
superfamily that works as a decoy receptor of the RANKL/
RANK signaling system, thereby inhibiting osteoclasto-
genesis [32, 37]. Thus, OPG, RANKL, and RANK build
up a critical system that controls bone resorption by
regulating the number and activity of osteoclasts [28]. In
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b Laser irradiation, 1 min/day. ¢ Laser irradiation, 3 min/day.
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Fig. 7 Effects of laser irradiation on resorption pits. A pit formation
assay was conducted using submicron synthetic calcium phosphate
thin films and von Kossa staining. a Osteoclast precursor cells were
cultured for 10 days on submicron synthetic calcium phosphate thin
films with or without laser irradiation: (a) Control; (b) laser

relation to the OPG/RANKL/RANK system and ortho-
dontic tooth movement, since RANKL expression was
observed in compressed periodontal ligament (PDL) cells,
it is possible that osteoclastogenesis is promoted on the
compression side during orthodontic tooth movement [26].
Orthodontic force induced RANKL and RANK expression
in osteoclasts of periodontal tissue [38]. Oshiro et al. [39]

irradiation, 1 min/day; (c) laser irradiation, 3 min/day; (d) laser
irradiation, 6 min/day; (e) laser irradiation, 10 min/day. b Determi-
nation of resorption pit area following von Kossa staining and
dehydration. Data are expressed as the means = SD of six wells
(*p<0.01)

reported that in OPG-deficient mice, there was greater
induction of TRAP-positive multinucleated cells in the
PDL on the compressed side and in the adjacent alveolar
bone after experimental application of orthodontic force
than in their wild-type OPG (+/+) littermates. Kanzaki et al.
[40] reported that OPG gene transfer to periodontal tissue
inhibited RANKL-mediated osteoclastogenesis and inhib-
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ited experimental tooth movement. These studies suggest
that during orthodontic tooth movement, the OPG/
RANKL/RANK system in the periodontal tissues is an
important determinant regulating balanced alveolar bone
resorption. As low-energy laser irradiation accelerated the
orthodontic movement velocity, it may also have affected
the expression of RANKL and OPG in osteoblasts and
PDL cells, as well as of RANK, during orthodontic tooth
movement. Studies in animal models are in progress to
clarify whether this function indeed exists.

In conclusion, low-energy laser irradiation of 1, 3, and
6 min/day significantly stimulated osteoclast formation in
vitro. Further, RANK expression in osteoclast precursor
cells was detected at an early stage (day 2) in the laser-
irradiated groups. These results suggest that laser irradia-
tion may induce differentiation and activation of os
teoclasts via the expression of RANK.
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