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Abstract 

Multipotential ability of bone marrow-derived cells has been clarified, and their involvement in 
repair and maintenance of various tissues has been reported. However, the role of bone 
marrow-derived cells in osteogenesis remains unknown. In the present study, bone marrow-derived 
cells during ectopic bone formation of mouse femoral muscle were traced using a GFP bone 
marrow transplantation model. Bone marrow cells from C57BL/6-Tg (CAG-EGFP) mice were 
transplanted into C57BL/6 J wild type mice. After transplantation, insoluble bone matrix (IBM) was 
implanted into mouse muscle. Ectopic bone formation was histologically assessed at postoperative 
days 7, 14, and 28. Immunohistochemistry for GFP single staining and GFP-osteocalcin double 
staining was then performed. Bone marrow transplantation successfully replaced hematopoietic 
cells with GFP-positive donor cells. Immunohistochemical analyses revealed that osteoblasts and 
osteocytes involved in ectopic bone formation were GFP-negative, whereas osteoclasts and 
hematopoietic cells involved in bone formation were GFP-positive. These results indicate that bone 
marrow-derived cells might not differentiate into osteoblasts. Thus, the main role of bone 
marrow-derived cells in ectopic osteogenesis may not be to induce bone regeneration by 
differentiation into osteoblasts, but rather to contribute to microenvironment formation for bone 
formation by differentiating tissue stem cells into osteoblasts. 

Key words: Bone marrow transplantation, Bone marrow-derived cell, GFP, Ectopic bone formation, Osteoblast, 
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Introduction 
In the head and neck region, autogenous bone 

grafting and artificial biomaterials are currently being 
used to treat bone defects due to trauma, tumor, or 
surgical invasion. However, bone tissue for 
autogenous bone grafting is limited, and there is a risk 
of infection or invasion to donor tissue. Thus, in recent 
years, treatment for bone defects using undifferentia-
ted mesenchymal stem cells existing in vivo has 
attracted attention. In particular, among mesen-
chymal stem cells, bone marrow-derived stem cells 

are thought to be the major source of stem cells and 
are particularly attractive as donor cells in 
regenerative medicine because of their pluripotency. 
In vivo, bone marrow-derived stem cells have been 
reported to differentiate into various cells such as 
tracheal epithelium, intestinal mucosal epithelium, 
brain neurons, and salivary glands in normal 
tissues1,2. Further, bone marrow-derived cells can be 
recruited from bone marrow adjacent to wound tissue 
during the wound healing process3,4. Hence, it has 
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become clear that bone marrow-derived cells are 
involved in the maintenance and repair of various 
organs. In vitro, recent studies have shown the 
existence of stem cells obtained by long-term culture 
of adherent cells from bone marrow cells5-7, and these 
cells differentiate into osteoblasts, chondrocytes, and 
adipocytes8,9. As described above, bone marrow- 
derived cells are deeply involved in tissue 
regeneration, and there are many reports of bone 
tissue regeneration using these cells10,11. However, the 
dynamics and role of bone marrow cells in vivo have 
not been fully elucidated. 

 We reported that bone marrow-derived cells 
differentiate into various cells such as macrophages or 
osteoclasts during bone fracture healing by using a 
GFP bone marrow transplantation model. Bone 
marrow-derived cells did not differentiate into 
osteoblasts or chondrocytes, therefore we considered 
that osteoblasts might originate from multipotent 
stem cells around tissue12.    However, in this orthot-
opic osteogenesis model, it is difficult to clarify the 
role of bone marrow-derived cells because osteogeny-
esis already exists locally in the orthotopic model. 
Therefore, we herein established an ectopic 
osteogenesis model by using GFP bone transplant-
ation mice and investigated the dynamics and 
localization of bone marrow-derived cells over time. 

Materials and Methods 
Experimental Animals 

 Fifty female mice (16 GFP transgenic mice, 
C57BL/6-Tg [CAG- EGFP] OsbC14-Y01-FM131, and 
34 C57BL/6 wild type mice) were used. The Animal 
Experiment Control Committee of Okayama 
University approved this study (No. 05-006-099). 

Bone Marrow Transplantation 
 Bone marrow transplantation was carried out as 

described previously12. Bone marrow cells from GFP 
mice were collected by introducing Dulbecco’s 
Modified Eagle Medium (DMEM) (Invitrogen, Grand 
Island, NY, USA) into the marrow space. Cells were 
resuspended in Hanks’ Balanced Salt Solution (HBSS) 
(Invitrogen, Grand Island, NY, USA) at a volume of 
approximately 1×107 cells/0.25 ml. Subsequently, 
7-week-old female C57BL/6 recipient mice under-
went 10 Gy of lethal whole-body irradiation, and 
resuspended bone marrow cells were injected into the 
tail vein of recipient mice. The bone marrow in tibial 
epiphysis was examined by GFP immunohistochem-
istry (IHC) 4 weeks after transplantation (G→W 
mouse). As a control experiment, bone marrow cells 
from wild type mice were administered into the tail 
vein of irradiated GFP mice in the same manner as 
described above (W→G mouse). 

Implantation Procedure 
 Insoluble bone matrix (IBM) and recombinant 

human Bone Morphogenetic Protein-2 (rhBMP-2) 
were used in this experiment in order to induce 
ectopic bone formation. The detailed production 
method of IBM has been described previously13. 
150mg IBM loaded with 10 μg of rhBMP-2 
(PeproTech, Rocky Hill, NJ, USA) was implanted into 
mouse femoral muscle14. Mice were euthanized at 
postoperative days (PODs) 7, 14, and 28 days for 
histological observation. 

Radiological Examination 
 Femurs were collected and radiographed in 

sagittal orientation using soft X-ray (Softex SRO-M50; 
Soken Co., Ltd., Tokyo, Japan) at the following 
settings: 40 kV, 5 mA, and 1-s irradiation. 

Histological Examination 
 Embedded tissues were fixed in 4% 

paraformaldehyde for 12 h and then decalcified in 
10% EDTA for 3 weeks. Tissue was embedded in 
paraffin using routine histological preparation and 
sectioned to 5-μm thickness. The sections were used 
for hematoxylin-eosin (HE) staining and IHC. 

Immunohistochemistry 
 IHC for GFP was carried out as follows. The 

sections were deparaffinized in a series of xylene for 
15 min and rehydrated in graded ethanol solutions. 
Endogenous peroxidase activity was blocked by 
incubating the sections in 0.3% H2O2 in methanol for 
30 min. Antigen retrieval was achieved by 0.1% 
trypsin treatment for 5 min. After incubation with 
normal serum, the sections were incubated with 
primary antibodies at 4°C overnight. Tagging of 
primary antibody was achieved by the subsequent 
application of anti-rabbit IgG (ABC kit; Vector 
Laboratories, Inc., Burlingame, CA, USA). Immuno-
reactivity was visualized using diaminobenzidine 
(DAB)/H2O2 solution (Histofine DAB substrate; 
Nichirei, Tokyo, Japan), and slides were 
counterstained with Mayer’s hematoxylin. 

Double-Fluorescent IHC Staining 
 Double-fluorescent IHC for GFP and osteocalcin 

(OC) was performed using a primary antibody to GFP 
(rabbit IgG, 1:1000 dilution, Abcam, Tokyo, Japan), 
and anti-OC (mouse IgG, 1:2000 dilution, Takara Bio, 
Shiga, Japan). The secondary antibodies used are 
Alexa Flour 488 anti-rabbit IgG (Abcam, Tokyo, 
Japan) and Alexa Flour 568 anti-mouse IgG (Abcam, 
Tokyo, Japan). Antibodies were diluted in Can Get 
Signal® (TOYOBO, Osaka, Japan). After antigen 
retrieval, sections were treated with Block Ace ® (DS 
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Pharma Biomedical, Osaka, Japan) for 30 min at room 
temperature. Specimens were incubated with primary 
antibodies at 4°C overnight. Then, specimens were 
incubated with secondary antibody (1:200 dilution) 
for 1 h at room temperature. After the reaction, 
specimens were stained with 1 μg/ml of DAPI 
(Dojindo Laboratories, Kumamoto, Japan). 

Quantification of GFP Staining and Bone 
Formation Area 

 To quantify GFP staining and bone formation 
area, cell counts and measurement of the bone 
formation area were performed at three IBM sites: 
area of contact between IBM and muscle, area of 
contact between IBM and femur, and the central part 
of IBM. In each field, GFP-positive cells were counted 
in five areas chosen from randomly selected regions 
(200× magnification), and the hard tissue formation 
area was measured by ImageJ software (NIH, 
Bethesda, MD, USA) in five areas chosen from 
randomly selected regions in HE-stained specimens 
(200× magnification).  

Statistical Analysis 
 Statistical analysis was performed using one- 

way ANOVA and Fisher’s exact tests. A P value <0.05 
was considered significant. All calculations were 
made using PASW Statistics 18 (SPSS Inc., Chicago, 
IL, USA). 

Results 
Histological Evaluation of Bone Marrow 
Transplantation 

 The tibial epiphysis of G→W mice and W→G 
mice was examined using HE staining and IHC for 
GFP. Many donor-derived bone marrow cells were 
observed among hematopoietic cells constituting 
bone marrow tissue after bone marrow transplant-
ation in both G→W mice (Fig. 1A) and W→G mice 
(Fig. 1B). This result suggests that donor-derived bone 
marrow cells successfully replaced hematopoietic 
cells. In the epiphyseal plate, multinucleated giant 
cells and osteoclasts were derived from bone marrow 
cells. Conversely, osteoblasts lining bone tissue were 
derived from recipient mouse cells, and also 
adipocytes, and vascular endothelial cells in bone 
marrow were derived from recipient mouse cells. 

 

 
Figure 1. Histological evaluation of bone marrow transplantation by IHC for GFP in the tibial epiphysis. (A) In G→W mice, hematopoietic cells in the bone marrow 
and osteoclasts (arrowheads) were GFP-positive, whereas osteoblasts (arrows) were GFP-negative. (B) In W→G mice, osteoblasts (arrows) were GFP-positive, 
whereas hematopoietic cells were GFP-negative. Scale bars = 500μm in magnification 40× and scale bars = 50 μm in magnification 400×.  
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Ectopic Bone Formation in Bone Marrow 
Transplanted Mice 

 In evaluation of ectopic bone formation of soft 
X-ray, At POD 7, soft X-ray images showed that no 
radiopaque area was observed around IBM, whereas 
at POD 14, a delicate radiopaque area was observed 
around IBM. At POD 28, radiopacity was enhanced 
and clarified (Fig. 2A). Further, osteogenesis was 
observed over time in each of the three IBM sites (Fig. 
2B). 

Histopathological analysis showed cartilage 
formation around the existing femur and slightly 
between muscle tissue and IBM at POD 7. In addition, 
the existing femur demonstrated neonatal bone 
formation and robust chondrogenesis. Granulation 
tissue consisting of spindle-shaped fibroblasts was 
also observed (Fig. 3A). In addition, granulation tissue 
consisting of spindle-shaped fibroblasts or round- 
shaped inflammatory cells arose from the existing 
muscle to IBM, and chondrogenesis partially formed 
on the muscle side in granulation tissue (Fig. 3B). In 
immunohistochemical analysis, GFP-positive cells 
were present among spindle-shaped or round-shaped 

cells of granulation tissue surrounding formed 
cartilage. However, GFP-positive cells were not 
present in formed cartilage tissue (Fig. 3A, B). In the 
center of IBM, cell migration from surrounding 
existing tissue was poor, granulation tissue or 
cartilage tissue formation was not observed, and 
GFP-positive cells were not present (data not shown). 

At POD 14, cartilage and bone formation were 
observed around the femur and muscle areas. In the 
femur area, cartilage formed at POD 7 was replaced 
with neonatal bone, and osteoblasts and 
osteoclast-like cells were present around neonatal 
bone (Fig. 4A). Further, in the muscle area, 
granulation tissue formation was observed between 
muscle fibers, and bone formation surrounded by 
osteoblasts was observed in contact with existing 
muscle tissue (Fig. 4B). Immunohistochemically, 
osteoblasts on neonatal bone as well as osteocytes 
were GFP-negative, whereas osteoclast-like cells were 
GFP-positive (Fig. 4A, B). Few round-shaped 
inflammatory cells, which were GFP-positive, 
migrated to the center of IBM (data not shown). 

 

 
Figure 2. Evaluation of ectopic bone formation. (A) Soft X-ray imaging of IBM at PODs 7, 14, and 28 demonstrated that radiopacity around IBM gradually increased 
over time. (B) Histological evaluation of ectopic bone formation at three IBM sites (femur area: F, muscle area: M, and IBM: I) over time. Arrowheads represent IBM 
and asterisks represent bone marrow in the femur. Scale bars = 500 μm.  
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Figure 3. Histological findings at POD 7. (A) Neonatal bone formation and robust chondrogenesis arose from the femur. Granulation tissue consisting of 
spindle-shaped fibroblasts was observed around new chondrogenesis. (B) Granulation tissue consisting of spindle-shaped fibroblasts or round-shaped inflammatory 
cells arose from the muscle area, and chondrogenesis was partially observed in granulation tissue. IHC for GFP revealed a large number of GFP-positive cells in 
granulation tissue around newly formed hard tissue (A, B). Scale bars = 200 μm in magnification 100× and scale bars = 50 μm in magnification 400×. 

 
At POD 28, neonatal bone in the femur and 

muscle areas continued to surround IBM. Further, 
bone marrow-like tissue was observed inside newly 
formed bone tissue surrounded by osteoblasts and 
osteoclast-like cells. In GFP immunostaining of the 
femur and muscle areas, GFP-positive blood cells of 
formed bone marrow-like tissue and GFP-positive 
osteoclasts-like cells surrounding neonatal bone were 
observed. However, GFP-negative osteoblasts arrayed 
on the surface of formed bone tissue and 
GFP-negative osteocytes in neonatal bone were also 
detected. In the IBM area, bone tissue formation was 
noted around IBM and bone marrow-like tissue 
formation occurred with adipocytes and hemocytes 
present. In addition, GFP-negative cells were present 

in bone tissue and GFP-positive cells were observed in 
bone marrow-like tissue (Fig. 5). 
Double-Fluorescent IHC for GFP-OC 

 Our findings demonstrated that GFP-expressing 
cells, i.e., bone marrow-derived cells, were not able to 
differentiate into osteoblasts in ectopic bone forma-
tion model mice. Therefore, to investigate in detail 
whether bone marrow-derived cells have the potential 
to differentiate into osteoblasts in ectopic bone 
formation, GFP-OC double-fluorescent IHC was 
performed at POD 14 when bone formation was most 
active. In G→W mice, OC-positive osteoblasts were 
partly observed in neonatal bone and the bone matrix. 
However, most OC-positive cells were GFP-negative. 
In connective tissue around neonatal bone, 
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GFP-positive / OC-negative spindle-shaped or 
round-shaped cells were observed (Fig. 6A). 
Conversely, in W→G mice, osteoblasts and some 
areas of neonatal bone matrix were GFP-OC 
double-positive (Fig. 6B). These findings indicate that 
bone marrow-derived cells do not differentiate into 
osteoblasts during ectopic bone formation and osteo-
blasts are derived from recipient mice. 

Correlation between the Number of 
GFP-Positive Cells and Neonatal Bone Area  

 GFP-OC double-fluorescent IHC analysis 
showed that bone marrow-derived cells were not 
differentiated into osteoblasts. Therefore, to examine 
the influence of bone marrow-derived cells on ectopic 

bone formation, we focused on and analyzed the 
correlation between the number of GFP-positive cells 
and the area of formed hard tissue. We counted the 
number of GFP-positive cells around the existing 
femur and muscle and in the center of IBM. In 
addition, the formed hard tissue area including 
cartilage, bone, and bone marrow-like tissue was 
measured at the same three IBM sites. 

 At POD 7, the greatest number of GFP-positive 
cells was detected around the existing femur and 
muscle, and the number of GFP-positive cells 
decreased over time. However, in the center of IBM, 
the number of GFP-positive cells increased over time 
(Fig. 7A).  

 

 
Figure 4. Histological findings at POD 14. (A) In the femur area, robust osteogenesis surrounded by osteoblasts (arrowheads) and osteoclast-like cells (arrows) was 
observed. Osteoblasts on the neonatal bone as well as osteocytes were GFP-negative, whereas osteoclast-like cells were GFP-positive. (B) In the muscle area, 
granulation tissue formation was observed between muscle fibers, and bone formation surrounded by osteoblasts (arrowheads) was observed in contact with muscle 
tissue. Osteoblasts were GFP-negative, whereas osteoclast-like cells, spindle-shaped cells, and round-shaped cells were GFP-positive. Scale bars = 200 μm in 
magnification 100× and scale bars = 50 μm in magnification 400×. 
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Figure 5. Histological findings at POD 28. Bone marrow-like tissue was observed inside newly formed bone tissue surrounded by osteoblasts (arrowheads) and 
osteoclast-like cells (arrows). In the IBM area, bone tissue formation was detected around IBM, and bone marrow-like tissue formation (asterisks) occurred with 
adipocytes and hemocytes present. Blood cells of formed bone marrow-like tissue and osteoclasts-like cells surrounding neonatal bone were GFP-positive, whereas 
osteoblasts arrayed on the surface of formed bone tissue and osteocytes in neonatal bone were GFP-negative. Scale bars = 200 μm in magnification 100× and scale 
bars = 50 μm in magnification 400×. 

 At POD 7, neonatal hard tissues consisting of 
cartilage or bone had already largely formed around 
the existing bone, and cartilage formation was slightly 
observed around the existing muscle. At POD 14, 
neonatal cartilage replaced bone tissue around the 
existing muscle and bone formation activity was high. 
Up to POD 28, hard tissue area formation around the 
existing femur was greater than that in other sites, and 
significant hard tissue formation was already 
surrounding the existing femur at the initial stage 
after IBM implantation as compared with the other 
sites. Hard tissue formation increased over time in all 
sites, starting in the area around the existing femur, 
then the muscle, and lastly the central part of IBM. 

The area of hard tissue formation up to POD 28 was 
the largest around the existing femur, followed by the 
muscle and the center of IBM (Fig. 7B).    

Discussion 
Origin of Cells Involved in Bone Formation 

 In G→W mice, GFP-positive cells were observed 
in hematopoietic cells constituting bone marrow 
tissue after bone marrow transplantation. This result 
indicates that hematopoietic cells were replaced by 
donor-derived bone marrow cells, and hematopoietic 
cell reconstruction by bone marrow transplantation 
was observed. Further, hemocytes and osteoclasts 
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were GFP-positive, whereas osteoblasts and chondro-
cytes were GFP-negative. Therefore, hemocytes and 
osteoclasts are derived from transplanted bone 
marrow-derived cells, and osteoblasts and chondro-
cytes are derived from recipient tissue.   

 From the results of double-fluorescent IHC for 
GFP-OC, it was impossible to confirm differentiation 
of bone marrow-derived cells into osteoblasts after 
bone marrow transplantation. We speculated that 
donor hematopoietic stem cells had engrafted in the 
recipient because hematopoietic reconstitution 
occurred by bone marrow transplantation. However, 
GFP-positive osteoblasts and bone cells were not 
observed, suggesting that engrafted donor hemato-
poietic stem cells did not differentiate into osteoblasts. 
This result differs from a previous study that 
suggested implanted bone marrow cells differentiate 
into osteoblasts15. However, these reports not only 
showed the possibility that hematopoietic stem cells 
do not differentiate but also that bone 
marrow-derived cells fuse to recipient tissue cells 16,17. 
In recent years, several papers have denied the 
plasticity of bone marrow stem cells18,19. However, the 
bone marrow includes hematopoietic stem cells, 
mesenchymal stem cells, and somatic pluripotent 
progenitor cells, and mesenchymal stem cells only 
comprise 0.001–0.01% of cells in the bone marrow. 
Thus, it is possible that mesenchymal stem cells failed 
to engraft following bone marrow transplantation in 
this study. 

Stem cells that contain the ability to differentiate 
into osteoblasts exist in the muscle or subcutaneous 
connective tissue. Patricia et al. reported that cells 
from subcutaneous adipose tissue differentiated into 
adipocytes, osteoblasts, chondrocytes, and muscle in 
vitro20. In addition, Arai et al. reported activated 
leukocyte cell adhesion molecule-positive cells 
around the periosteum differentiated into osteoblasts, 
chondrocytes, and adipocytes21. It has also been 
suggested that mesenchymal stem cells in muscle 
tissue are involved in fracture healing and ectopic 
bone formation22-24. Moreover, inflammatory cyto-
kines secreted from BMDCs in non-physiological 
environments such as fractures can promote 
mesenchymal stem cells to migrate and differentiate 
into osteoblasts25,26. As mentioned above, few reports 
demonstrated that mesenchymal stem cells are 
present in tissues and organs, except for bone 
marrow, and recruited to differentiate into osteo-
blasts. In this study, bone marrow-derived cells did 
not directly differentiate into osteoblasts. Therefore, 
our results indicated that stem cells around the femur 
and muscle had differentiated into osteoblasts. 

 

 
Figure 6. Double-fluorescent IHC at POD 14. (A) In G→W mice, 
double-fluorescent IHC for GFP-OC demonstrated that osteoblasts (arrows) in 
neonatal bone were OC-positive and spindle-shaped or round-shaped cells 
were GFP-positive. (B) In G→W mice, double-fluorescent IHC for GFP-OC 
demonstrated that osteoblasts (arrows) in neonatal bone and bone matrix were 
OC-positive and most cells were GFP-OC double-positive (B). 

 

Dynamics and Role of Bone Marrow-Derived 
Cells Recruited During Bone Formation 

 To investigate the role of bone marrow-derived 
cells in ectopic bone formation, we analyzed 
localization of GFP-positive cells surrounding IBM 
and counted the number of GFP-positive cells over 
time. GFP-positive cells were not present in neonatal 
hard tissue. However, GFP-positive spindle-shaped 
and round-shaped cells were observed in 
granulation-like tissue around formed hard tissue. 
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This granulation-like tissue predominantly arose from 
the surrounding femur and adjacent to muscle tissue 
before hard tissue formation. The number of 
GFP-positive cells around the femur and muscle 
decreased over time, whereas the number of 
GFP-positive cells in the central part of IBM increased 
over time. The area of formed hard tissue tended to 
increase with time regardless of location, particularly 
in regions with greater numbers of GFP-positive cells 
such as around the femur and muscle. Moreover, hard 
tissue formation was observed at POD 7 during the 
early stage of bone marrow transplantation. That is, 
bone marrow-derived GFP-positive cells migrated 
from around the femur and muscle, and the number 
of GFP-positive cells peaked before neonatal bone 
formed. Once cartilage and bone tissue formed, the 
number of GFP-positive cells decreased. 

  Thus, our results suggested that bone marrow- 
derived cells are involved in ectopic bone formation 
because the number of migrating GFP-positive cells 
correlated with the area of formed hard tissue. In 

addition, since GFP-positive cells did not differentiate 
into osteoblasts, as described above, we considered 
that bone marrow-derived cells contributed to 
microenvironment formation for hard tissue 
formation. Namely, bone marrow-derived cells did 
not contribute to osteogenesis by differentiating into 
osteoblasts but contributed to microenvironment 
formation for ectopic bone formation by promoting 
stem cell migration in existing tissue. There are some 
reports that bone marrow-derived cells are recruited 
at the tissue repair stage by factors released by 
infiltrating inflammatory cells at the time of tissue 
injury27,28. Our findings support these studies and 
suggest that bone marrow-derived cells are involved 
in the accumulation of recipient stem cells during 
ectopic bone formation. 

 Other groups have reported that tissue stem 
cells are well distributed throughout the muscle29, and 
mesenchymal stem cells circulate through the 
peripheral blood30,31. Further, it was reported that 
some cells adjacent to the periosteum can differentiate 

into osteoblasts32. Our findings that 
migration of bone marrow-derived cell 
migration begins early and mostly around 
the femur and muscle support the results 
of these reports. The femur is close to the 
periosteum, which contains cells that can 
differentiate into osteoblasts, and there are 
abundant tissue stem cells around the 
muscle. Conversely, in the central part of 
IBM, the accumulation of bone marrow- 
derived cells began slowly and in small 
numbers because the distribution of blood 
vessels is poor and few tissue stem cells 
exist around IBM. Thus, bone marrow- 
derived cells contribute to microenviron-
ment formation for osteogenesis, suggest-
ing that the localization and number of 
bone marrow-derived cells may be the 
rate-determining condition of microenvir-
onment formation during bone formation. 

 In conclusion, our findings indicated 
that the main role of bone marrow- 
derived cells in ectopic osteogenesis is not 
to contribute to direct bone regeneration 
by differentiation into osteoblasts, but 
rather to contribute to microenvironment 
formation for ectopic osteogenesis such as 
tissue stem cells that differentiate into 
osteoblasts. 
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