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INTRODUCTION 
Dental implants have become an es-
sential treatment method for edentulous 
patients, and the number of clinical 
cases employing dental implants have 
been increasing all over the world at 
least past 10 years 1-3. However, implant 
therapy is not applicable for all the pa-
tients due to insufficient bone mass or 
an individual’s general condition. To in-
duce or regenerate newly formed bone 

in an area with defective or lost bone 
tissue, various bone augmentation tech-
niques have been applied. Various types 
of bone substitutes have been 
developed to support bone augmenta-
tion; however, the autogenous bone 
graft is still regarded as the gold stan-
dard. Autogenous bone is the only graft 
material that has osteogenic properties 
and fulfills all three components of the 
regeneration triangle (cells, scaffolds, 
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SYNOPSIS 
In recent years, Use of dental implants is becoming more widespread; however,
not all patients can receive implant treatment without bone grafting. Bone grafting
is frequently performed in implant treatments, and graft materials include autoge-
nous bone, allografts, xenografts, and alloplasts. The healing mechanism of the
autogenous bone graft is not well known; therefore, this study examines the heal-
ing mechanism surrounding grafted bone, at both cellular and molecular levels,
employing tissue derived from transgenic mice expressing red fluorescent protein
in vivo to monitor cellular kinetics in situ and to elucidate the healing mechanism.
Results of our study suggested that mineralized tissue regeneration was induced
by the transplanted bone representing autogenous bone graft but occurred from
the margin of the existing bone. 
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and growth factors). Although autoge-
nous bone grafts have several obvious 
disadvantages including post-operative 
morbidity and limited harvest sites, 
autogenous bone is believed to be more 
advantageous than other graft materials, 
such as allograft, xenografts, and   
alloplasts, because there is no risk of 
disease transmission, a short replace-
ment time by newly formed bone, and a 
lower material cost 4.  

Unfortunately, the healing mecha-
nism of autogenous bone grafts is not 
well known. Several reports indicate that 
autogenous bone contains osteogenic 
cells, which are osteoblasts, osteoclasts, 
and osteocytes, and those cells could 
migrate and make bone bridge between 
original bone and grafted bone 5. An-
other report describes osteoblastic cells 
leaving a bone piece and those cells 
proliferated and expressed osteoblastic 
phenotypes in organ cultures 6. Nyan et 
al. also reported in situ bone regenera-
tion therapy in which osteoconductive 
scaffolds combined with bioactive 
molecules might stimulate the local host 
cells to upregulate osteoblastic differen-
tiation and subsequent bone formation 7.  

Although many studies have been 
conducted to determine the healing 
mechanism of autogenous bone grafts, 
cellular or molecular mechanisms of 
multiple types of cells behaving around 
grafted bone remains unclear. Specifi-
cally, there are no reports describing 
which cell growing at the bone contact 
surface are derived from existing bone 
or grafted bone. In this study, we inves-
tigated the healing mechanisms sur-
rounding grafted bone, at the cellular 
and molecular levels, employing tissue 
derived from transgenic mice express-
ing the red fluorescent protein in vivo 
that make possible to monitor the cellu-
lar kinetics in situ. To our knowledge, 
this is the first report demonstrating the 
cellular dynamics of grafted bone re-
placed with bone resorption, rather than 
growth with cell proliferation. 

MATERIALS AND METHODS 
1. Laboratory animals 
This study was approved by the Animal 
Studies Committee at Iwate Medical 
University (nos. 27-005; Center for In 
Vivo Science, Iwate Medical University, 
Yahaba, Iwate, Japan). Seventeen male 
nude mice (8 weeks old; BALB/cAJcl- 
nu/nu: CLEA Japan Inc., Tokyo, Japan) 
were used in this study (average weight 
26.7 g). Twelve male heterozygote 
Tandem dimer Tomato (tdTomato mice) 
were also used. Mice overexpressing 
modified DsRed fluorescent protein 
were generated using the PITT method 
are termed tdTomato mice8. (Table 1) 
Animals were maintained at the Iwate 
Medical University Center for In Vivo 
Science under appropriate conditions 
(23˚C; 12-h light/dark cycle; humidity 60 
± 10%) with free access to food (Orien-
tal Yeast Co., ltd., Tokyo, Japan) and 
water.  
 
 
 
 
 
 
 
 
 
 
2. Bone transplant procedures 
Calvarial bone derived from tdTomato 
mice was transplanted into nude mice 
using the following procedure. Animals 
were maintained in general anesthesia 
with oxygen 5.0 L/min and isoflurane 
(Forlen®, DS Pharma Animal Health Co., 
Ltd., Osaka, Japan) 2.5%. Local anes-
thesia with 2% lidocaine containing 
0.0225 mg adrenaline (Dentsply Sirona 
Inc., Tokyo, Japan) was used. An inci-
sion was made at the top of the head. 
Scalp, subcutaneous soft tissue, and 
periosteum were reflected to expose the 
parietal bones. Bone defects with 4-mm 
diameters were created at the parietal 

      

  Nude tdTomato

Experiment 1 CTRL 5 - 

Experiment 1 graft group 5 5 

Experiment 2 7 7 

Total 17 12 

Table 1  Number of mice in each experimental group 
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bones of 10 nude mice with a 4-mm 
diameter trephine bur. Simultaneously, 
five tdTomato mice were sacrificed using 
carbon dioxide. After the dorsal aspect 
of the cranium was shaved, parietal 
bones from tdTomato mice were har-
vested using the 4-mm diameter tre-
phine bur and transplanted into the 
calvarial bone defects (Experiment 1). 
One another transplantation was per-
formed. Four-mm diameter bone plates 
were harvested from seven tdTomato 
mice in the same method as described 
above, and transplanted on the center of 
calvariae of seven nude mice (Experi-
ment 2). Postoperatively, the periosteum 
was carefully repositioned and sutured 
with 5-0 nylon strings (Softretch, GC 
Tokyo, Japan).  
 
3. Radiological analyses 
X-ray micro focus CT scans for nude 
mice calvarial defects and transplanted 
calvaria tissue derived from tdTomato 
mice were performed under general 
anesthesia with oxygen at 5.0 L / min 
and isoflurane (Forlen®, DS Pharma 
Animal Health Co., Ltd.) 2.5% at 2, 4, 6, 
8, and 20 weeks after surgery. X-ray 
micro focus CT scans were performed 
at 24 weeks after surgery on sacrificed 
animals (Experiment 1). The same 
scans were performed for nude mice 
calvariae with onlay grafted cranium 
tissue derived from tdTomato mice at 2, 
4, 6, and 8 weeks after surgery. The 
same X-ray micro focus CT was per-
formed at 16 weeks on sacrificed mice 
(Experiment 2). Three-dimensional 
X-ray images were reconstituted from 
Vextus Factor compiled storage file 
(VFF) data obtained from the CT scans, 
using a micro-CT scanner (eXplore  
Locus; GE Healthcare Bio-Sciences, 
Inc., Tokyo, Japan) and three-    
dimensional analysis software 
(MicroView Version 2.2, GE Healthcare 
Bio-Science Inc., Tokyo. Japan).  
 

4. Fluorescence imaging 
Fluorescence imaging was performed 
just prior to X-ray micro focus CT scan-
ning. Living transplanted tdTomato cra-
nium tissues were detected by their red 
color using a fluorescence image 
evaluation system (IVIS® Lumina Imag-
ing System, PerkinElmer Inc., Waltham, 
USA). Subsequent image analysis was 
conducted to quantify the area of red 
fluorescence, indicating vital tissue, with 
a computer-based image analyzing 
software (Image J, NIH). The results are 
described in relative values to the area 
of the original tdTomato bone grafts be-
fore transplantation (4 mm diameter cir-
cle). Data were analyzed by Dunnett’s 
post hoc tests.  
 
5. Histological Observation 
At 8 and 16 weeks after onlay bone 
grafting on the calvariae of nude mice or 
at 24 weeks after bone grafting on cal-
varia bone defects, animals were sacri-
ficed by CO2 asphyxiation. The cal-
variae were harvested and undecalcified, 
fresh-frozen samples were sectioned 
employing Kawamoto’s film method 9. 
Immunostainings for osteoblast differen-
tiation markers were performed as pre-
viously described 10. Briefly, after adding 
blocking serum, specimens were incu-
bated with primary antibodies [Mouse 
Osteopontin/OPN Antibody R&D   
Systems, Anti-Osteocalcin Antibody (C- 
Terminus) LS-C42094, LSBio] at room 
temperature for three hours. After 
washing with PBS, specimens were in-
cubated with a secondary antibody, Al-
exa Fluor 488 (Thermo Fisher SCIEN-
TIFIC, Yokohama, Japan). Specimens 
were observed using a BX51 micro-
scope (Olympus, Tokyo, Japan). Control 
specimens were incubated directly with 
secondary antibodies in the absence of 
primary antibodies and processed as 
described above. No significant positive 
immunoreactivity was found in the con-
trols. 
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Figure 1  Micro-CT images of calvarial bone defect (A) (a-2w, b-6w, c-24w) control, (d-2w, e-6w, f-24w) bone grafting. 
In vivo fluorescence image of calvaria (B) (a-2w, b-6w, c-24w). The fluorescence bone area is quantified (C).
Bars and error bars represent means+SE. n = 3 in all groups. 

Figure 2  Micro-CT images of sagittal section of calvarial defect (A) 24 weeks after surgery.
Arrow heads represent bone interface with implanted bone. Fluorescent images
of bone graft in calvarial defects 24 weeks after transplantation, tdTomato fluo-
rescence (A and D), nucleus stain with DAPI (B and E), and merged images (C
and F). Arrows represent the bone boundary and arrow heads represent new
bone. Scale bar, 200 μm in (A and D). 
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RESULTS 
1. Bone transplant into calvarial bone 
defect (Experiment 1) 
Radiological observation 
Two weeks after the bone transplanta-
tion in the control and experimental 
groups, the morphology of the bone 
defect was sharp and rough, but bone 
regeneration was not observed (Figure 
1Aa, Ad). Six weeks after bone grafting 
in both the control and experimental 
groups, the marginal morphology of 
bone defects became rounded (Figure 
1Ab, Ae). Little bone regeneration was 
observed in the control group. The 
shape of the defect was almost identical 
to the shape just after the grafting (Fig-
ure 1Ab). In the experimental group, 
there was no obvious bone regeneration 
at the marginal existing bone in the de-
fect at six weeks. However, at a few 
points between transplanted bone and 
existing bone, calcified tissue-like new 
bone formation was detected (Figure 
1Ae). At 24 weeks after bone grafting in 
the control group, the morphology of the 
margin in the defect area was consid-
erably more rounded compared than 
after 2 weeks, but no large change was 
observed in the diameter of the defect 
(Figure 1Ac). In contrast, in the experi-
mental group at 24 weeks, the bone 
defect between transplanted bone and 
existing bone was filled with newly 
formed bone at many points (Figure 
1Af).  
 
Fluorescence imaging observation 
The red fluorescence was detected by 
an IVIS® Lumina Imaging System 
(Xenogen  Co.) in all transplanted tis-
sue derived from the tdTomato mice. 
The fluorescence signals showed the 
maximum value at 6 weeks. The relative 
intestinal fluorescence signals tended to 
decrease after 6 weeks, and the fluo-
rescence signals were sustained until 
24 weeks. However, there was no sig-
nificant difference of the area of the red 

fluorescence between those time points 
(Figure 2B, C). 
 
Histological evaluation 
Red fluorescent cells derived from 
tdTomato mice were observed only in 
transplanted bone, and no red fluores-
cent cell infiltration was observed in the 
existing bone of nude mice (Figure 2c). 
Between the transplanted and existing 
bone, tissue regeneration showing no 
red signal was observed (Figure 2f). 
 
2. Onlay transplantation to calvaria 
bone (Experiment 2) 
Experiment 1 revealed that bony tissue 
regeneration occurred from the contact 
margin of transplanted and existing 
bone, in which newly formed tissue dy-
namically remodeled. To analyze this in 
further detail, onlay grafting was carried 
out to increase the contact area. 
 
Radiological observation 
Two weeks after surgery, the morphol-
ogy of the transplanted bone margin 
was sharp and the bone boundary was 
clear (Figure 3Aa). Four weeks after the 
surgery, the marginal morphology of the 
transplanted bone became rounded. 
Bone-to-bone contact seemed to be 
established with remodeling (Figure 
3Ab). Sixteen weeks after surgery, the 
transplanted bone margin was consid-
erably more rounded compared to the 
shape at two weeks, and an area of new, 
bone-like tissue was formed (Figure 
3Ac). 
 
Fluorescence imaging observation 
The red fluorescence was observed in 
all transplanted bones until 16 weeks 
after transplantation, while the fluores-
cence signals were significantly weaker 
at 16 weeks (Figure 3B, C). 
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Figure 3  Micro-CT images of bone on the center of calvaria at (A) (a-2w, b-4w, c-16w)

bone grafting. In vivo fluorescence image of calvaria at B is representing of
(a-2w, b-4w, c-16w). The fluorescence bone area was measured (C) . Bars and
error bars represent means and SE, respectively. n = 3 in all groups. (P < 0.05) 

Figure 4 Micro-CT images of bone on the center of
calvariae (A) and (B). Sagittal sections of the
implanted bones 16 weeks after surgery.
Arrow heads represent bone interface with
implanted bone. Fluorescent images of bone
graft on calvarial bones 16 weeks after trans-
plantation, tdTomato fluorescence (C), nucleus
stain with DAPI (D), and merged image (E).
Arrows represent the bone boundary. Scale bar,
500 μm in (C). 

  

Figure 5 A is an image of hematoxylin/eosin staining. Expression
of osteopontin (B) and osteocalcin (C) at the trans-
plantation site. Arrows represent the bone boundary.
Scale bar, 1000 μm in A and 500 μm in B. 
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Histological evaluation 
Cells showing red fluorescent reaction 
indicated transplanted cells, and these 
did not spread into areas of existing 
bone (Figure 4C). The blue color indi-
cated the area of both existing cells and 
transplanted cells (Figure 4D). Cells 
showing both blue and red colors were 
cells derived from transplanted bone 
while cells showing blue color only were 
original existing bone (Figure 4E). 
Strong expression of osteopontin (OPN) 
and osteocalcin (OC) was detected in 
the cortical area of both transplanted 
and existing bone. (Figure 5B, 5C)  
 
DISCUSSION 
Recently, live imaging strategies using 
fluorescent proteins, such as GFP or DS 
Red, have been employed to monitor 
cells and molecular kinetics 11-14. 
tdTomato provides a useful alternative 
to enhanced green fluorescent protein 
(eGFP) for performing simultaneous 
detection of fluorescent proteins in his-
tological sections together with fluores-
cence immunohistochemistry 15. Thus, 
tdTomato is a useful tool for tracking 
cellular or molecular kinetics in medical 
and pharmaceutical research 16. How-
ever, tdTomato has not yet been em-
ployed for cell kinetic analysis in hard 
tissue research. 

Dental implant therapy has become 
an essential treatment method for 
edentulous patients, and bone aug-
mentation techniques including auto-
genous bone grafting are frequently ap-
plied to place the dental on severely 
atrophic jaw bones. Autogenous bone 
graft is regarded as the gold standard 
and there are many reports of histo-
logical observations surrounding grafted 
autogenous bones and bone substitutes 
4. However, detailed cell kinetics sur-
rounding the transplanted bones or 
bone substitutes has not been reported. 
In this study, the hyper red fluorescent 

expression of cells of tdTomato mice 
was used to follow the movement of 
cells derived from transplanted bone, 
and cellular kinetics was demonstrated. 

IVIS® Lumina Imaging for nude 
mice calvaria bone defects (Experiment 
1) showed that transplanted bone de-
rived from tdTomato mice emitted in-
tense red fluorescent signals for 24 
weeks. Those results suggested that 
transplanted calvaria tissue can be alive 
for 24 weeks. In the case of onlay 
grafting (Experiment 2), transplanted 
bone derived from tdTomato mice emit-
ted intense red fluorescent signals for 
four weeks and then those fluorescent 
signals gradually became weaker, sug-
gesting phagocytosis and replacement 
by cells derived from existing tissue, 
resulting in the decrease in red fluores-
cence emittance. 

Red fluorescent cells derived from 
tdTomato mice were detected only in 
transplanted bone, and no red fluores-
cent cell infiltration to the existing bone 
of nude mice was observed in either in 
Experiment 1 or 2. In contrast, clear ex-
isting cell infiltration into transplanted 
bone was observed in Experiment 1. 
Those results suggested that trans-
planted bone might not have osteogenic 
abilities, even though autogenous bone 
graft has been regarded as the gold 
standard17,18. Moreover, during tissue 
regeneration, no red fluorescent signals 
were detected in the initially empty 
space between the transplanted bone 
and the existing bone, indicating that 
newly formed bone-like tissue was re-
generated from the existing bone, but 
not transplanted bone. Consequently, 
autogenous bone might not have os-
teogenic abilities either, which was 
demonstrated by the transplanted cal-
varia in this study. 

In contrast, no bone regeneration 
was confirmed in the control group in 
which calvaria transplantation was not 
carried out. This fact confirmed that the 
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transplanted bone was required to in-
duce calcified tissue regeneration. Both 
OPN and OC expression were detected 
in transplanted bone. OPN is an early 
marker for osteoblast differentiation and 
OC is a terminal differentiation marker 
that expressed by mature          
osteoblasts19-22. Thus, autogenous bone, 
represented by transplanted tdTomato 
calvaria, could provide proper remodel-
ing circumstances, induce bone related 
regenerative cells, and could be re-
placed by cells derived from existing 
bone. 
 
CONCLUSION 
Positive red fluorescent signals and the 
expression of OPN and OC in trans-
planted bone after 24 weeks indicated 
that cells derived from transplants were 
alive and remodeled by themselves. 
Moreover, immunohistochemical ob-
servation of frozen undecalcified sec-
tions demonstrated that cells in the 
transplant could be replaced by cells 
derived from existing bone, suggesting 
that mineralized tissue regeneration was 
induced by the transplanted bone rep-
resenting autogenous bone graft and 
occurred from the margin of the existing 
bone. 
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