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a b s t r a c t
Critical size segmental bone defects are still a major challenge in reconstructive orthopedic surgery.
Transplantation of human mesenchymal stem cells (hMSC) has been proposed as an alternative to
autogenous bone graft, as MSC can be expanded in vitro and induced to differentiate into bone-regenerating
osteoblats by several bone morphogenetic proteins (BMP).
The aim of this study was to investigate whether the association of hMSC and BMP-7, with providing the
necessary scaffold to ﬁll the bone loss, improved bone regeneration in a rat model of critical size segmental
bone defect, compared to treatment with either hMSC or BMP-7 and the matrix. In addition, we tested
whether pre-treatment of hMSC with cyclic ADP-ribose (cADPR), an intracellular Ca2+ mobilizer previously
shown to accelerate the in vitro expansion of hMSC (Scarfì S et al, Stem Cells, 2008), affected the
osteoinductive capacity of the cells in vivo.
X-ray analysis, performed 2, 10 and 16 weeks after transplantation, revealed a signiﬁcantly higher score in
the rats treated with hMSC and BMP-7 compared to controls, receiving either hMSC or BMP-7.
Microtomography and histological analysis, performed 16 weeks after transplantation, conﬁrmed the
improved bone regeneration in the animals treated with the association of hMSC and BMP-7 compared to
controls. Pre-treatment with cADPR to stimulate hMSC proliferation in vitro did not affect the bone
regenerating capacity of the cells in vivo.
These results indicate that the association of in vitro expanded hMSC with BMP-7 provide a better
osteoinductive graft compared to either hMSC or BMP-7 alone. Moreover, cADPR may be used to stimulate
hMSC proliferation in vitro in order to reduce the time required to obtain a transplantable number of cells,
with no adverse effect on the bone regenerating capacity of hMSC.
© 2010 Elsevier Inc. All rights reserved.

Introduction
Large bone defects can be caused by trauma, disease or
developmental defects and the surgical treatment of critical size
bone loss is a major challenge to the reconstructive surgeon.
Autogenous bone grafts require harvest of bone from an intact site
and are burdened by complications at both the harvest and graft sites
[1]. An alternative, emerging strategy to bone transplantation for the
treatment of large bone defects is tissue engineering, through the use
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of bone-regenerating stem cells embedded in a bio-compatible matrix
[2]. Mesenchymal stem cells (MSC) are a rare population of nonhematopoietic cells present in the bone marrow (BM) that can be
expanded in vitro and induced to differentiate into several mesodermal cell types, including osteoblasts and chondrocytes [3]. BMderived MSC seeded onto hydroxyapatite and implanted into nonobese diabetic/severe combined immunodeﬁciency (NOD/SCID)
mice have been shown to induce new bone formation [4]. Subsequent
studies have demonstrated the bone-regenerating capacity of in vitro
expanded and in situ implanted MSC in several animal models of
critical segmental bone defects [5–7]. These results have led to the
approval of clinical trials for the implantation of human MSC (hMSC)matrix composites for the treatment of large bone defects in humans
[8]. A major hurdle to the use of autologous or allogeneic hMSC for
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stem cell-based bone repair is the need for large cell numbers: the low
frequency (1/105) of hMSC in the BM-derived cell suspensions used
as a source of stem cells and the long time required for their in vitro
expansion (several weeks) under stringent culture conditions [9] lead
to high production costs.
The matrix to be used in association with the in vitro expanded
hMSC in the bone graft should, (i) provide initial physical support for
the transplanted cells inside the bone defect, and, (ii) release chemical
signals stimulating osteoblast differentiation [10]. Regarding physical
support, among the wide range of organic and inorganic osteoinductive matrices tested in vitro and in vivo, particles of natural bone
mineral (Orthoss®) have been shown to provide an excellent,
biocompatible substrate, also amenable to remodelling during the
bone regeneration process [11–13]. Osteoblast differentiation is
known to be regulated by bone morphogenetic proteins (BMPs),
which are members of the Transforming Growth Factor (TGF)
superfamily, and BMP-2 and BMP-7 (also known as osteogenic
protein-1) are currently used clinically to stimulate new bone
formation [14]. Most recently, BMP-7 has been shown to be primarily
responsible for the in vitro osteoblastic differentiation of primary
hMSC, by inducing the expression of osteoblast-associated genes and
matrix mineralization independently of BMP-2 expression [15].
The scope of this research was to assess the osteoinductive
capacity of the association of in vitro expanded hMSC and BMP-7 using
as the matrix support in an athymic rat model of critical size
segmental bone defect. In addition, as it has been recently demonstrated that cyclic ADP-ribose (cADPR), a universal intracellular
calcium mobilizer, stimulates the in vitro expansion of human MSC
[16], we investigated whether pre-treatment with cADPR affected the
in vitro differentiating ability and/or the in vivo osteoinductive
capacity of expanded hMSC.
Materials and methods
Materials
Orthoss®, natural bone mineral spongiosa granules of 0.25–1 mm
particle size, was purchased from Geistlich Biomaterials, Wolhusen,
Switzerland. Human recombinant BMP-7 (hrBMP-7) (OP-1 implant,
insoluble) was purchased from Stryker Biotech, Rome, Italy: each vial
contains a combination of 3.3 mg hrBMP-7 and 1 g of puriﬁed Type I
bovine collagen.
Animals
Male athymic rats (Harlan HSD: Rh-rnu, median weight, 379 g)
were purchased from Harlan Italy (S. Pietro al Natisone, Udine, Italy).
In skeletally mature animals (2 months old), a critical size segmental
bone defect (CSSBD) was produced. The in vivo experimental protocol
was approved by the Italian Ministry of Health and by the Animal Care
and Use Committee of the Advanced Biotechnology Center, Genova,
Italy, where the experimentation was performed. All experiments
were conducted in accordance with international standards on animal
welfare and adequate measures were taken to minimise pain or
discomfort.
Isolation and culture of human mesenchymal stem cells
Human MSC (hMSC) were puriﬁed from samples of bone marrow
and bone fragments obtained from the acetabulus of patients
undergoing hip arthroplasty, after written consent and under the
approval of the S. Corona Hospital ethics committee. At least 50 ml per
sample were collected from 6 patients, age 59 to 73 (2 males, 4
females). Mononuclear cells (MNC) were isolated by centrifugation
on Ficoll Paque Plus (Amersham Bioscience, Milan, Italy) and then
plated on 175 cm2 ﬂasks, at 2 × 105 cells/cm2 in McCoy Medium

(Lonza, Milan, Italy) supplemented with 10% of FBS (from selected
lots, Invitrogen, Milan, Italy) and with 100 U/ml penicillin plus
100 µg/ml streptomycin. After 48 h culture, the medium was
removed and fresh medium was added to each ﬂask. Cells were
maintained at 37 °C in a humidiﬁed atmosphere with 5% CO2 and half
of the medium was changed every 3 days. Cell conﬂuence usually was
reached in two weeks, this being considered passage #0: cells were
then expanded (1:4) and cultured as described. At passage #2 cells
were deep frozen until use for implantation.

Cell proliferation assay
For the proliferation assay, hMSC were plated at a density of
5 × 103 cells/well in 96-well plates and allowed to adhere overnight.
The day after, 0.2 or 1 µg/ml hrBMP-7, 2 or 10 µM cADPR, or 1 µg/ml
hrBMP-7 and 10 µM cADPR in combination were added to the cells, in
quadruplicate. After 24 or 48 h culture, the MTT test was performed to
evaluate the extent of cell proliferation [17].

Differentiation and gene expression analysis
Cells were plated at a density of 3 × 105 cells in 35 mm-culture
dishes and incubated in complete medium in the presence or absence
of 1 µg/ml BMP-7 or of 1 µg/ml BMP-7 and 30 µM cADPR for 48 h.
Following this treatment cells were induced to differentiate in the
presence of 10 mM 2-glicerol phosphate, 10 µM dexamethasone and
50 µM ascorbic acid in DMEM-F12 medium supplemented with 10%
FCS and penicillin plus streptomycin (osteocyte differentiation
medium, ODM). Fresh medium and osteogenic factors were replaced
every 3 days. After 1 week, total RNA was extracted using a RNeasy
Micro Kit (Qiagen, Milan, Italy) according to the manufacturer's
protocol including DNase treatment. Quality and quantity of RNA
were analyzed using a NanoDrop spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA). The cDNA was synthesized from
200 ng of total RNA with the iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, Milan, Italy). Each RNA sample was controlled for
genomic DNA contamination without reverse transcriptase addition
into cDNA synthesis mixture. Quantitative real-time PCR ampliﬁcation was performed in triplicate using the Bio-Rad IQ5 instrument
(Bio-Rad) and the 2 × iQ Custom Sybr Green Supermix (Bio-Rad). The
20 µl PCR mixture contained 2 µl of diluted cDNA and 0.2 µM of each
primers. All samples were ampliﬁed in triplicate and the mean was
used for RT-qPCR analysis. Statistical analyses of the qPCR were
obtained using the iQ5 Optical System Software version 1.0 (Bio-Rad)
based on the ΔΔCt method [18,19]; relative expression levels were
normalized on GAPDH (reference gene). For each speciﬁc primers set
the efﬁciency was N95% and a single product was seen on the melting
curve analysis. Speciﬁc primers for Alkaline phosphatase (ALP,
NM_000478), osteopontin (OPN, NM_000582) and Runt-related
transcriptional factor 2 (Runx2, NM_004348) were designed through
Beacon Designer 2.0 Software (Bio-Rad) and are listed in Table 1.

Table 1
Primers used for real-time PCR.
Target
gene

Accession
number

Sequence

Product
(bp)

ALP

NM_000478

196

RUNX 2

NM_0004348

OPN

NM_000582

GADPH

NM_002046

5′-ATGAGGCGGTGGAGATGG-3′
5′-ATACAGGATGGCAGTGAAGG-3′
5′-CCAGCAGCACTCCATATCTCTAC-3′
5′-CATCAGCGTCAACACCATCATTC-3′
5′-CTGATGAATCTGATGAACTGGTC-3′
5′-GTGATGTCCTCGTCTGTAGC-3′
5′-CCTGTTCGACAGTCAGCCG-3′
5′-CGACCAAATCCGTTGACTCC-3′

176
192
101
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Preparation of the graft
For the preparation of graft implants 2 × 106 frozen hMSC at passage
#2, were rapidly thawed in a water bath at 37 °C and then immediately
plated in a 175 cm2 ﬂask and incubated for 48 h at 37 °C in a humidiﬁed
atmosphere with 5% CO2 in the presence or absence of 30 µM cADPR.
After 48 h cells were detached from the ﬂasks, counted and then 2 × 106
of untreated or cADPR-treated hMSC were centrifuged at 400g for 5 min.
Cells were then resuspended in 100 µl of PBS containing 10 mM glucose
(PBS-glucose) and immediately used to prepare the implants. 100 µl of
PBS-glucose, with or without hMSC, was mixed with Orthoss®, with
hrBMP-7 (when present) and with approximately 200 µl of 2%
carboxymethyl cellulose-based hydrogel (Sigma). For hMSC dose
ﬁnding experiments, 0.5, 1, 2, 3 or 6 × 106 cells were transplanted in
the presence of 120 mg Orthoss® and 80 µg hrBMP-7. 2 × 106 hMSC
were used in all subsequent experiments, and the following graft
composition was utilized in the ﬁve animal groups studied: group #1,
120 mg Orthoss®; group #2, Orthoss® and 80 µg hrBMP-7; group #3,
Orthoss® and hMSC; group #4, Orthoss®, hMSC and hrBMP-7; group #5,
Orthoss®, cADPR-pre-treated hMSC and hrBMP-7.
hMSC migration from the graft in vitro
To evaluate the ability of hMSC to migrate out of the graft, the
same implant employed for experimental group #4 (see “preparation
of the graft”) was cultured on 35 × 10 mm dishes in 1 ml complete
medium and incubated in a humidiﬁed atmosphere at 37 °C. At
various times, the medium was removed and live cells were stained
with 2.5 µM calcein green (Molecular Probes, Invitrogen, Milan, Italy)
in 1 ml of Hank's balanced salt solution (HBSS, Sigma) for 30 min at
37 °C. The dishes were then washed twice with HBSS and immediately
analysed under a confocal microscope (Leica TCS SL) equipped with
argon/He–Ne laser sources and a HC PL FLUOTAR 20.0 × 0.5 air
objective. Laser energy of the 488 nm line was set at 20%. Data were
acquired in an emission range of 500–580 nm, while the photomultiplier voltage gain was set to eliminate autoﬂuorescence of
cells in the same interval of acquisition. Z-stacks of 220 sections with a
Z-step of 820 nm for a total thickness of 180 µm were acquired,
starting from the plastic surface of the dish. 3-D projections of the
micrographs were obtained using the Leica LCS software and a colorcode was applied to show the thickness of the samples.
Rat model of critical size segmental bone defect
In this study, CSSBD were surgically created in the right hind limb
of male athymic rats. For hMSC dose ﬁnding experiments four rats per
experimental group were used for a total of six groups differing for the
number of hMSC employed, while in the following experiments six
animals per group were used (the above mentioned groups #1–5).
Rats were operated under general anaesthesia, achieved with the
intraperitoneal injection of diazepam (1 mg per 100 g of body weight)
and the intramuscle administration of Xilazine (0.5 mg per 100 g of
body weight) and Ketamine (4 mg per 100 g of body weight).
The right limb was shaved and prepared. The anterior surface of
the right femur was exposed from the antero-lateral side, saving
muscles and tendons. Before femoral osteotomy, a 3-mm thick and
25-mm long polymethyl-methacrylate plate was ﬁxed with four
stainless steel cerclage wires. Then, a femoral gap of 6 mm was cut in
the central diaphysis and ﬁlled with the graft, prepared as described
above. Unprotected weight bearing was allowed immediately after
the operation.
Evaluation of bone regeneration
Bone regeneration was evaluated by X-ray with a direct digital
mammography equipment, (Giotto Image-MD by IMS, Bologna, Italy)
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on animals under general anaesthesia 2, 10 and 16 weeks after
transplant. Radiographs were scored by two independent observers
according to a modiﬁed Cook classiﬁcation [20], the modiﬁcation
consisting in the addition of score #6, indicating overgrowth
ossiﬁcation. At 16 weeks from the transplant, animals were sacriﬁced
and the operated femurs were harvested, dissected free of the
surrounding muscle tissue and ﬁxed in 10% formaldehyde in PBS. The
specimens were scanned using a high resolution micro-CT system
(µCT 40, Scanco Medical, Bassersdorf, Switzerland) in multislice
mode. Each image data set consisted of approximately 600 micro-CT
slice images. Data were acquired in high-resolution mode with an x-,
y-, z-resolution of 16 µm. The image data sets were used, (i) to
produce 3-D views of the specimens, using a dedicated software
(Scanco Medical, Switzerland), and (ii) to quantify the percentage of
new bone and of Orthoss®. Since bone has a lower degree of
mineralization than Orthoss®, the two materials can be distinguished
by their grey levels in Micro-CT scans. The threshold was set at 200 for
bone and 340 for Orthoss®. Finally, ﬁxed samples were processed for
the preparation of non-demineralized ground sections according to
the technique of Donath and Breuner [21]. Brieﬂy, specimens were
dehydrated and the blocks were inﬁltrated with Technovit 7200 VLCresin (Haereus Kulzer Gmbh, Wehrheim, Germany). Inﬁltrated
specimens were then placed into embedding molds, and polymerization was performed under UV-light. Polymerized blocks were sliced
longitudinally on an Exakt cutting unit (Exakt, Norderstedt,
Germany). The slices were reduced by microgrinding and polishing
using an Exakt grinding unit to an even thickness of 30–40 µm.
Sections were stained with toluidine blue/pyronine G and examined
using both a Leica MZ16 stereomicroscope (Leica Microsystems srl,
Milan, Italy) and a Leica 6000DRB light microscope.
In order to quantify the connective and hemopoietic tissues,
Orthoss® and new bone, in each histological section (2 sections per
animal, 6 animals per experimental group) the area corresponding to
each tissue type in the femoral gap was measured with the Adobe
Photoshop 7.0 Professional software.
Statistical analysis
Data are presented as mean ± standard deviation (SD) of mean.
Student's t-test was used to analyse the difference between two
groups. Analysis of variance (ANOVA) and multi-comparison analysis
using Tukey's test were performed on the data in Figs. 4B and 5B.
p b 0.05 was considered statistically signiﬁcant.
Results
Effect of BMP-7 and cADPR on the in vitro proliferation of hMSC
Prior to starting the in vivo experimentation, we preliminarily
tested the effect of human recombinant BMP-7 (hrBMP-7) and of
cADPR on the proliferation of hMSC in vitro. hrBMP-7 and cADPR were
added to cultured hMSC at concentrations known from the literature
to exert stimulatory effects on cell differentiation [15] and proliferation [16], respectively. At 0.2 and 1.0 µg/ml, hrBMP-7 slightly
reduced the cell number after 24 and 48 h culture compared to
untreated controls (Fig. 1), in line with the reported transient
attenuation of the cell cycle induced by the differentiating factor
[15]. Conversely, cADPR (2 and 10 µM) slightly stimulated cell
proliferation in a concentration-dependent manner, the highest
concentration inducing a 40% increase of the cell number after 48 h
culture (Fig. 1), similarly to what already reported [16]. The effect of
hrBMP-7 on hMSC previously expanded for 48 h in the presence of
cADPR was also explored, as this schedule of cell treatment was to be
subsequently employed for the in vivo experimentation in one of the
rat groups. The reduction of the cell number induced by 1 µg/ml
hrBMP-7 after 24 and 48 h compared to controls, pre-treated for 48 h
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Fig. 1. Effect of hrBMP-7 and cADPR on hMSC proliferation in vitro. hMSC proliferation
was evaluated by MTT assay in cells treated with hrBMP-7 and/or cADPR at the
indicated concentrations for 24 h (white bars) or 48 h (grey bars). Histograms
represent the mean ± SD from three independent experiments, performed in
quadruplicate. *p b 0.05 compared to control, untreated cells.

with cADPR and then cultured without addition of hrBMP-7, was
similar to that observed when hrBMP-7 was added to cADPRuntreated cells (Fig. 1), indicating that hMSC expanded in the presence
of cADPR were also subject to the cell cycle attenuating effect of BMP-7.
Effect of BMP-7 and cADPR on transcription of osteogenic differentiation
marker genes
We also tested the effect of hrBMP-7 and of cADPR on the
osteogenic differentiation capacity of hMSC in vitro. hMSC were
cultured in complete medium for 48 h in the presence or absence of
BMP-7, alone or together with cADPR. Cells were then induced to
differentiate for 1 week in ODM and total mRNA was extracted and
qPCRs were performed to quantify expression of the following
osteogenic differentiation marker genes: Runt-related transcriptional
factor 2 (Runx2), alkaline phosphatase (ALP) and osteopontin (OPN).
Results are summarized in Fig. 2; an increased transcription of all
marker genes was indeed observed in ODM-treated cells (C, white
bars) compared to controls, maintained in medium without differentiating factors (C, grey bars). Expression of Runx2 in hMSC pre-treated
with hrBMP-7, with or without cADPR, was similar to that observed in
the differentiated control (Fig. 2A, white bars). Conversely, expression
of both ALP and OPN signiﬁcantly increased in cells pre-treated
with hrBMP-7, without or with cADPR, compared to the respective
differentiated controls (Fig. 2B–C, white bars). In cells allowed
to differentiate for 2 weeks, however, expression of OPN in the
differentiated control increased to levels similar to those observed in
the presence of hrBMP-7, suggesting that the growth factor
accelerated OPN gene induction by the differentiating medium
(not shown). Surprisingly, upregulation of Runx2 (3.1 folds) and
OPN (2.7 folds) was also observed in the absence of ODM, in cells pretreated with hrBMP-7 and cADPR compared to untreated controls
and to cells incubated with hrBMP-7 alone (Fig. 2A–C, grey bars),
suggesting that the combination of cADPR and the bone morphogenetic protein could induce the expression of osteogenic markers in the
absence of differentiating factors.

Fig. 2. Expression of Runx2, ALP and OPN in differentiated and undifferentiated hMSC.
RT-qPCR of Runx2 (panel A), ALP (panel B) and OPN (panel C) genes expressed in hMSC
pre-treated or not with hrBMP-7 alone or in combination with cADPR (hrBMP-7+
cADPR) and cultured in the presence (white bars) or absence (grey bars) of osteocyte
differentiating medium (ODM) for 1 week. Results are expressed as mRNA fold increase,
normalized on the reference gene (GAPDH) and compared to control, undifferentiated
cells. Histograms represent the mean ± SD of three independent experiments,
performed in triplicate. Panel A: *p b 0.0005 compared to the same sample w/o ODM
(grey bar); #p b 0.0005 compared to control with ODM (C, white bar); **p b 0.0025
compared to control w/o ODM (C, grey bar). Panel B: *p b 0.0005 compared to the same
sample w/o ODM (grey bar); #p b 0.0005 compared to control with ODM (C, white bar);
##p b 0.05 compared to control with ODM (C, white bar). Panel C: *p b 0.0005 compared
to the same sample w/o ODM (grey bar); #p b 0.0005 compared to control with ODM
(C, white bar); **p b 0.0005 compared to control w/o ODM (C, grey bar).

hMSC migration out of the graft in vitro
The same type of implant employed for experimental group #4
(hMSC, Orthoss® and rhBMP-7) was incubated at 37 °C on Petri dishes
and, at various times, live cells were stained with the cytoplasmatic
marker calcein green and examined by confocal microscopy to

visualize cells migrated from the implant and attached to the plastic
surface and cells still inside the Orthoss® particles. Artiﬁcially
coloured 3-D projections were obtained with the Leica software.
Indeed, hMSC were able to migrate out of the graft as early as 4 h after
the onset of culture (not shown). After 24 h incubation of the implant,

G. Burastero et al. / Bone 47 (2010) 117–126

121

hMSC were found both out of the implant, attached to the plastic
surface underneath the Orthoss® particles (purple cells), and inside
the implant, at various heights, as documented by the green-yellowred colour attributed by the software to cells present at increasing
distances from the plastic surface (Fig. 3A).
To determine if leakage of BMP-7 occurred from the graft, the same
type of implant employed for experimental group #3 (Orthoss® and
rhBMP-7) was incubated in 1 ml HBSS at 37 °C for up to 24 h. Release
of BMP-7 into the medium could not be detected by dot-blot analysis,
using a speciﬁc anti-human BMP-7 goat polyclonal antibody. These
results are in agreement with in vivo studies with radiolabeled OP-1,
demonstrating very limited systemic release of the protein (European
Public Assessment Report, Product Information Osigraft-H-C-293-II38, April 2, 2008).
Dose-ﬁnding of hMSC for bone repair in the rat model
In order to determine the minimum number of hMSC capable of
producing a radiographically appreciable bone regeneration at the site
of the bone defect, different numbers of hMSC were transplanted with
80 µg of hrBMP-7 in a matrix of Orthoss® (120 mg). Radiographs taken
12 weeks after transplantation and scored according to Cook showed a
dose-dependent increase of the score up to 2 × 106 cells, while grafting
of higher hMSC numbers (up to 6 × 106 cells) did not result in a further
increase of the radiographic score (Fig. 3). Thus, the minimum cell
number producing the highest radiographic score of bone regeneration (2 × 106 cells) was subsequently employed in the animal
experimentation. In another set of experiments, increasing amounts
of hrBMP-7 were tested for their efﬁcacy in combination with a ﬁxed
number (2 × 106) of hMSC. No signiﬁcant radiological differences were
observed 12 weeks post-operatively between animals (4 per group)
treated with 80 or 160 µg of rhBMP-7 (not shown). Thus, 80 µg of
hrBMP-7 were used in the subsequent animal experimentation.
Radiographic evaluation of bone repair in the rat model
At 2 weeks postoperatively, no signiﬁcant radiographic evidence of
bone repair was observed in any one of the experimental groups
(Fig. 4A, panel a shows a representative image). After 16 weeks, still no
or minimal radiographic evidence of bone repair was observed in
group #1 (Orthoss® only, Fig. 4A, panel b) and #2 (Orthoss® with
hMSC, Fig. 4A, panel c), while all other groups showed evidence of new
bone formation, with a score increasing from group #3 (Orthoss® and
hrBMP-7, Fig. 4A, panel d), to groups #4 (Orthoss®, hMSC and hrBMP7, Fig. 4A, panel e) and #5 (Orthoss®, cADPR-treated hMSC and hrBMP7, Fig. 4A, panel f). In particular, all of the animals in groups #4 and #5
had a Cook score ≥3 (presence of new bone of cortical density at both
ends of the bone defect) and 2 out of 6 animals had a score of 5 (loss of
graft-host distinction with signiﬁcant new bone remodelling). Group
#3 (Orthoss® and hrBMP-7) scored signiﬁcantly lower than groups #4
and #5, yet better than groups #1 and 2, with 5 out of 6 animals
showing new, albeit disorganized, bone bridging the graft to both ends
of the bone defect (evaluation score 2). Fig. 4B summarizes the
evaluation scores of the ﬁve experimental groups.
To gain more information regarding the structure of the graft inside
the bone defect, a µCT analysis was performed at 16 weeks
postoperatively on ﬁxed bone samples from each experimental
group, enabling the identiﬁcation of the new bone and of the bone
substitute used as the matrix (Orthoss®). Results are shown in Fig. 5A.
Large bone defects with no evidence of new bone formation were
observed in the samples from group #1 (matrix only, in white, Fig. 5A
panel a), in agreement with the radiographic evidence. Very little new
bone formation (in red) was observed in the specimens from group #2
(hMSC, Fig. 5A panel b), where new bone accounted for 16% only of
total bone. A signiﬁcantly higher percentage of new bone compared to
the previous groups was present in the grafts from group #3 (hrBMP-7,

Fig. 3. Out of graft migration of hMSC in vitro and hMSC dose ﬁnding in the CSSBD rat model.
hMSC migration was evaluated by®confocal microcopy (panel A) after 24 h incubation of an
implant containing hMSC, Orthoss and rhBMP-7 in 1 ml complete medium on a Petri dish.
After cell staining with calcein green, samples were analysed by confocal microscopy with a
HC PL FLUOTAR 20.0× 0.5 air objective. Z-stacks of 220 sections with a Z-step of 820 nm for a
total thickness of 180 µm were taken, starting from the plastic surface. 3-D projections,
artiﬁcially colored to highlight the depth of the acquisition data set, were obtained using the
Leica LCS software. Cells attached to the plastic surface are purple while the blue-greenyellow-red colours indicate cells at increasing distances from the plastic surface.
Radiographic evaluation scores (panel B) according to a modiﬁed Cook classiﬁcation
(panel C) of X-rays taken12 weeks postoperatively in athymic rats (4 animals per group),
receiving the indicated numbers of hMSC, with 80 µg hrBMP-7 and 120 mg of Orthoss®
matrix. Results are expressed as mean ± SD of the scores given by two independent
observers. *pb 0.05.
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Fig. 4. Post-operative radiographic analysis of the CSSBD rat model. Panel A. X-rays were taken under general anaesthesia, with a direct digital mammography equipment (Giotto
Image-MD). Representative images, taken at 2 weeks (a) or at 16 weeks (b–f) post-operatively, are shown. The following experimental groups were studied: (b) group #1 (matrix
only); (c) group #2 (matrix and hMSC); d) group #3 (matrix and hrBMP-7); (e) group #4 (matrix, hMSC and hrBMP-7); (f) experimental group #5 (matrix, cADPR-pre-treated
hMSC and hrBMP-7). Panel B. Radiographic evaluation scores according to a modiﬁed Cook classiﬁcation (shown in Fig. 3, panel B) assigned to the X-rays taken 16 weeks
postoperatively on the ﬁve experimental groups. Results are expressed as mean ± SD of the scores given to six animals per group by two independent observers. **p b 0.0005
compared to groups 1 and 2; #p b 0.005 and *p b 0.0005 compared to group 3, by Tukey's test.

Fig. 5A panel c), where new bone accounted for approx. 50% of total
bone (Fig. 5B). The highest percentage of new bone compared to total
bone (approximately 70%) was observed in the grafts from groups #4
and #5 (Fig. 5A panels d and e and B), with no signiﬁcant differences
between these groups. The increased bone regeneration observed in
the grafts from groups #4 and #5 compared to those from group #3 is
attributable to the presence of hMSC in the graft. In all cases where
signiﬁcant bone regeneration had occurred (groups #3, 4 and 5), a
reduction of the bone matrix (Orthoss®) was also observed (Fig. 5B),
indicating active Orthoss® resorption.
Histological analysis
At 16 weeks from transplant, ﬁxed femurs from each experimental
group were processed for the preparation of non-demineralized

ground sections, stained with toluidine blue/pyronine G and observed
through a light microscope. Images were acquired and a quantiﬁcation of the areas of Orthoss®, connective tissue, new bone and bone
marrow was performed. Results are summarized in Fig. 6. At
16 weeks, mainly connective tissue with very low amount of new
bone was present around the Orthoss® particles ﬁlling the bone defect
in animals from group #2 (hMSC), in agreement with the result of the
µCT analysis (Fig. 6A, images A–B and B). Newly formed bone tissue
could be detected and quantiﬁed around the matrix particles in group
#3 animals (hrBMP-7), although the new bone was insufﬁcient to ﬁll
the gap between the femoral fragments and to form a cortical callus
(Fig. 6A, images C–D and B). Conversely, in the animals from groups
#4 (hMSC+hrBMP-7, Fig. 6A, images E–F) and #5 (cADPR-treated
hMSC+hrBMP-7, Fig. 6A, images G–H), signiﬁcant amounts of new
bone were observed (Fig. 6B) and were found to connect the matrix
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Fig. 5. µCT analysis and evaluation of new bone formation. Microtomographies were performed at 16 weeks postoperatively on the ﬁxed femurs from each experimental group.
Specimens were scanned using a high-resolution micro-CT system (µCT 40, Scanco Medical). Data were acquired in high-resolution mode and the image data sets were used to
produce 3-D views of the specimens using Scanco Medical software. Panel A. A representative image for each rat experimental group is shown. Bone, including newly formed tissue,
is coloured in red, while the Orthoss® matrix is colored in white. White bars span 1 mm. (a) group #1 (matrix only); (b) group #2 (matrix and hMSC); (c) group #3 (matrix and
hrBMP-7); (d) group #4 (matrix, hMSC and hrBMP-7); (e) group #5 (matrix, cADPR-pre-treated hMSC and hrBMP-7). Panel B. Quantiﬁcation of matrix, newly formed and total bone
in the segmental bone defect area was performed on the µCT data sets from the ﬁve experimental groups, using the Scanco Medical software: black bars, matrix; white bars, new
bone; grey bars, total bone. Results are the mean ± SD of 6 animals per group. *p b 0.05 compared to Orthoss® in group #1; #p b 0.025 compared to new bone in group #3; **p b 0.05
compared to total bone in group #3, by Tukey's test.

particles inside the gap and along the cortical surface opposite to the
plaque, where the matrix particles leaked from the bone defect.
Furthermore, a signiﬁcant bone marrow colonisation of the new bone
inside the surgical gap (also quantiﬁed in Fig. 6B) was observed
mainly in animals from groups #4 and #5, indicating that the
regenerated bone had also regained its physiological function as
hemopoietic support.
Discussion
In this study, we tested the capacity of human MSC (hMSC)
together with human recombinant BMP-7 (hrBMP-7) to induce bone
regeneration in an in vivo rat model of critical size segmental bone
defect (CSSBD). The scientiﬁc literature provides extensive evidence
of the osteoblastic potential of bone marrow-derived MSC from mice
[22], rats [23], goats [24], pigs [25] and dogs [26], but the efﬁcacy of
hMSC in supporting bone regeneration in vivo is less well established.
It has also been shown, both in preclinical animal studies [27] and in
clinical studies [28], that hrBMP-7 has osteoinductive properties and
is biologically safe [29]. Thus, in vitro expanded hMSC and BMP-7 have

been separately used to improve bone regeneration (5–7, 27, 28): the
scope of this study was to assess whether their combination further
improved the healing of CSSBD. As compared to a recently published
rat nonunion model, where rat MSC were cultured to form a cell sheet
and then wrapped around a femur osteotomy without the need for
any other support [30], in this study, the use of a biocompatible matrix
was necessary to ﬁll the large (∼ 42 mm3) femur gap, providing both
host and donor cells with a support to grow and differentiate onto.
Furthermore, Orthoss® provided a mechanically resistant support for
hMSC, allowing cell adhesion without preventing cell migration
(Fig. 3A), and could be partially reabsorbed under conditions of
successful bone regeneration, as occurred in groups #4 and #5
(Fig. 5B), possibly allowing remodelling of the regenerated bone over
time. The fact that hMSC can migrate out of the graft (Fig. 3A), while
BMP-7 (OP-1 implant) is apparently retained inside the graft
(see Results), conﬁned the pro-differentiative action of BMP-7 inside
the implant, while migration of transplanted hMSC apparently
supported bone regeneration around the graft.
In order to test the bone regeneration capacity of hMSC in the
presence of hrBMP-7, an athymic rat model was used to avoid
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Fig. 6. Histological analysis of the segmental bone defect area. Panel A: at 16 weeks postoperatively, 30 µm-thick sections of the segmental bone defect area were prepared from each
specimen shown in Fig. 5. Sections were stained with toluidine blue/pyronine G and images were taken with a Leica 6000DRB light microscope. Left column images were taken at
low magniﬁcation (black bars span 500 µm), while right column images were acquired at high magniﬁcation (black bars span 200 µm). (a–b) group #2 (matrix and hMSC); (c–d)
group #3 (matrix and hrBMP-7); (e–f) group #4 (matrix, hMSC and hrBMP-7); (g–h) group #5 (matrix, cADPR-pre-treated hMSC and hrBMP-7). 1 Orthoss® particle; 2 connective
tissue; 3 new bone; 4 bone marrow. Panel B: quantiﬁcation of the areas of Orthoss®, connective tissue, new bone and bone marrow present in the histological sections (2 per animal,
6 animals per group) obtained from experimental groups #2, 3, 4 and 5. Tissue areas were quantiﬁed on low magniﬁcation images (as in panel A, left column) with the Adobe
Photoshop 7.0 Professional software. Tissue areas are expressed as percentages ± SD of the total area of the transplant in the femoral gap.
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rejection of the transplanted cells. In this CSSBD rat model, a
minimum of 2 × 106 hMSC, in the presence of hrBMP-7, was
necessary to observe signiﬁcant bone regeneration and a higher
number of cells did not result in an increased bone formation
(Fig. 3). The fact that increasing the number of hMSC or the dose of
BMP-7 in the graft did not results in bone overgrowth at the CSSBD
(see Results) should minimize the risk of excess callus formation in
the clinical setting, due to overdosage of either cells or BMP-7. Five
experimental groups were tested: group #1 received matrix alone
(Orthoss®), group #2 received the matrix and in vitro-expanded
hMSC, group #3 received the matrix and hrBMP-7, group #4
received the matrix, hMSC and hrBMP-7 and group #5 received
the matrix, hrBMP-7 and hMSC cultured for the last 48 h with the Ca2
+
-mobilising second messenger cADPR, which stimulates hMSC
proliferation [16]. All the evaluations performed postoperatively to
assess bone regeneration, i.e. X-ray (Fig. 4), µCT (Fig. 5) and
histological analysis of the regenerated bone (Fig. 6), consistently
indicated that groups #4 and #5 scored better than the other groups.
In particular, groups #4 and #5 received a radiographic evaluation
score ≥ 3, had the highest percentage of new bone formation
(approx. 30%), and a higher percentage of matrix resorption,
suggesting that mechanisms of active substitution of Orthoss®
particles with new bone were underway. The failure by hMSC
alone to regenerate the bone tissue in our model is in contrast with
results obtained by Nakamura et al. [30], who observed successful
femur nonunion repair using a sheet of rat MSC in the absence of
matrix; in this case, however, the bone defect was signiﬁcantly
smaller. In the CSSBD model used in this study, the important role of
the matrix in the bone regeneration process in groups #4 and 5 is
indicated by the fact that newly formed bone can be observed only
around the Orthoss® particles (Fig. 6F and H). The improved healing
resulting from the combination of hMSC with BMP-7 as compared to
treatment with either one or the other may be due to, i) the
increased osteogenic differentiation of implanted hMSC, or, ii) the
induction by BMP-7 of the transcription and release of growth and
differentiation factors by implanted hMSC (15), improving endogenous bone regeneration by rat cells.
Pre-treatment of hMSC for 48 h with cADPR prior to transplantation resulted in an approx. 40% increase of the cell number
compared to untreated cultures (Fig. 1), in line with published
observations [16]. The fact that addition of hrBMP-7 resulted in a
similar slight reduction of the cell number in cADPR-treated and untreated cells suggests that cADPR-expanded hMSC remain sensitive to the induction of differentiation by hrBMP-7. This conclusion is
sustained also by the observation of a similar increase of Runx2, ALP
and OP expression compared to untreated controls in differentiated
hMSC treated with hrBMP-7 alone or with hrBMP-7 in combination
with cADPR (Fig. 2, white bars). Finally, in the in vivo CSSBD model,
the group receiving cADPR-pre-treated hMSC (group #5) scored
similarly in all postoperative analyses compared to animals transplanted with cADPR-untreated hMSC (group #4, Figs. 4–6). Altogether, these results indicate that the in vitro expansion of hMSC with
cADPR accelerates cell proliferation without affecting the differentiation and bone regenerating ability of hMSC and may thus be
employed to shorten the in vitro expansion time preceding cell
transplant. The fact that both in vitro expanded human hMSC and the
BMP-7 preparation used in this study are already separately in
clinical use should expedite the possible approval for their combined
use for the treatment of CSSBD in humans.
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