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Abstract Background/purpose: We previously reported that injedctions of lipopolysaccha-
ride (LPS) into the gingiva of mice induce inflammatory bone resorption that actively involved
T cells. Receptor activator of NF-kB ligand (RANKL), which is an essential factor for osteoclas-
togenesis, was reportedly produced by osteoblasts, fibroblasts, and T cells in vitro; however, it
has not been established which cells affect osteoclastogenesis in vivo. Here we determined the
roles of T cells and the periosteum on osteoclastogenesis in LPS-induced inflammatory bone
resorption.
Materials and methods: Thirty-five BALB/c (wild-type: WT) and 10 BALB/c-nu/nu (nude: Nu)
mice congenitally lacking T cells were used. Using inbred WT mice, tibias were transplanted
with and without the periostea [(þ) and (�), respectively, n Z 15 per group] into the dorsal
subcutaneous connective tissue of WT or Nu mice. Each group received four injections around
the transplanted site: experimental groups were injected with LPS, and control groups were
injected with phosphate-buffered saline. Isolated tissues were prepared for histopathological
observation of the transplanted bone surface.
Results: Many infiltrating inflammatory cells were present near the surface of the tibias in the
LPS-injected groups. Only the WT (þ) LPS group showed osteoclasts. The number of mononu-
clear preosteoclasts and RANKL-positive cells was highest in the WT (þ) LPS group, and there
were no significant differences among the other three groups.
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Conclusion: T cells and the periosteum are closely involved in osteoclastogenesis in inflamma-
tory bone resorption in vivo.
ª 2018 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Periodontitis is accompanied by attachment loss and alve-
olar bone resorption. We previously established an inflam-
matory bone resorption model using injections of
lipopolysaccharide (LPS), which is the structural component
of the cell wall of gram negative bacteria, into the gingiva
of mice.1 Using this model, we elucidated that osteoclasts
appeared much later in nude (Nu) mice congenitally lacking
T cells than in wild-type (WT) mice. Furthermore, osteo-
clastogenesis occurred earlier when T cells were recon-
stituted in Nu mice. Thus, T cells actively promote
inflammatory bone resorption. Osteoclastogenesis requires
receptor activator of NF-kB ligand (RANKL), which is a
membrane-bound protein belonging to the tumor necrosis
factor superfamily, as an essential factor.2,3 While there
have been authors who have reported that T cells produce
soluble RANKL and promote osteoclastogenesis,4,5 others
have reported that RANKL produced by T cells has no effect
on osteoclastogenesis.6 The functional mechanism of T cells
accelerating osteoclastogenesis has not been clarified
in vivo. Osteoblasts existing on the bone surface in the
periosteum have been reported to induce osteoclasto-
genesis by producing RANKL not only in physiological bone
remodeling but also under inflammatory conditions.7,8 In
addition, connective tissue fibroblasts have been reported
to induce osteoclastogenesis by expressing RANKL on the
cell surface.9 However, it is not known which cells affect
osteoclastogenesis in vivo and whether T cells affect oste-
oblasts and/or fibroblasts in vivo.

Therefore, the present study examined the effects of T
cells and the periosteum on osteoclastogenesis in LPS-
induced inflammatory bone resorption. We transplanted
inbred tibias with or without periostea into the dorsal
subcutaneous connective tissue of WT and Nu mice,
induced inflammatory bone resorption on the bone surface
using LPS injections around the transplanted bone, and
analyzed the histopathology. The results showed that
multinuclear osteoclasts can be detected when both T cells
and the periosteum were present but not when only the
periosteum or T cells were present.
Materials and methods

Mice

Thirty-five 8-week-old male BALB/c (WT) and 10 BALB/c-
nu/nu (Nu) mice were purchased from Nippon CLEA (Tokyo,
Japan). The mice were maintained under specific
pathogen-free conditions in Biomedical Research Center,
Center for Frontier Life Sciences, Nagasaki University. The
experimental procedures followed the ARRIVE guidelines,
the National Institutes of Health guide for the care and use
of Laboratory animals, as well as the Guidelines for Animal
Experimentation of Nagasaki University. The experimental
protocol was approved by the Local Institutional Animal
Care and Use Committee of Nagasaki University.

Bone transplantation

The information of animal experimental schedule (date),
groups, and sample size(n) was as follows (Fig. 1A). Both
tibias of 15 WT mice were used for bone transplantation as
follows: mice were sacrificed under ether anesthesia, and
tibias were carefully removed. Fifteen tibias were used
with the periosteum (þ), and the other 15 tibias had the
periosteum removed (�). The muscles around the (þ) tibia
were removed using scissors, and the periosteum was left
intact. The muscle and the periosteum around the (�) tibia
were completely removed using a scalpel. All processes
were performed under aseptic conditions.

For bone transplantation, mice were intraperitoneally
injected with combined anesthesia of medetomidine hy-
drochloride (0.75 mg/kg), midazolam (4mg/kg), and
butorphanol tartrate (5 mg/kg).10 The dorsal skin of the WT
mice was shaved prior to transplantation. After adminis-
tering anesthesia, a 1-cm-long incision was made using
scissors on the dorsal skin of all mice. Through the incision,
subcutaneous connective tissue was detached from the
fascia using a stripper. Thereafter, a (þ) tibia was trans-
planted using tweezers to subcutaneous connective tissue
in 10 WT mice and five Nu mice. In the remaining five WT
and Nu mice, a (�) tibia was transplanted using the same
method. There were four groups of mice: WT (þ), WT (�),
Nu (þ), and Nu (�). Finally, the incisions were closed and
sutured using nylon thread.

Five micrograms of Escherichia coli LPS (E. coli O111: B4;
SigmaeAldrich Corp., St Louis, MO, USA) dissolved in 3 mL of
phosphate-buffered saline (PBS) was prepared for injec-
tion. LPS injections were administered as previously
described.1 Five mice from the each of the WT (þ), WT (�),
Nu (þ), and Nu (�) groups received four injections of LPS at
the area where the tibia was transplanted at 48-h intervals
under ether anesthesia, thus creating the WT (þ) LPS, WT
(�) LPS, Nu(þ) LPS, and Nu(�) LPS groups. The remaining
10 WT mice were injected with 3 mL of PBS as controls,
forming the WT (þ) PBS and WT (�) PBS groups. The PBS
injections had not induced inflammatory cell infiltration
and changed bone surface condition in the WT (þ) PBS and
WT (�) PBS groups. For this reason, we did not prepare the
Nu (þ) PBS and Nu (�) PBS groups. Four injections were
used because our previous study indicated the appearance
of tartrate-resistant acid phosphatase (TRAP)-positive
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Figure 1 (A) The information of animal experimental schedule (date), groups, and sample size(n). (B) Schema of the tibial
surface for histometric analysis. The number of TRAP-positive mononuclear and multinuclear cells, RANKL-positive cells, and CD3-
positive cells was counted in a rectangular area (50� 1000 mm) on the center of the tibia.
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multinucleated cells induced by LPS.1 All mice were sacri-
ficed 24 h after the fourth (final) injection.

Tissue preparation

After sacrificing the mice, the tibias with subcutaneous
connective tissue were immediately removed and fixed
with 4% paraformaldehyde in PBS for 6 h and decalcified
with 10% ethylenediaminetetraacetic acid for 1 week at
4 �C. Tissue samples were then embedded in paraffin using
the AMeX method (acetone, methyl benzoate, and
xylene).11 Briefly, samples were fixed in acetone at �20 �C
overnight, dehydrated in acetone at 4 �C for 15min, dehy-
drated at room temperature for 15min, cleared using
methyl benzoate for 30min, cleared using xylene for
30min, penetrated with paraffin for 2 h, and then
embedded. Fifty serial 4-mm-thick sections from a block
were prepared to examine the longitudinal cross-section of
the center of the tibia.

Histopathological and immunohistological staining

Fifty serial sections were divided into five subgroups of 10
subsections. The first subsection of each subgroup was
stained with hematoxylin and eosin. The second sub-
sections were stained with TRAP using the procedure
described by Katayama et al. to count the number of TRAP-
positive mononuclear and multinuclear cells.12 Briefly, a
staining solution was made by mixing 0.5 mL of para-
rosaniline solution, 0.5 mL of 4% sodium nitrite solution,
10mL of 0.1 M acetate buffer (pH 5.0), 10 mg of naphthol
AS-BI phosphate (SigmaeAldrich Corp.), and 8mL of
distilled water. The mixture was adjusted to pH 5.0 using
concentrated NaOH and then filtered. Then, 150 mg of L
(þ)-tartaric acid was added to each 10-mL aliquot of the
staining solution. Sections were incubated in the staining
solution for 30 min at 37 �C and then counterstained with
hematoxylin. The third subsections from the four LPS-
injected groups were used for the immunostaining of
RANKL-expressing cells, which enabled the number of these
cells near the bone surface to be counted. The fourth
subsections from the WT (þ) LPS and WT (�) LPS groups
were used for immunostaining T cells to count the number
of cells around connective tissue. Serial subsections were
deparaffinized, and endogenous peroxidase activity was
blocked with 0.3% H2O2emethanol for 30min, followed by
incubation with normal goat serum (1:20; Dako Cytomation
Denmark A/S, Glostrup, Denmark) for 30min at room
temperature. Sections were then immersed in rabbit anti-
mouse RANKL polyclonal antibody (1:200; Acris Anti-
bodies, Rockville, MD, USA) and CD3 polyclonal antibody
(1:200; Abcam, Cambridge, UK) at 4 �C overnight. Sections
were then incubated with biotinylated goat anti-rabbit
polyclonal antibody (1:400; Dako Cytomation Denmark A/
S) for 30min at room temperature and then incubated with
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peroxidase-labeled streptavidin (KPL, Gaithersburg, MD,
USA) for 30min, followed by incubation with a dia-
minobenzidine tetroxide solution. Lastly, the sections were
counterstained with hematoxylin.

Histological measurement of transplanted bone

A rectangular area of the center of each tibia
(50� 1000 mm) was selected for histometric observations
(Fig. 1B). The measurement range was set 50 mm from the
bone surface because the thickness of the periosteum for
each section was less than 50 mm. The number of TRAP-
positive mononuclear and multinuclear cells, RANKL-
positive cells, and CD3-positive cells in these areas was
counted.

Statistics

StatMate IV (ATMS Co., Ltd., Tokyo, Japan) was used for all
statistical analyses. Differences among groups were calcu-
lated by one-factor analysis of variance with the
TukeyeKramer test. P-values of <0.01 were considered
significant.
Figure 2 Histopathological findings on the tibial surface. Hema
groups (AeD) and PBS-injected groups (E and F). (AeD) Many infla
F) A few inflammatory cells were observed in the PBS-injected gro
Results

Histopathological findings

Many infiltrating inflammatory cells, including neutrophils
and macrophages, were present in the four LPS-injected
groups (Fig. 2AeD). Inflammatory cells infiltrated the
periosteum in the WT (þ) LPS and Nu(þ) LPS groups (Fig. 2A
and C), and the tibias of the WT (þ) LPS group showed
irregular surfaces. In contrast, the PBS-injected groups
showed little inflammatory infiltration and smooth tibial
surfaces (Fig. 2E and F).

TRAP staining

Some TRAP-positive mononuclear and multinuclear cells
were present on the surface of the tibias in the WT (þ) LPS
group (Fig. 3A). In contrast, only TRAP-positive mono-
nuclear cells were present in the WT (�) LPS and Nu (þ)
LPS groups (Fig. 3B and C). The Nu (�) group showed
few TRAP-positive mononuclear cells (Fig. 3D). There
were no TRAP-positive cells in the PBS-injected groups
(data not shown).
toxylin and eosin staining of specimens from the LPS-injected
mmatory cells infiltrated the four LPS-injected groups. (E and
ups. Scale bars represent 100 mm.



Figure 3 Histopathological findings of TRAP staining (AeD), and the number of TRAP-positive mononuclear and multinuclear cells
(E and F). (A) TRAP-positive mononuclear and multinuclear cells were observed in the WT (þ) LPS group. (B and C) The WT (�) LPS
and Nu(þ) LPS groups showed only TRAP-positive mononuclear cells. (D) The Nu (�) LPS group showed few TRAP-positive mono-
nuclear cells. (E) The number of TRAP-positive mononuclear cells was highest in the WT (þ) LPS group. (F) TRAP-positive multi-
nuclear cells were only observed in the WT (þ) LPS group. Scale bars represent 25 mm. Bars represent mean � SD. *P < 0.01 vs. WT
(þ) LPS group. ND, not detectable.
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The number of TRAP-positive mononuclear cells on the
tibia was highest in the WT (þ) LPS group (6.08 � 3.31)
(Fig. 3E). The WT (�) LPS and Nu (þ) LPS groups showed
similar numbers of TRAP-positive mononuclear cells
(0.72 � 1.02 and 0.88 � 0.99, respectively). There were
few TRAP-positive mononuclear cells in the Nu (�) LPS
group (0.15 � 0.33), whereas only TRAP-positive multinu-
clear cells were observed in the WT (þ) LPS group
(0.61 � 0.60) (Fig. 3F).
RANKL immunostaining

RANKL-positive cells appeared in all four LPS-injected four
groups (Fig. 4AeD). Cuboid and spindle-shaped RANKL-
positive cells were observed near the tibial surface. A few
round RANKL-positive cells were observed in the WT (þ) LPS
and WT (�) LPS groups. The number of RANKL-positive cells
was highest in the WT (þ) LPS group (24.01 � 7.41)
(Fig. 4E). There was no significant difference in the number



Figure 4 Immunohistological findings (AeD), and the number of RANKL-positive cells (E). (AeD) Arrowheads indicate RANKL-
positive cells. (E) The number of RANKL-positive cells was highest in the WT (þ) LPS group. Scale bars represent 25 mm. Bars
represent mean � SD. *P < 0.01 vs. WT (þ) LPS group.
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of RANKL-positive cells in the WT (�) LPS (9.92 � 7.41), Nu
(þ) LPS (11.12 � 2.62), and Nu (�) LPS (6.63 � 2.68) groups.

CD3 immunostaining

CD3-positive cells were observed in the WT (þ) LPS and WT
(�) LPS groups (Fig. 5A and B). There were some CD3-
positive cells near the surface of the tibia in the WT (þ)
LPS group but few in the WT (�) LPS group. The number of
CD3-positive cells in the WT (þ) LPS group (6.92 � 3.35) was
significantly higher than that in the WT (�) LPS group
(0.86 � 0.86) (Fig. 5C).
Discussion

In the present study, we transplanted inbred tibias with or
without periostea into dorsal subcutaneous connective
tissue in WT and Nu mice and injected LPS around the
transplanted bone site. We previously reported that TRAP-
positive multinuclear cells occurred considerably earlier
in WT mice than in Nu mice when LPS was injected into
the gingiva.1 In the present study, TRAP-positive multi-
nuclear cells appeared earlier in the WT (þ) LPS group
than in the Nu (þ) LPS group. Both results showed that
TRAP-positive multinuclear cells appeared in a similar



Figure 5 Immunohistological findings (A and B), and the number of CD3-positive cells (C). (A and B) Arrowheads indicate CD3-
positive cells. (C) The number of CD3-positive cells in the WT (þ) LPS group was significantly higher than that in the WT (�)
LPS group. Scale bars represent 25 mm. Bars represent mean � SD. *P < 0.01 vs. WT (þ) LPS group.
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timing and that osteoclastogenesis can be induced in the
dorsal subcutaneous tissue via LPS injection. Further-
more, T cells involved in osteoclastogenesis were pro-
moted in the same area.

We compared the WT (þ) LPS and the WT (�) LPS groups
to evaluate osteoclastogenesis in periostea with osteoblasts
and connective tissue lacking osteoblasts. RANKL is an
essential factor for osteoclastogenesis and is expressed by
osteoblasts and fibroblasts on the cell surface.2,3,7e9 LPS
binds to Toll-like receptor 4 (TLR4) on the cell surface, and
osteoblasts and fibroblasts express TLR4 on their cell sur-
faces.13,14 Kikuchi et al. reported that osteoblasts stimu-
lated by E. coli LPS induce RANKL expression in vitro.15

Human fibroblasts stimulated with LPS also produce
RANKL in vitro.16 Although there are no similar reports on
studies conducted in vivo, it is likely that osteoblasts and
fibroblasts stimulated by LPS express RANKL during in-
flammatory bone resorption. In the present study, we
observed RANKL-positive cells in the periosteum and con-
nective tissue. Furthermore, the number of RANKL-positive
cells around the tibia was highest in the WT (þ) LPS group.
In the same group, only TRAP-positive multinuclear cells
were observed; the same group showed the highest number
of these cells among all groups. Osteoclastogenesis induced
by osteoblasts was significantly higher than that induced by
fibroblasts in vitro.17 We could not confirm the presence of
osteoblasts in the periosteum; however, we speculated that
RANKL expressed in osteoblasts is an important factor
because osteoblasts were present in the periosteum but not
connective tissue. Although it is important to measure the
cell density of RANKL-positive cells in the periosteum as
well as the concentration of RANKL, our results suggested
that under our study conditions, the periosteum is more
important in osteoclastogenesis than connective tissue.

Finally, we considered the effects of T cells and osteo-
blasts on osteoclastogenesis. There was no significant dif-
ference in the number of TRAP-positive mononuclear and
RANKL-positive cells between the Nu (þ) LPS, Nu (�) LPS, and
WT (�) LPS groups. No significant differences were found
between the Nu (þ) LPS and Nu (�) LPS groups, indicating
that the difference in osteoclastogenesis does not depend
only on the presence or absence of the periosteum.
Furthermore, no significant differences between the Nu (�)
LPS and WT (�) LPS groups indicated that the difference in
osteoclastogenesis does not depend only on the presence or
absence of T cells. The number of TRAP-positive mononuclear



T cell and periosteum cooperation 233
and RANKL-positive cells in the WT (þ) LPS group was
significantly higher than that in the WT (�) LPS and Nu (þ)
LPS groups. A previous study has shown that Th17, which is a
subset of T-helper lymphocytes, increased RANKL expression
in osteoblasts.18 In the present study, it was not elucidated
how T cells stimulated osteoblasts during osteoclastogenesis;
however, we speculated that T-cell infiltration around the
tibia stimulated osteoblasts in the periosteum and acceler-
ated osteoclastogenesis.

In conclusion, both T cells and the periosteum are
closely involved in osteoclastogenesis during inflammatory
bone resorption in vivo.
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