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injection of excess anesthetic, and the implants were harvested. The harvested implants were
fixed with 10% neutral buffered formalin, and decalcified sections were stained with hematoxy-
lin and eosin. Bone formation was confirmed by immunohistochemistry using a primary anti-
body against osteocalcin (1:5000, OCG3, Takara Bio). Because the mineral densities of the
woven bone and B-TCP were very similar, the bone tissue could not be distinguished from the
scaffold clearly using micro computed tomography. Therefore, we quantified the bone tissue in
the porous B-TCP blocks using histological images [29, 34]. Three sections at equal intervals
were prepared from one implant and stained with hematoxylin and eosin. Then, bone tissues
were selected manually and bone formation was quantified using imaging software. The bone
formation area of one implant was determined from the average value of three sections.

Statistical analysis

Real-time PCR data were analyzed using a two-way repeated-measures analysis of variance
(ANOVA), and multiple comparisons were performed using the Bonferroni correction. The
data from the CFU assay were analyzed using Student’s t-test. The bone formation ratio was
analyzed using a one-way ANOVA. As a post-hoc test, multiple comparisons between groups
were performed using Student’s t-test with the Bonferroni correction.

Results

1. Dexamethasone alters the proliferation of bone marrow-derived and
muscle-derived stromal cells

The BMSCs cultured in the control medium proliferated until 21 days of culture, after which
the proliferation rate decreased rapidly. The lowest concentration of dexamethasone (10°M)
augmented the proliferation of the BMSCs throughout the experimental period. The prolifera-
tion rates of the BMSCs treated with 10”7 and 10" M dexamethasone were lower than those of
untreated cells at the early stage of culture. However, the proliferation rates did not decrease
during the culture period, in contrast to the proliferation of the untreated BMSCs. Further-
more, the BMSCs treated with 10”7 and 10°° M dexamethasone showed similar proliferation
(Fig. 1A). MuSCs without dexamethasone treatment proliferated at a much higher rate than
dexamethasone-treated MuSCs throughout the culture period. Dexamethasone-treated MuSCs
proliferated at much lower rates than cells cultured without dexamethasone. In particular, the
proliferation of MuSCs cultured in 107 and 10°® M dexamethasone was strongly suppressed to
similar levels (Fig. 1B). These results indicate that dexamethasone strongly suppresses the pro-
liferation of BMSCs and MuSCs, particularly MuSCs.

2. Dexamethasone pretreatment and osteogenic induction by the
combination of dexamethasone and BMP-2 enhance the osteogenic
differentiation of BMSCs and MuSCs

Osteogenic induction was performed as shown in Fig. 2A. Preliminary studies confirmed that
in both BMSCs and MuSCs, cells treated with 10”7 and 10"® M dexamethasone showed the
highest osteogenic differentiation, and there was no significant difference between the concen-
trations (data not shown). Therefore, in subsequent studies, we compared cells cultured in the
control medium and cells cultured in the medium containing 10”7 M dexamethasone. ALP
staining and Von Kossa staining were used to determine the ALP activity and mineralization
capability of the BMSCs (BM and BM-Dex cells) (Fig. 2B), and mRNA expression of osteogenic
markers was also evaluated (Fig. 2C). All of these assays showed that the osteogenic capacity of
BM-Dex cells was remarkably higher than that of BM cells (P<0.05). BM-Dex-AGD cells
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Figure 1. Alteration of proliferation of BMSCs and MuSCs cultured with dexamethasone. A:
Proliferation rate of BMSCs cultured with 10 M, 10”7 M, or 10 M dexamethasone or without
dexamethasone for 35 days. Total cell numbers (Y-axis) are expressed using a log2 scale. B: Proliferation
rate of MuSCs cultured with 108 M, 10”7 M, or 10"® M dexamethasone or without dexamethasone for 35 days.
Total cell numbers (Y-axis) are expressed using a log2 scale,

doi:10.1371/journal.pone.0116462.9001
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Figure 2. Dexamethasone pretreatment and osteogenic induction with combined dexamethasone and BMP-2 treatment enhance the osteogenic
differentiation of BMSCs and MuSCs. A: Schematic representation of the cell culture protocol. Gross images of ALP staining (ALP) and Von Kossa staining
(VK) of BMSCs (B) and MuSCs (D). Quantitative analysis of the mRNA expression of ALP and osteocalcin in BMSCs (C) and MuSCs (E). The fold change in
gene expression was normalized to that of BM-Dex-AG or Mu-Dex-AG. Bars show the mean and SEM. Statistical significance was confirmed between the
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doi:10.1371/journal.pone.0116462.9002

showed significantly higher ALP and osteocalcin mRNA expression than BM-Dex-AG cells,
which were treated with dexamethasone during expansion but not treated with dexamethasone
during osteogenic induction. A comparison between BM-Dex-AGB and BM-Dex-AGBD cells
revealed that inclusion of dexamethasone during osteogenesis enhanced the effects of BMP-2
on osteogenesis. Among all of the groups, BM-Dex-AGBD cells presented the strongest ALP
and Von Kossa staining, with concomitantly high ALP and osteocalcin mRNA expression. The
BM-AGBD cells presented the highest ALP and osteocalcin mRNA expression among BM
cells, although the expression levels were still far lower than those in BM-Dex cells.

Among Mu cells, although low mRNA expression of ALP was detected, all of the wells were
almost negative for ALP staining, and no calcified nodules were detectable on Von Kossa stain-
ing (Fig. 2D and 2E). Conversely, the wells containing Mu-Dex cells presented scattered ALP-
positive colonies, and the ALP staining intensity of each positive colony was highest in wells
containing Mu-Dex-AGBD cells. Von Kossa staining of Mu-Dex-AGBD cells clearly demon-
strated mineralized nodules, which confirmed that Mu-Dex cells are capable of mineralization.
The scattered nature of the staining indicated that cells with osteogenic capability comprised
only a small portion of the Mu-Dex cells. ALP mRNA expression was significantly higher in
Mu-Dex-AGD and Mu-Dex-AGBD cells than in Mu-Dex-AG and Mu-Dex-AGB cells, respec-
tively, indicating that dexamethasone promotes ALP expression in MuSCs. Osteocalcin mRNA
expression in Mu-Dex cells without BMP-2 (Mu-Dex-AG and AGD cells) was significantly
lower than that in Mu-Dex cells with BMP-2 treatment (Mu-Dex-AGB and AGBD cells).
Among the BMP-2-treated Mu-Dex cells, Mu-Dex-AGBD cells showed significantly higher
osteocalcin mRNA expression than Mu-Dex-AGB cells differentiated without dexamethasone.
These findings suggest that BMP-2 plays an important role in the late stage of osteogenic differ-
entiation of MuSCs and that its effects are enhanced by dexamethasone treatment. Thus, dexa-
methasone treatment throughout the culture period is critical for osteogenesis and
dexamethasone enhances osteogenic differentiation with or without application of BMP-2 in
both bone marrow-derived and muscle-derived stromal cells.

3. SMAD signaling is responsible for the effects of continuous
dexamethasone treatment and combination of BMP-2 and
dexamethasone

We examined BMP signaling pathways to identify the pathway responsible for the interactive
effect between BMP-2 and dexamethasone. Western blot analyses of BMSCs after 24 h of oste-
ogenic induction showed significantly increased levels of phosphorylated SMAD (P-SMAD)
1/5 in the BM-Dex cells compared to the BM cells. In the BM-Dex cells, the cells in the AGB,
AGD, and AGBD conditions showed clear P-SMAD expression, and among them, the cells in
the AGBD condition showed the highest P-SMAD level (Fig. 34). There was no apparent dif-
ference in non-phosphorylated SMAD levels among the differentiation treatment groups in
both BM and BM-Dex cells, although the levels in the BM cells were slightly higher than those
in the BM-Dex cells. This finding indicates that the BM-Dex cells, which were expanded with
continuous dexamethasone treatment, had significantly higher reactivity to BMP stimulation.
Western blot analyses of MuSCs showed results similar to those of BMSCs, i.e., increased
levels of P-SMAD in the Mu-Dex-AGB and AGBD cells and a significantly higher level in Mu-
Dex-AGBD cells than in Mu-Dex-AGB cells. In contrast to Mu-Dex cells, Mu-AGB and
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Figure 3. Western blot analyses of the SMAD1/5/8 and phosphorylation of SMAD 1/5. Western blot analyses of P-SMAD 1/5, SMAD1/5/8 and a-tubulin
expression in BMSCs (A) and MuSCs (B) under four different osteogenic induction conditions with or without dexamethasone.

doi:10.1371/journal pone.0116462.g003

AGBD cells showed only a slight increase of P-SMAD levels. Among MuSCs, non-
phosphorylated basal SMAD levels also increased in the BMP-treated groups (Fig. 3B).

Based on these results, the BMP-SMAD signaling pathway contributed to the augmentation
of osteogenic differentiation in the BM-Dex and Mu-Dex groups compared with the BM and
Mu groups, and further contributed to augmentation of osteogenic differentiation in the
AGBD treatment groups.

4. Dexamethasone treatment alters the subpopulations of bone marrow-
derived cells and muscle tissue-derived cells

To investigate the effects of dexamethasone on subpopulations of BMSCs and MuSCs, which
are both heterogeneous cell populations, colony-forming unit (CFU) assays were conducted as
shown in Fig. 4A. The BM cells (ND- ), which had not been treated with dexamethasone, and
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Figure 4. Colony formation assay of BMSCs and MuSCs. A: Schematic representation of the colony formation unit assay protocol. Cells seeded at P2
were allowed to form single-cell-derived colonies with or without 10”7 M dexamethasone for 7 days before osteogenic induction. ND-ND indicates normal
growth medium at PO, P1, and P2. ND-D indicates normal growth medium at PO and P1 and dexamethasone-containing medium at P2. D-ND indicates
dexamethasone-containing medium at PO and P1 and normal growth medium at P2. D-D indicates dexamethasone-containing medium at PO, P1, and P2.
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Gross images of BMSCs (B) and MuSCs (D) in each dish stained by ALP and crystal violet. Quantification of the total colony number and fraction of ALP-
positive colonies (%) among total colonies in BMSCs (C) and MuSCs (E). *** denotes P < 0.001 as determined by Student’s t-test.

doi:10.1371/journal.pone.0116462.g004

BM-Dex cells (D- ), which had been exposed to dexamethasone through the culture period,
were allowed to form single-cell-derived colonies with (-D) or without dexamethasone (-ND)
for 7 days and then cultured in osteogenic induction medium for another 7 days. In BM cells,
the ALP-positive colony ratio and total colony number were significantly higher in cultures
treated with dexamethasone during colony formation (ND-D) than in those not treated with
dexamethasone (ND-ND) (Fig. 4B and 4C), which indicates that dexamethasone treatment
during colony formation selectively promoted the proliferation of specific subpopulations with
osteogenic capability that had been contained in the BM cells and that had not been able to
proliferate without dexamethasone. In BM-Dex cells, not only the ratio of ALP-positive colo-
nies but also the total colony number was decreased by withdrawal of dexamethasone in D-ND
compared to D-D, in which the cells were exposed to dexamethasone throughout the culture
period (Fig. 4B and 4C). This finding indicates that some cell subpopulations that required
dexamethasone to proliferate and form colonies were contained in BM-Dex cells and a part of
such populations could not form colonies on withdrawal of dexamethasone. Therefore, dexa-
methasone may selectively promote the proliferation of cells with osteogenic potential and si-
multaneously suppress the proliferation of cells without differentiation potential.

Selective effects of dexamethasone were also observed in MuSCs (Fig. 4D and 4E). However,
the Mu cells used in the CFU assay had been cultured in the control medium and showed ex-
tensive proliferation for 14 days without selective effects of dexamethasone. Therefore, nearly
all of these cells already lacked osteogenic capability, and the ALP-positive ratio was almost 0%
despite the dexamethasone treatment during colony formation. In contrast, Mu-Dex cells cul-
tured in dexamethasone-containing medium from the beginning of the culture demonstrated
an ALP-positive ratio of nearly 10% regardless of the treatment applied during the colony for-
mation period. These results indicate that dexamethasone treatment alters the proliferation of
subpopulations of BMSCs and MuSCs, resulting in an increased ratio of cells with osteogenic
potential.

5. Dexamethasone affects cell proliferation during osteogenic
differentiation

Cell proliferation during osteogenic differentiation was analyzed by quantifying the amount of
dye bound to the cells. The BM and BM-Dex cells in each osteogenic differentiation condition
proliferated during differentiation. The BM cells guided to differentiate in the absence of dexa-
methasone (BM-AG and BM-AGB cells) proliferated faster than BM cells differentiated in the
presence of dexamethasone (BM-AGD and BM-AGBD cells) in the early stage of differentia-
tion, and then this pattern reversed as differentiation progressed (¥ig. 54). No significant dif-
ferences in proliferation rates were observed among BM-Dex cells at the early stage of
differentiation (Fig. 5B). However, the proliferation rates of BM-Dex-AG and BM-Dex-AGB
cells declined at the later stage of differentiation relative to those of BM-Dex-AGD and AGBD
cells cultured in dexamethasone.

In MuSCs, dexamethasone remarkably suppressed the proliferation of both Mu and Mu-
Dex cells during osteogenic differentiation (¥Fig, 5C and 5D). Mu-Dex-AG and Mu-Dex-AGB
cells, which showed slow proliferation in dexamethasone-containing medium during
expansion culture, showed rapid proliferation in dexamethasone-free medium. These results
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Figure 5. Dexamethasone affects cell proliferation during osteogenic differentiation. The absorbance at 585 nm was measured for dye extracted from
the wells, and ratios relative to the standard are presented in the graphs. A: BM, B: BM-Dex, C: Mu, and D: Mu-Dex

doi:10.1374/journal. pone.0116462.g005

were consistent those of the cell proliferation assay and indicated that dexamethasone also af-
fects the proliferation and subpopulation composition of BMSCs and MuSCs during
differentiation.

6. Bone formation capability of bone marrow and muscle-derived cells

To confirm the bone formation capability of BMSCs and MuSCs, porous B-TCP blocks loaded
with bone marrow and muscle-derived cells that had been expanded with or without dexa-
methasone and with or without BMP-2 were subcutaneously transplanted into rats. After 4
weeks, the implants were harvested and histologically examined (Fig. 6A). In the rats treated
with BMSCs, abundant bone formation was observed in every treatment condition. In the rats
treated with MuSCs, bone tissue was identified in all four blocks of the group that received cells
cultured with both dexamethasone and BMP-2, although the bone tissue occupied only a small
portion of each implant. No bone tissue was observed in the blocks of the other groups. This re-
sult was consistent with the in vitro mineralization results in cultured MuSCs and confirmed
the bone formation capability of muscle-derived cells.
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fluorescent image. Scale bar: 200 um. B: Newly formed bone, T: B-TCP, P: Porous area. C: Augmentation of ectopic bone formation by dexamethasone. C-1,
2: Representative histological sections of an excised scaffold that had been loaded with BMP-2 alone and a scaffold that had been loaded with
dexamethasone and BMP-2. The sections were stained with H&E and immunostained for osteocalcin. Black arrows indicate new bone formation in the
scaffold. Red arrows indicate osteocalcin positive staining area. Scale bar: 1 mm (top panels of C-1), 200 pm (bottom panels of C-1) and 50 um (C-2). B:
Newly formed bone, T: B-TCP, P: Porous area. C-3: Quantification of bone formation at 3 weeks after transplantation. The Y axis indicates the bone formation
ratio calculated as total bone area/total scaffold area. Each bar represents the mean with the standard deviation (SD). *denotes P < 0.05.

doi:10.1371/journal.pone.0116462.9006

7. Recruitment of cells residing in muscle tissue for ectopic bone
formation induced by BMP-2

It is well known that BMP-2 injected into muscle tissue induces bone formation at the adminis-
tration site. To characterize the cells recruited to BMP-2-administered sites for heterotopic
bone formation, i-QDs were injected into muscle tissue prior to local BMP-2 administration.
Fluorescence microscopy revealed the presence of i-QD-labeled cells among bone-forming os-
teoblasts in the muscle tissue (Fig. 6B8), which indicates that endogenous cells in the muscle tis-
sue were recruited to participate in heterotopic bone formation induced by BMP-2.

8. Augmentation of ectopic bone formation by dexamethasone

Based on these results, we determined whether dexamethasone augments bone formation in-
duced by BMP-2 in vivo. Fig. 6C-1 presents representative histological sections from an excised
B-TCP block that had been loaded with BMP-2 and a block that had been loaded with

both BMP-2 and 0.031 ng of dexamethasone. Histology indicated increased bone formation in
B-TCP blocks that contained both dexamethasone and BMP-2 relative to blocks that contained
only BMP-2, and the formed tissue was confirmed to be bone tissue by immunostaining of
osteocalcin (Fig. 6C-2). The area of the formed heterotopic bone was quantified (Fig. 6C-3).
There was no significant difference in the area of formed bone among the groups treated with
dexamethasone; however, the area of formed bone in the groups treated with dexamethasone
was significantly higher than that in the group treated with BMP-2 alone, thus confirming that

dexamethasone also augments the osteogenic activity of BMP in vivo.

Discussion

In this study, we evaluated BMSCs and MuSCs, which are thought to contribute to ectopic
bone formation induced by BMPs. In both cell types, dexamethasone treatment during expan-
sion culture resulted in considerably higher subsequent osteogenic differentiation capability.
Dexamethasone treatment during osteogenic induction also promoted osteogenic differentia-
tion induced both with and without BMP-2, and the combination of dexamethasone and
BMP-2 had the strongest effect on osteogenic differentiation in both BMSCs and MuSCs.

The proliferation study and CFU assay revealed that dexamethasone differentially affected
the proliferation and composition of cell subpopulations, resulting in the selection of cells with
higher osteogenic capability among both BMSCs and MuSCs. Furthermore, dexamethasone
treatment had a similar effect on cell proliferation during osteogenic induction, which suggests
that dexamethasone also exerts selective effects on cell subpopulation composition during dif-
ferentiation. Based on these results, we confirmed that subpopulation selection is at least one of
the mechanisms by which dexamethasone augments the osteogenic differentiation of BMSCs
and MuSCs, not only during expansion but also during osteogenic induction. The western blot
analyses indicated augmented BMP-SMAD signaling in BMSCs and MuSCs expanded with
dexamethasone compared to those expanded without dexamethasone. Therefore, we speculate
that cells that had higher responsiveness to BMP stimulation selectively proliferated under con-
tinuous dexamethasone treatment. However, among the differentiation treatment groups, the
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combination of BMP and Dex in AGBD cells resulted in a significantly higher level of
P-SMAD than that observed in AGB and AGD cells. This finding suggests that mechanisms
other than selective proliferation may be involved in the enhanced osteogenic differentiation
observed for Dex, particularly because the differences were evident within 24 h of the
treatments.

Many studies using BMSCs obtained by primary culture have shown effects of dexametha-
sone on not only osteogenic differentiation but also chondrogenic and adipogenic differentia-
tion. However, the mechanisms underlying these effects have not been clarified. Some studies
have evaluated the effects of dexamethasone on osteoblastic or progenitor cell lines established
from not only rodents but also humans. However, most of these studies aimed to clarify the
mechanisms underlying steroid-induced osteoporosis [38-44]; furthermore, the cell lines eval-
uated were homogenous and the findings may thus be difficult to generalize to physiologically
or clinically relevant cell populations. Dexamethasone has not been used for osteogenic induc-
tion in most cell lines, even though it has been shown that dexamethasone is required for osteo-
genic induction of heterogeneous bone marrow-derived cells and cells from other stromal
tissues. Therefore, we focused on the effects of dexamethasone on heterogeneous BMSC popu-
lations. The findings in this study agreed with our previous findings that human BMSCs treat-
ed with dexamethasone during proliferation presented enhanced osteogenic, chondrogenic,
and adipogenic differentiation [29]. To date, many studies have characterized the osteogenesis
of BMSCs using dexamethasone. However, most of those studies did not account for the het-
erogeneity of the cells, and few reports have directly indicated a selective effect of dexametha-
sone on BMSC subpopulations such as that shown in the present study. Moreover, this is the
first study to report effects of dexamethasone on MuSC proliferation. Aubin and colleagues ex-
tensively investigated the effects of dexamethasone on various types of stromal cells. They re-
ported that dexamethasone redistributed the subpopulations of fetal rat calvaria-derived cells,
resulting in enhanced osteogenic [45], chondrogenic [46], and adipogenic differentiation [47].
They also studied effects of dexamethasone on subpopulations of rat BMSCs and demonstrated
that dexamethasone significantly increased subpopulations with ALP positivity and bone nod-
ule formation [48]. Furthermore, they studied the effects of dexamethasone on rat BMSCs and
reported that BMSCs contained various subpopulations. BMSCs at the early stages of culture
contained subpopulations that formed bone nodules without dexamethasone treatment, and
such subpopulations decreased as the culture duration increased. Dexamethasone altered the
composition of the subpopulations and increased the subpopulations of BMSCs that required
dexamethasone to form bone nodules. Furthermore, Aubin and colleagues indicated that some
subpopulations contained in BMSCs inhibited osteogenic differentiation and that dexametha-
sone may affect differentiation indirectly through such subpopulations [45]. Some reports have
also indicated that the timing of dexamethasone treatment is important, i.e., that treatment at
the early stage of primary culture has a stronger effect on osteogenic differentiation [50]. Such
results also support a selective effect of dexamethasone on cell subpopulations, as the results
were obtained during the early proliferative phase, when cell selection by competitive prolifera-
tion is likely to occur. However, as mentioned above regarding the western blot analysis, such
population-selective effects of dexamethasone cannot completely explain the observed en-
hancement of osteogenesis. In this regard, we have also confirmed that dexamethasone aug-
ments the osteogenic differentiation of immortalized human BMSCs, which are considered to
be a single-cell-derived and homogenous population because they have been passaged numer-
ous times (data not published). Furthermore, Mikami et al. previously reported a synergistic ef-
fect of dexamethasone and BMP-2 in the C3H10T1/2 cell line [51]. These studies using
homogenous cell populations may thus depict a different process than our proposed mecha-
nism of cell subpopulation selection by competitive proliferation, which can only be studied in
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a heterogeneous cell population such as that introduced by the present study. Although we
could not completely clarify the effects of dexamethasone on the osteogenesis of stromal cells,
we succeeded in demonstrating the subpopulation selection effect of dexamethasone, which
can only be evaluated in heterogeneous cell populations, in addition to the dexamethasone-
mediated augmentation of osteogenic differentiation induced by BMP-2. We consider that our
results in heterogeneous cells obtained by primary culture are more applicable to in vivo condi-
tions and clinical bone regeneration.

Regarding heterotopic bone formation induced by BMP-2 in muscle tissue, BMSCs, which
have high osteogenic capability, and MuSCs, which reside around the implants, are expected to
contribute to bone formation. Otsuru et al. directly confirmed that circulating bone marrow-
derived progenitor cells differentiated into osteoblasts and formed bone tissue at muscle sites
that received BMP-2-containing scaffolds in a mouse parabiotic pairing model [52]. Several
previous studies demonstrated the contribution of muscle-derived cells to BMP-induced
ectopic bone formation by transplanting muscle tissue-derived cells combined with BMP-2
into muscle [53, 54]. We also evaluated whether MuSCs contribute to heterotopic bone
formation by BMP-2 and have bone formation capability. To identify the cells responsible
for the ectopic bone formation, we labeled the cells in the muscle compartment recipient
site prior to implantation. Fluorescently labeled cells were found at the site of ectopic bone
formation, indicating that the labeled muscle cells migrated into the scaffold and
differentiated into osteoblasts. We also performed a cell transplantation experiment to
further evaluate the bone formation capability of MuSCs. Only MuSCs cultured with dexa-
methasone and BMP-2 showed bone formation in subcutaneous sites, although the area of
the formed bone was limited. This finding simultaneously confirmed the bone formation capa-
bility of MuSCs and the effectiveness of the combination of dexamethasone and BMP-2 for
MuSC-derived osteogenesis.

Previously, it was reported that systemic administration of dexamethasone enhanced ectop-
ic bone formation by BMP-7 in murine muscles. In particular, implantation of a dexametha-
sone pellet into subcutaneous tissue increased the volume of ectopic bone induced by BMP-7
by 102% at 20 days of BMP-7 application and increased osteoblast number and osteoblast sur-
face area in the ectopic bone without affecting osteoclast activity. At least during the experi-
mental period, implantation of the dexamethasone pellet did not affect bone volume,
trabecular thickness, osteoblast number, and osteoblast surface area of vertebrae and tibiae
[55], which suggests that dexamethasone only affects osteoblast precursor or stem cells residing
at sites with strong osteoblast induction such as those treated with BMPs. In our study, the
scaffold-mediated delivery of dexamethasone and BMP-2 strongly promoted ectopic bone for-
mation relative to BMP-2 alone, and this study is thus the first to show that local delivery of
dexamethasone enhances the osteogenic effect of BMP-2 in vivo. Based on the results of our in
vitro studies and in vivo studies, we speculate that both migrating muscle cells and circulating
bone marrow-derived cells may have been exposed to the dexamethasone and BMP-2 in the
scaffolds, resulting in their differentjation into osteoblasts to form ectopic bone. We used po-
rous B-TCP blocks as a carrier for BMP-2 and dexamethasone and also as a scaffold for bone
formation. It is well known that BMPs strongly adsorb onto calcium phosphate materials in-
cluding B-TCP. Therefore, we consider that B-TCP is an appropriate carrier material for BMPs.
However, we confirmed that dexamethasone does not adsorb onto B-TCP (data not shown)
and may not be an appropriate carrier material for dexamethasone. Recently, the efficacy of
dexamethasone-loaded CMCht/PAMAM dendrimer nanoparticles to enhance internalization
of dexamethasone and subsequent osteoblastic differentiation of BMSCs was reported [56, 57].
Therefore, the use of dexamethasone loaded in such a carrier may further enhance the bone
formation induced by BMP-2.
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BMPs were approved for use in spine surgery by the US Food and Drug Administration late
in 2002. Since then, BMP2 has been widely used not only for spinal fusion but also in other sur-
geries that require strong osteoinduction. However, side effects such as heterotopic bone for-
mation [10-13], postoperative inflammation [12, 14-17], osteolysis and subsidence of
implants [18-21], and cyst-like bone void formation [18] are of concern [22] and may result
from excessive dosing of BMP-2. To overcome these negative aspects, many studies have at-
tempted to develop BMP carriers to provide controlled release [38-52], whereas other studies
have attempted to enhance the osteogenic inductivity of BMPs by combining them with other
drugs or cytokines in vitro and in vivo [62-64]. However the findings of these trials have not
yet been widely applied in the clinic. In the present study, addition of a small amount of dexa-
methasone to BMP-2 markedly augmented bone formation. Although dexamethasone has also
been associated with complications such as osteoporosis and immunosuppression, the doses of
dexamethasone used to augment bone formation in the present study were very low. Therefore,
combined use of dexamethasone and BMPs may reduce the amount of BMPs required to
achieve clinical efficacy, thus reducing both the cost of the procedure and also the side effect
profile.

This study is not without limitations. Although we confirmed that the subpopulation selec-
tion effects of dexamethasone enhanced the differentiation capabilities of BMSCs and MuSCs,
we have yet to specifically characterize the different cells in the heterogeneous cell population
or to reveal the mechanism of subpopulation selection. Additionally, although the combination
of dexamethasone and BMP-2 augmented bone formation both in vivo and in vitro in a rat
model, it is well known that the response to BMPs is different among animal species. Therefore,
for clinical applications, the quantities of dexamethasone and BMPs should be optimized.

Conclusion

This is the first study to show that the combination of BMP-2 and dexamethasone augments
the osteogenic differentiation of both BMSCs and MuSCs. We also demonstrated a strong
effect of the combination of BMP-2 and dexamethasone on ectopic bone formation in vivo.
These data suggest that dexamethasone could be used clinically to augment the effects of BMP-
2 on bone formation. Further studies to elucidate the underlying mechanisms are required.
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Fig.2 Preoperative image
{a) Posterior standing posture.
{(b) Lateral standing posture.
(¢) X-ray A-P view of total spine.
(d) X-ray lateral view of total spine.

Fig.3 Postoperative image
(a) Anteroposterior standing posture.
(b) Lateral standing posture.
(¢) X-ray A-P view of total spine.
(d) X-ray lateral view of total spine.
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