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Increasing evidence suggests that stromal cell-derived factor-1 (SDF-1/CXCL12) is involved in bone formation,
though underlying molecular mechanisms remain to be fully elucidated. Also, contributions of SDF-1b, the
second most abundant splice variant, as an osteogenic mediator remain obscure. We have shown that SDF-1b
enhances osteogenesis by regulating bone morphogenetic protein-2 (BMP-2) signaling in vitro. Here we in-
vestigate the dose-dependent contribution of SDF-1b to suboptimal BMP-2-induced local bone formation; that
is, a dose that alone would be too low to significantly induce bone formation. We utilized a critical-size rat
calvarial defect model and tested the hypotheses that SDF-1b potentiates BMP-2 osteoinduction and that
blocking SDF-1 signaling reduces the osteogenic potential of BMP-2 in vivo. In preliminary studies, radio-
graphic analysis at 4 weeks postsurgery revealed a dose-dependent relationship in BMP-2-induced new bone
formation. We then found that codelivery of SDF-1b potentiates suboptimal BMP-2 (0.5mg) osteoinduction in a
dose-dependent order, reaching comparable levels to the optimal BMP-2 dose (5.0mg) without apparent adverse
effects. Blocking the CXC chemokine receptor 4 (CXCR4)/SDF-1 signaling axis using AMD3100 attenuated
the osteoinductive potential of the optimal BMP-2 dose, confirmed by qualitative histologic analysis. In con-
clusion, SDF-1b provides potent synergistic effects that support BMP-induced local bone formation and thus
appears a suitable candidate for optimization of bone augmentation using significantly lower amounts of BMP-2
in spine, orthopedic, and craniofacial settings.

Introduction

Bone morphogenetic proteins (BMPs) comprise a
cluster of phylogenetically highly conserved proteins

constituting the largest subgroup of the transforming growth
factor-b (TGF-b) superfamily. Discovered in the 1960s,1 pu-
rified and sequenced in the late 1980s, recombinant forms be-
came available for preclinical and clinical evaluations in the
1990s.2–4 To date over 20 members of the BMP family have
been identified and characterized. BMP signals are transduced
through a functional complex of type I/II BMP receptors re-
sulting in the phosphorylation of receptor-regulated Smad1/5/
8. These Smad proteins then complex with the common partner

protein Smad4 and translocate into the nucleus to regulate gene
expression.5 In addition, BMP receptors can activate non-Smad
pathways, such as p38 MAPK and JNK.6 Numerous preclinical
and several randomized clinical trials have demonstrated the
safety and efficacy of BMPs in support of local bone formation
in the axial7–9 and appendicular10–13 skeleton. However, side
effects and aberrant events, including critical soft tissue in-
flammation/swelling and ectopic bone formation, in particular,
with off-label use, have been linked to the high-dose
commercial BMP product and evoked controversy.10,14,15

Thus, considerable efforts are being pursued to enhance our
understanding of BMP biology to ultimately improve and ex-
pand clinical utility.
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Stromal cell-derived factor-1 (SDF-1), also known as
CXCL12, is a member of the proinflammatory CXC che-
mokine family.16 SDF-1 and its cognate G-protein-coupled
seven-transmembrane CXC chemokine receptor 4 (CXCR4)
are expressed in various tissues.17–19 Binding of SDF-1 to
CXCR4 initiates diverse downstream signaling processes,20

including the recruitment of regenerative cells to injury sites
during the acute phase of bone repair.21–23 Moreover, a di-
rect regulatory role for SDF-1 signaling in BMP-2 osteo-
genic differentiation of C2C12 and ST2 cells, mediated
through intracellular Smads and MAPK activation, has been
reported.24 These in vitro findings were later extended using
primary mouse and human bone-marrow-derived mesen-
chymal stem cells (BMSCs),25 setting the stage for inves-
tigating the BMP-2/SDF-1 interaction employing orthotopic
and ectopic bone formation models.26–29

Previous studies have suggested that the CXCR4/SDF-1
axis functions in postnatal bone formation by regulating
osteoblast development in cooperation with BMP signal-
ing, and that CXCR4 acts as an endogenous signaling com-
ponent necessary for bone formation.29 We30 and others31

have shown that bone marrow endothelial and stromal cells,
and osteoblasts express both major SDF-1 splice variants, and
that unexpectedly the beta isoform may be present at a high
level in bone tissues.31 We have also shown that, independent
of SDF-1a, SDF-1b enhances BMP-2-stimulated minerali-
zation, mRNA and protein expression of key osteogenic
markers, regulates BMP-2 signal transduction via Erk1/2
phosphorylation, and promotes the migratory response of
CXCR4-expressing BMSCs in vitro,30 suggesting an SDF-1b
autocrine and paracrine activity. An important characteristic
of SDF-1b is its protection from proteolytic cleavage at the
C-terminus, distinguishing SDF-1b from SDF-1a. Further,
the four additional C-terminal amino acids are thought to
mediate SDF-1b cell and extracellular stability, increasing its
half-life and potency in vascularized tissues.32–34 This raises
the possibility that SDF-1b may primarily be involved in
targeting cells to areas of need and during regenerative pro-
cesses while SDF-1a may be more important acting as a
short-lived signaling molecule.

Given the prospect of improved interaction of BMP-2
and SDF-1b due to its previously unappreciated association
with bone, we investigated dose-dependent contributions
of SDF-1b to suboptimal BMP-2 utilizing a critical-size
rat calvarial defect model and tested the hypotheses
that SDF-1b potentiates BMP-2 osteoinduction and that
blocking SDF-1 signaling reduces the osteogenic potential
of BMP-2.

Materials and Methods

Animals

One hundred seventy-two, 11–13-week-old, male Spra-
gue-Dawley rats (Harlan Laboratories, Indianapolis, IN)
were used. The animals were maintained at the Laboratory
Animal Services research facility at Georgia Regents Uni-
versity. The animals had ad libitum access to water and a
standard laboratory diet throughout the study. All aspects of
the research were conducted in accordance with the guide-
lines set by the local Institutional Animal Care and Use
Committee following an approved protocol.

Experiments and study groups

Since optimal and suboptimal doses for BMP-2 have not
been established for the critical-size calvarial defect model,
we devised a preliminary study to test escalating doses of
BMP-2. Seventy-two animals randomized into nine groups
of eight each received 0.1, 0.5, 1.3, 2.5, 5, 10, or 20 mg
BMP-2 (recombinant human BMP-2; INFUSE� Bone
Graft; Medtronic, Memphis, TN) soak-loaded onto an
absorbable collagen sponge (ACS; Helistat, Integra Life
Sciences, Plainsboro, NJ) carrier. Controls included sham-
surgery and ACS soak-loaded with saline.

For the main study, 100 animals were randomized into 10
groups of 10 each. We evaluated suboptimal BMP-2 (0.5mg)
alone and codelivered with increasing doses of SDF-1b
(rhSDF-1b; 1–60mg; PeproTech, Rocky Hill, NJ). Optimal
BMP-2 (5.0mg) was used alone and codelivered with
the CXCR4 antagonist AMD3100 {1,1¢-[1,4-phenylenebis
(methylene)]-bis-1,4,8,11-tetraazacyclotetradecane octahy-
drochloride; 1750mg (equivalent to a 5.0-mg/kg single
dose); Tocris Bioscience, Ellisville, MO}, with and without
additional SDF-1b (15mg). Controls included saline, SDF-
1b, and AMD3100 (Table 1).

Critical-size calvarial defect model

The critical-size calvarial defect model was performed as
described previously.35 Animals were premedicated using
buprenorphine (0.05–0.1 mg/kg; SC) and meloxicam (0.1–
0.2 mg/kg; SC). Anesthesia was induced using a ketamine
HCl (40 mg/kg; IP)/xylazine HCl (8 mg/kg; IP) cocktail.
After induction, the dorsal surface of the head was shaved
and disinfected using a 10% betadine solution. Animals
were ear-punched, stabilized into a stereotaxic device
(Stoelting Company, Wood Dale, IL) fitted with an anes-
thesia nose cone, and draped. Isoflurane (1.0%–3.0%) was
administered to maintain a surgical plane of anesthesia.
Using aseptic routines, a 3-cm midline incision was made
through the skin along the sagittal suture of the skull
(Fig. 1A–L). Soft tissues and periostea were elevated and
reflected. Under saline irrigation, a critical-size, 8-mm,
through-through, calvarial osteotomy defect centered over
the sagittal suture immediately anterior to the occipital su-
ture was created without disrupting the underlying dura
mater using a diamond-coated trephine (Continental Dia-
mond Tool, New Haven, IN).

The defects received an 8-mm precut ACS soak-loaded
(22% saturation) with respective treatments and allowed to
set for 15 min prior to implantation. After the ACS con-
structs were inserted into the defect, a sterile custom, dome-
shaped titanium micromesh ( Jeil Medical, Seoul, Korea)
was placed over the defect to prevent soft tissue collapse/
compression. Finally, the flaps were adapted and closed
ensuring everted wound margins using surgical staples
(Visistat, Teleflex Medical, London, United Kingdom).
Animals were placed in cages, warmed on a heating
pad, and observed for distress until freely moving about.
Yohimbine HCl (1–2 mg/kg; IP) was administered for xy-
lazine reversal. The animals received meloxicam (0.1–
0.2 mg/kg; SC) every 24 h for 48 h for pain control. They
were euthanized at 4 weeks using CO2 asphyxiation fol-
lowed by thoracotomy and decapitation. Skulls were fixed
in 3% paraformaldehyde. After 5 days, block biopsies
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(12 · 15 mm2) of the calvariae were harvested using a dia-
mond drill (New Technology Instruments, Kahla, Ger-
many), washed in phosphate-buffered saline, and preserved
in 70% ethyl alcohol at 4�C, the titanium mesh and over-
lying soft tissue being removed.

Radiographic analysis

Calvarial specimens were placed in 100-mm cell culture
dishes and radiographed using a digital imaging instrument
(Faxitron X-Ray, Wheeling, IL) following initial calibration.

FIG. 1. Critical-size cal-
varial defect model. Clinical
series showing (A) rat stabi-
lized in the stereotaxic frame
fitted with an anesthesia nose
cone, (B) a 3-cm midline in-
cision through the skin along
the sagittal suture of the skull,
(C) elevated and reflected
soft tissues and periostea, (D–
H) creation of a critical-size,
8-mm, through-through, cra-
nial defect centered over the
sagittal suture immediately
anterior to the occipital suture
using a diamond-coated tre-
phine bur without disrupting
the underlying dura mater, (I)
implanted defect with 8-mm
precut absorbable collagen
sponge soak-loaded with the
respective treatment, (J)
placement of a custom,
dome-shaped titanium mi-
cromesh to avoid soft tissue
collapse/compression into the
defect, and (K, L) adapted
and closed flaps using surgi-
cal staples to ensure everted
wound margins. Color ima-
ges available online at
www.liebertpub.com/tea

Table 1. Treatment Groups and Dose (mg)

BMP-2 BMP-2 + SDF-1b (1) BMP-2 + SDF-1b (5)
BMP-2 +

SDF-1b (15)
BMP-2 +

SDF-1b (60)

Suboptimal BMP-2 dose
BMP-2 0.5 0.5 0.5 0.5 0.5
SDF-1b 0 1 5 15 60

BMP-2 BMP-2 + AMD3100
BMP-2 + AMD3100 +

SDF-1b

Optimal BMP-2 dose
BMP-2 5 5 5
SDF-1b 0 0 15
AMD3100 0 1750 1750

Saline SDF-1b AMD3100

Controls
BMP-2 0 0 0
SDF-1b 0 15 0
AMD3100 0 0 1750

BMP-2, bone morphogenetic protein-2; SDF-1, stromal cell-derived factor-1.
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Relative radiographic bone density (histogram raw values)
for each defect was estimated using a 7.5-mm region of
interest (ROI) and Photoshop CS4 v11.0 software (Adobe
Systems, San Jose, CA).

Microcomputed tomography (lCT)

Calvarial specimens derived from the main study were
scanned using an ex vivo microcomputed tomography (mCT)
system (Skyscan 1174; Skyscan, Aartlesaar, Belgium). The
scanner was equipped with a 50-kV, 800 mA X-ray tube and
a 1.3 megapixel CCD coupled to a scintillator. Each sample
was placed in a sample holder with the sagittal suture ori-
ented parallel to the image plane and scanned in air using
18-mm isotropic voxels, 400 ms integration time, 0.5� rota-
tion step, 360� rotation, and frame averaging of 5. For 3D
reconstruction (NRecon software; Skyscan), the gray scale
was set from 60 to 220. Standard 3D morphometric pa-
rameters36 (CTAn software; Skyscan) were determined in
the ROI (7.5 mm; 65 cuts). For bone mineral density (BMD)
measurements using the same ROI, calibration was per-
formed with 0.25 and 0.75 mg/cc hydroxyapatite phantoms
(provided by the manufacturer). Representative 3D images
were created using CTvox software (Skyscan).

Histological preparation and analysis

Calvarial specimens were decalcified in 0.25 M ethyle-
nediaminetetraacetic acid (EDTA) at pH 7.4 for 7 days at

4�C with changes of the EDTA solution every other day.
Specimens were washed, dehydrated in a graded series of
ethyl alcohol (70%–100%), cleared in xylene, embedded in
paraffin parallel to the sagittal suture (through the center of
the defect), sectioned using a microtome (Leica Micro-
systems, Buffalo Grove, IL) set at 8 mm, and mounted on
Frost Plus glass slides. Serial sections were stained using
standard H&E (Fisher Scientific, Kalamazoo, MI) and picro-
sirius red (Sigma-Aldrich, St. Louis, MO). Light microscopy
images were captured using a Carl Zeiss microscope (Carl
Zeiss, Thornwood, NY) and the AxioVision Image Analysis
software (Carl Zeiss).

Statistical analysis

All data are expressed as mean – SD. One-way analysis of
variance followed by Tukey’s post hoc test was used to
determine mean differences between groups. The signifi-
cance level was set at 5%. Data were analyzed using
GraphPad Prism 5.0 software (GraphPad Software, La Jolla,
CA).

Results

Preliminary study: suboptimal and optimal BMP-2

Radiographic images of the calvarial defects at 4 weeks
suggested a dose-dependent increase in BMP-induced bone
formation, plateauing at a BMP-2 dose of 5.0 mg followed
by an apparent drop at higher doses (Fig. 2A). The

FIG. 2. Bone morphogenetic pro-
tein-2 (BMP-2) significantly induces
bone formation in a dose-dependent
order. (A) Representative radiographic
images of critical-size rat calvarial
defects at 4 weeks. (B) Quantitative
analysis of the bone formation within
the craniotomy defect revealed dose-
dependent significantly increased rel-
ative bone densities compared with
saline control, reaching a plateau at
5.0 mg followed by a trend of reduced
bone formation with increasing doses,
with a half-maximal effective BMP-2
dose (ED50; inset) of 1.2 mg (*p < 0.05,
***p < 0.0001 vs. saline control; n = 8
animals/group).
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quantitative analysis concurred with the qualitative estimate
showing a dose-dependent increase in relative bone density
compared with saline control, with a half-maximal effective
BMP-2 dose (ED50) of 1.2 mg ( p < 0.05; p < 0.0001; Fig. 2B,
inset). Therefore, suboptimal BMP-2 in this model was
defined as being lower than the ED50, while optimal BMP-2
was established as no higher than 5.0 mg due to a plateau
effect.

Radiographic and lCT analyses

Based on these findings, suboptimal BMP-2 (0.5 mg) was
given alone or codelivered with increasing doses of SDF-1b
(1–60 mg), while optimal BMP-2 (5.0 mg) was used alone or
codelivered with the CXCR4 antagonist AMD3100
(1750 mg), with and without SDF-1b (15mg). Quantitative
radiographic analysis of the newly formed bone within the
craniotomy defect showed significantly increased relative
bone densities in suboptimal BMP-2/SDF-1b groups com-
pared with saline control, reaching comparable levels to the
optimal BMP-2 dose ( p < 0.05; p < 0.01; Supplementary
Fig. S1B; Supplementary Data are available online at www
.liebertpub.com/tea). Importantly, SDF-1b (15 and 60 mg)
significantly enhanced the suboptimal BMP-2 osteoinduc-
tion (ap < 0.05; Supplementary Fig. S1B). Codelivery of
AMD3100 attenuated optimal BMP-2 bone formation
(#p < 0.05; Supplementary Fig. S1B). AMD3100 and SDF-
1b controls performed similar to saline controls (Supple-
mentary Fig. S1B).

We next employed ex vivo mCT to further characterize
bone formation in more detail. Representative 3D recon-
structions at 4 weeks postsurgery are depicted in Figure 3.
Quantitative analyses of standard 3D bone morphometric
parameters revealed significantly increased percent bone

volume (BV/TV) and BMD with the addition of 15mg or
60 mg SDF-1b compared with suboptimal BMP-2 alone
(ap < 0.05; Fig. 4). Trabecular number (Tb.N) was signifi-
cantly increased in these two groups relative to lower doses
of SDF-1b (ap < 0.05; Table 2), while trabecular thickness
(Tb.Th) was significantly decreased (bp < 0.01; Table 2).
Trabecular separation (Tb.Sp) was markedly reduced with
SDF-1b cotherapy but did not reach significance (Table 2).
In summary, SDF-1b cotherapy (15 and 60mg) significantly
enhanced suboptimal BMP-2-induced new bone formation.
Codelivery of AMD3100 significantly attenuated the os-
teoinductive potential of optimal BMP-2 (BV/TV) indica-
tive of the critical importance of the CXCR4/SDF-1
signaling axis and specifically the potential of SDF-1b
in BMP-2-mediated bone formation (#p < 0.05; Fig. 4). Tb.N
and BMD reflected the alterations in BV/TV. Both
AMD3100 and SDF-1b controls were comparable to saline
control (BV/TV, Tb.N, Tb.Th, Tb.Sp, and BMD) (Fig. 4 and
Table 2). Of note, no synergistic effect of SDF-1b cotherapy
(1–15 mg) was observed when combined with the optimal
BMP-2 dose (5.0 mg) employing both radiographic and mCT
analyses (data not shown).

Histology

Qualitative histologic analysis mirrored the 2D and 3D
microstructural bone evaluation within the craniotomy de-
fect. Sites receiving saline control showed large amounts of
residual ACS invested in fibrovascular tissue and bone (data
not shown). No noticeable differences were observed com-
pared with SDF-1b and AMD3100 controls (data not
shown). Further, only limited bone formation emerging
from the defect margins comparable to saline control was
seen with suboptimal BMP-2 (Fig. 5A). Internal and

FIG. 3. Stromal cell-derived factor-1
(SDF-1)b enhances suboptimal BMP-2. (A)
Representative 3D reconstruction of micro-
computed tomography images at 4 weeks, in
agreement with radiographic observations,
confirm limited bone formation using sub-
optimal BMP-2 compared with saline con-
trol. Importantly, a dose-dependent
potentiation (1–60 mg) of suboptimal BMP-
2-induced bone formation was observed
with SDF-1b cotherapy, reaching compara-
ble levels to the benchmark optimal BMP-2.
(B) Codelivery of the specific CXC che-
mokine receptor 4 (CXCR4) antagonist
AMD3100 with optimal BMP-2 attenuated
the osteoinductive potential. Neither of the
control groups showed signs of significant
bone formation (n = 10 animals/group).
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external cortical plates were partially restored with bone
formation ranging from woven to lamellar bone (Fig. 5A1,
A2); complete bone fill was observed only in few sites. In
contrast, a dose-dependent potentiation of suboptimal BMP-
2-induced bone formation was observed following SDF-1b
cotherapy. Importantly, codelivery of 15 or 60 mg SDF-1b
and suboptimal BMP-2 reached bone formation levels
similar to the 10-fold greater optimal BMP-2 with a greater
fraction lamellar/woven bone relative to suboptimal BMP-2
alone (as shown by picro-sirius red staining for collagen;
lamellar = , woven = *), suggesting SDF-1b-driven acceler-
ated bone maturation (Fig. 5B1, B2). Defect sites receiving
optimal BMP-2 showed robust bone formation. The internal
and external cortical plates were frequently reestablished
within 4 weeks including trabecular bone with cell-rich fi-
brovascular and fatty marrow (Fig. 5C1, C2). Perturbing the
CXCR4 signaling axis using AMD3100 attenuated the os-
teoinductive potential of optimal BMP-2, irrespective of the
presence of exogenous SDF-1b (data not shown). Collec-
tively, the data suggest that SDF-1 signaling is pivotal for
BMP-2-induced bone formation and maturation.

Discussion

Based on evidence that the CXCR4/SDF-1 signaling axis
is critical in mediating BMP-2 function and that SDF-1b is
expressed in bone tissues, we sought to determine whether
BMP-2/SDF-1b cotherapy would permit the use of a sig-
nificantly reduced BMP-2 dose in driving bone formation.
As such, the objective of this study was to determine the
effect of SDF-1b on suboptimal BMP-2 osteoinduction

using a critical-size rat calvarial defect model. We hypoth-
esized that SDF-1b potentiates BMP-2-induced bone for-
mation and that blocking SDF-1 signaling reduces the
osteogenic potential of BMP-2. Our results demonstrated
that SDF-1b permits osteoinduction with very low, subop-
timal, levels of BMP-2 that alone do not significantly induce
bone formation. Specifically, we showed that SDF-1b po-
tentiates suboptimal BMP-2 osteoinduction in a dose-
dependent order reaching comparable levels to the 10-fold
higher optimal BMP-2 dose without apparent side effects.
Blocking the CXCR4/SDF-1 signaling axis blunted BMP-2-
mediated bone formation. This suggests that SDF-1, in
particular the beta isoform, is of interest in translational
approaches to enhance bone formation via the BMP-2
pathway and may permit low-dose clinical BMP-2 therapies
with reduced negative side effects.10,14 Coadministration of
SDF-1b locally has the additional potential value of inducing
angiogenesis and attracting circulating osteogenic pro-
genitor cells to the defect site.21–23 Normal SDF-1 release
from injury sites is involved in mobilization of reparative
cells from their niches, as well as their homing to the injury
site.37 Therefore, delivery of additional exogenous SDF-1 to
the repair site would be expected to amplify its normal role.
While SDF-1 mediates stem cell and leukocyte mobilization
and homing as part of inflammatory responses, its activity is
tightly regulated temporally and spatially. This occurs in
large part via proteolysis and scavenging, which limits bi-
ologically active SDF-1.37 Importantly, the safety of deliv-
ery of even high doses of SDF-1 to injury sites in humans is
supported by a recent clinical trial.38 Localized delivery of
SDF-1-expressing plasmids to the injured myocardium was

FIG. 4. SDF-1b significantly potentiates suboptimal BMP-2-induced bone formation and allows for optimal BMP-2
signaling following local codelivery. Three-dimensional bone morphometry parameters (A) percent bone volume (BV/TV)
and (B) bone mineral density (BMD) within the craniotomy defect revealed limited bone formation using suboptimal BMP-
2 alone, similar to saline control. Importantly, SDF-1b significantly enhanced suboptimal BMP-2-induced bone formation in
a dose-dependent fashion (1–60 mg), reaching comparable levels to the benchmark optimal BMP-2 with codelivery of 15 or
60 mg SDF-1b [*p < 0.05, **p < 0.01, ***p < 0.0001 vs. saline control; ap < 0.05 vs. BMP-2 (0.5)]. Codelivery of the specific
CXCR4 antagonist AMD3100 with optimal BMP-2 mitigated both BV/TV and BMD seen with optimal BMP-2 alone
[**p < 0.01 vs. saline control; #p < 0.05 vs. BMP-2 (5.0)]. Neither of the control groups showed signs of significant bone
formation (n = 10 animals/group).
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shown to reduce the infarction via recruitment of reparative
cells and induction of angiogenesis without significant
negative side effects.38

Previous studies have suggested that the CXCR4/SDF-1
signaling axis regulates BMP-2 osteoinduction in vitro24,25

and in vivo.21–23,26–29 However, clear distinctions between in-
volved SDF-1 isoforms were not reported. Thus, the specific
contribution of SDF-1b, the second most abundant splice var-
iant, to BMP-2-induced bone formation remained unknown. In
previous studies, we showed that SDF-1b enhances BMP-2-
induced osteogenic differentiation of CXCR4-expressing
BMSCs in vitro30 and in vivo (unpublished) in addition to
regulating BMSC survival under oxidative stress through in-
creasing autophagy.39 Therefore, we hypothesized that SDF-1b
would potentiate BMP-2-induced bone formation in vivo using
an established animal model of acute bone injury.

Several animal platforms and defect models have been
used to screen candidate osteoconductive and osteoinductive
technologies prior to pivotal evaluation in discriminating
large-animal models and ultimately clinical settings. The rat
critical-size calvarial defect model35,40–42 has allowed sub-
stantial progress in tissue engineering and regenerative
medicine, setting the stage for numerous preclinical and
clinical studies, which showed the powerful potential of
BMP-2/7 in accelerating bone regeneration and fracture
healing.10–13,42 Advantages of the rat calvarial defect model
include limited morbidity and mortality, shortened experi-
mental periods, easy histologic and radiographic analyses,
highly reproducible technique, and reduced cost. Never-
theless, caution should be exercised when extrapolating
findings from this model to endochondral bone formation
and load-bearing sites. In this regard, even though limited
functional loading should be expected in the calvaria, the
carrier still needs structural integrity to counteract soft tissue
collapse into the defect or compression due to intracranial
pressure. We used a 10-mm, dome-shaped titanium mesh to
ensure space provision since the ACS carrier would not be
able to withstand local demands. Previous studies from our
laboratory have shown that bone formation can be nega-
tively affected due to the collapse of soft tissue (or soft
tissue infiltration) into the calvaria defect when a space-
providing device is not used in this animal model.40

In a preliminary study, we first attempted to clarify the
dose effect of BMP-2 soak-loaded onto an ACS carrier. We
found a dose-dependent relationship in BMP-2-induced new
bone formation utilizing quantitative radiographic analysis.
In our model, suboptimal BMP-2 doses were defined as
lower than the ED50 of 1.2 mg, while the optimal dose was
determined as no higher than 5.0 mg due to a plateau effect
using higher doses. Previous studies from our research
group using canine43,44 and non-human primate45 models
demonstrated that comparatively higher BMP-2 doses are
associated with delayed bone maturation in craniofacial
settings. This finding appears explained by an increased
local inflammatory response to higher doses of BMP-2, also
evidenced by frequent seroma formation46 and increased
remodeling/resorption rates of the adjoining resident
bone.43–45 Importantly, over longer healing intervals, bone
maturation obscures these effects. It is noteworthy to point
out that, based on the manufacturer’s recommendations, our
study only used *0.5%–10% BMP-2 per implant compared
with that of the commercial product. Given the numerous
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adverse effects reported with commercial, high-dose BMP-2
product, including significant inflammatory and immunogenic
responses,10,14 the opportunities to significantly reduce the
locally applied BMP-2 dose for bone formation present an
intriguing avenue for translational development.

Consequently, we next investigated the dose-dependent
contribution of SDF-1b to a BMP-2 dose that was subop-
timal for osteoinduction, using radiographic and mCT ana-
lyses. Codelivery of SDF-1b potentiated suboptimal 0.5 mg
BMP-2-induced bone formation in a dose-dependent order,
reaching comparable levels to the 10-fold greater optimal
5.0 mg BMP-2 using 15 and 60 mg SDF-1b without apparent
adverse effects, projecting a translational potential. Block-
ing CXCR4/SDF-1 signaling using AMD3100 blunted the
osteoinductive potential of the BMP-2, confirmed by the
qualitative histological analysis. AMD3100, a bicyclam
antagonist of CXCR4, was initially developed for selective
inhibition of CXCR4-facilitated human immunodeficiency
virus (HIV) entry into cells,47 and later it was reported to
mobilize hematopoietic stem cells by directly antagonizing
the CXCR4-mediated sensing of the SDF-1 chemotactic
gradient in bone marrow.48 Our data demonstrate, for the
first time, that SDF-1b plays a pivotal role in suboptimal
BMP-2-induced bone formation and maturation through
regulating CXCR4 signaling in vivo, extending previous
reports26–29 and confirming our earlier findings in vitro.30

The data presented here show that SDF-1b provides sig-
nificant synergistic effects supporting BMP-2-induced local
bone formation and thus appears a suitable candidate for
optimization of bone augmentation in spine, orthopedic, and
craniofacial settings. Future studies will focus on including
longer observation time points to better assess the role of
SDF-1b in bone maturation and the codelivery of BMP-2/
SDF-1b using discriminating large-animal models.
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