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Abstract
Allografts may be useful in craniofacial bone repair, although they often fail to integrate with the
host bone. We hypothesized that intermittent administration of parathyroid hormone (PTH) would
enhance mesenchymal stem cell recruitment and differentiation, resulting in allograft
osseointegration in cranial membranous bones.

Calvarial bone defects were created in transgenic mice, in which luciferase is expressed under the
control of the osteocalcin promoter. The mice were given implants of allografts with or without
daily PTH treatment. Bioluminescence imaging (BLI) was performed to monitor host
osteprogenitor differentiation at the implantation site. Bone formation was evaluated with the aid
of fluorescence imaging (FLI) and micro–computed tomography (μCT) as well as histological
analyses. Reverse transcription polymerase chain reaction (RT-PCR) was performed to evaluate
the expression of key osteogenic and angiogenic genes.

Osteoprogenitor differentiation, as detected by BLI, in mice treated with an allograft implant and
PTH was over 2-fold higher than those in mice treated with an allograft implant without PTH. FLI
also demonstrated that the bone mineralization process in PTH-treated allografts was significantly
higher than that in untreated allografts. The μCT scans revealed a significant increase in bone
formation in Allograft + PTH–treated mice comparing to Allograft + PBS treated mice. The
osteogenic genes osteocalcin (Oc/Bglap) and integrin binding sialoprotein (Ibsp) were
upregulated in the Allograft + PTH–treated animals.

In summary, PTH treatment enhances osteoprogenitor differentiation and augments bone
formation around structural allografts. The precise mechanism is not clear, but we show that
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infiltration pattern of mast cells, associated with the formation of fibrotic tissue, in the defect site
is significantly affected by the PTH treatment.
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Introduction
There is a clear unmet medical need for the development of novel bone grafts for the
treatment of craniofacial bone loss. Approximately 96,000 bone-grafting procedures are
performed each year to regenerate bone lost to craniomaxillofacial trauma or disease.1

Large-scale bone defects in the cranial skeleton can result from congenital defects, acquired
injuries, neurosurgical procedures, or infection. Unfortunately, successful spontaneous
calvarial re-ossification rarely occurs, even in infants.2

Cranial grafts are widely used in surgeries involving decompressive craniectomy. The most
commonly used procedure for the treatment of refractory intracranial hypertension in the
setting of trauma or large-vessel infarction is decompressive craniectomy. Following this
procedure, surviving patients must undergo a second surgical procedure for cranial
reconstruction—cranioplasty.3 Cranioplasty is considered one of the earliest surgical
procedures—dating back to ancient Celtic times.4 The goal of this procedure is to
reconstruct the cranial vault to protect brain tissue. A variety of implant materials have been
used in cranioplasty in recent years, ranging from autografts and allografts to alloplasts and
xenografts.5 When available, fresh autografts (autologous bone marrow transplants or
structural cranial grafts previously removed and later returned to the site) are considered the
favorable option;6, 7 however, their efficiency in cranial regeneration is suboptimal, and the
technique employed has been associated with a high rate of complications that demand
repeated operations.3, 8 Additionally, autologous bone harvesting leads to co-morbidity.
Cleft palates are by far the most common birth defects, occurring in a frequency of 1 in 700
births, incidence is 475 per month in the US alone and the current treatment is autograft
transplantation which cause trauma to the infant.9 Materials such as polymethyl
methacrylate, titanium mesh, and hydroxyapatite are widely used, especially in custom-
made cranioplasties, due to the limitations of autografts aforementioned.7 Nevertheless, the
use of calcium phosphate and hydroxyapatite reportedly results in complications in at least
9% of cases.10, 11

Allografts are an attractive option for craniofacial bone reconstruction because of their high
availability. Nevertheless, both experimental and clinical studies have shown that processed
bone allografts fail to remodel and incorporate with the host bone.12–14 Despite this,
processed allografts remain the standard choice for structural bone grafting, mainly in
procedures involving long bones.15, 16 Therefore, there is a need to develop new ways of
enhancing allograft bone integration.

The 1–34 portion of PTH, teriparatide, is approved for use by the US FDA as an anabolic
agent in the treatment of severe osteoporosis. Initial human studies with teriparatide have
demonstrated its capacity to increase cancellous bone volume and connectivity as well as
increase cortical thickness.17–22 The effect of relatively high doses (30 μg/kg/day) of
teriparatide in animal fracture models has been demonstrated and includes enhanced
osteogenesis, accelerated healing, and high-quality bone formation.23, 24 The repair and
incorporation of bone grafts commonly used in orthopedic reconstructive surgeries
constitute a regulated process that proceeds through several stages. It is initiated by an
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inflammatory response that results in vascular invasion, which facilitates the recruitment of
mesenchymal stem cells (MSCs) that differentiate into bone-forming cells and osteoclast
precursors that differentiate to remodel the bone. Recently, it was found that treatment with
teriparatide could enhance allograft integration.25–28 PTH has been shown in studies to
enhance structural allograft healing by 1) anabolic effects on new bone formation via small-
vessel angiogenesis; 2) inhibition of angiopoietin-2–mediated arteriogenesis;29 and 3)
enhancement of osteogenic differentiation via bone morphogenetic protein signaling.30

However, those studies were performed on long-bone fractures treated with allografts. In
contrast to the endochondral ossification that occurs in long bones, cranial bones ossify
directly via the process referred as “intramembranous ossification”.31 MSCs secrete osteoid
matrix components with no cartilage phase. The cells undergo distinct stages of
differentiation, from preosteoblasts to chondrocyte-like osteoblasts that uniquely express
chondrogenic and osteoblastic markers and mature to become osteoblasts.32 Interestingly, it
has been found that PTH induces bone formation at the proximity of structural femoral bone
allograft via intramembranous pathway,33 implying that PTH treatment might enhance
allograft integration in the calvarial region as well. However we here report for first time its
effect on calvarial membranous bone regeneration using allografts.

Very few studies have been performed to elucidate the effect of PTH on calvarial bone
repair. Jung et al34 examined the local PTH effect on bone regeneration in titanium cylinders
mounted to rabbit calvariae. A histomorphometric analysis revealed a significant increase in
the volume of the newly formed bone. Yun et al35 used systemic PTH administration
combined with β-tricalcium phosphate (TCP) biomaterial implantation to regenerate bone in
rat critical-size calvarial defects. However, radiographic analysis showed no difference
between the PTH-treated and untreated groups at 4 weeks or 8 weeks postsurgery.
Interestingly, the histomorphometric analysis demonstrated significant new bone formation
in the PTH only-treated animals when compared to animals implanted with TCP with and
without PTH treatment. Both research groups used synthetic biomaterials rather than a
biological graft. In the present study our goal was to evaluate the effect of intermittent
systemic PTH therapy on calvarial bone allograft healing and integration in a well-
established critical-size defect model.36–39

Fracture healing is a complex process that involves hematoma formation as well as MSC
recruitment and differentiation into either chondroblasts via endochondral bone formation40

or osteoblasts in intramembranous bone formation. However, MSCs can differentiate into
fibroblasts, which secrete a fibrotic matrix and thus disrupt effective bone repair. Mast cells
play a notable role in fibrotic tissue formation as they secrete profibrotic mediators such as
TGF-β, IL-4, IL-6, IL-13, and NGF.41 Mast cell involvement in scarring has been
established in a variety of anatomical sites. It is present in renal fibrosis,42 cardiac
remodeling,43 idiopathic pulmonary fibrosis,44 and asthma-related airway fibrosis,45 and it
has been shown to mediate the formation of a fibrous capsule around implanted
biomaterials.46 Recently, mast cells were found to be related to fibrotic scar tissue formation
around bone allografts in long bones. PTH therapy has been shown to cut the quantity of
mast cells in half, decrease fibrosis, and enhance graft osseointegration.47 We therefore
hypothesized that PTH administration could lead to enhanced bone formation and
osseointegration of the allograft as well as reduced fibrous tissue formation. To pursue this
hypothesis, we created calvarial bone defects in transgenic FVB/N mice, which express
luciferase under the control of the osteocalcin promoter. The mice were given implants of
allografts, with or without daily PTH treatment. In vivo bioluminescence imaging (BLI) was
performed to monitor host osteprogenitor differentiation at the implantation site. Bone
formation was evaluated with the aid of hydroxyapatite-directed mineralization probe and
fluorescence imaging (FLI), micro-computed tomography (μCT), and histological analyses.
RT-PCR was performed to evaluate the expression of key osteogenic genes. The
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experimental groups and design are illustrated in Diagram 1. We found that PTH treatment
enhances osetoprogenitor differentiation and augments bone formation around calvaria
allografts when compared to untreated allografts.

Experimental section
Calvarial defect model

All procedures described in this study were approved by the Institutional Animal Care and
Use Committees of Cedars-Sinai Medical Center (IACUC#3770) and The Hebrew
University of Jerusalem (IACUC #MD-10-12413-4). Structural allografts (4.5 mm in
diameter) were harvested using trephine with inner diameter of 4.5mm from wild-type
C3H10T1/2 mice, a different strain from the host (FVB/N mouse). The allografts were
scraped to remove any soft tissue and washed extensively with phosphate-buffered saline
(PBS) solution followed by 70% ethanol to decellularize the graft. The residual ethanol was
rinsed out with saline, and the grafts were frozen at −70°C for at least 1 week before
transplantation, as previously described.39 To create the calvarial defects, 8-week-old FVB/
N (Oc-Luc or wild type) mice were anaesthetized by an intraperitoneal injection of
ketamine/dexmedetomidine (75 mg/0.5 mg per kg body weight). A 5-mm-diameter circular
full-thickness defect (a non-union critical-size defect) was created at the lambda suture of
the calvaria using a standard 5-mm-diameter trephine with minimal penetration of the dura
mater. The allografts were decellularized and placed in the calvarial defect with no direct
contract to the host bone, due to the differences between the inner and outer diameter of the
trephine used to harvest the graft and to create the defect. The graft was then glued with 5μl
fibrin gel (Tisseel™ kit, Baxter AG, Vienna, Austria), after which the scalp was sutured. The
animals were given preoperative (buprenorphine 0.1 mg/kg) and postoperative (carprofen 5
mg/kg) analgesic medications subcutaneously. Mice in the allograft-implanted groups were
treated daily with subcutaneous administration of either PTH (teriparatide 40 μg/kg body
weight) as previously described 29 or PBS (mock treatment) for 3 weeks.

Imaging of osteogenic processes in vivo
Bioluminescence Imaging—Transgenic mice expressing luciferase under the regulation
of the osteocalcin promoter (Oc-Luc mice), were used as graft recipients and imaged to
monitor osteogenic differentiation of host osteoprogenitor cells, as previously
described.39, 48, 49 For imaging purposes, the mice were anesthetized by continuous
administration of 1–3% isoflurane mixed with 100% medical-grade oxygen. The animals
were injected intraperitoneally with beetle luciferin (Promega Corp., Madison, WI) in PBS
at a concentration of 126 mg/kg body weight. Light emission was evaluated 10 minutes after
the luciferin injection by the IVIS® Spectrum system (PerkinElmer, Waltham, MA). The
exposure time was set automatically, and bioluminescence was quantified as the total signal
normalized to the length of the exposure and the area of the calvarial region. Imaging was
performed on Days 1, 4, 7, 10, 14, 17, 21, 28, 35, and 56 after surgery. Animals in which no
defect was created—one group treated with PTH (No Defect + PTH group) and the other
with PBS (No Defect + PBS group)—were used to establish a baseline of osteocalcin-driven
luciferase expression and to evaluate the effect of PTH on reporter gene expression. Since
different transgenic Oc-Luc mice vary in reporter gene expression levels, we used the tail
signal level as an internal control for each mouse, as previously reported.39, 48–51

The normalized BLI signal data were summarized by group and day using mean and
standard error. A linear mixed model was created to analyze BLI signal. The logarithm of
BLI was used as the outcome because of the skewed distribution. The value of BLI at day 0
was used as an adjustment factor in the model, along with day, group, and the interaction of
day and group. Only days 4, 7, and 10 were modeled in the outcome variable. Effects were
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used as fixed effects and an autoregressive covariance structure was used to model the
correlation over time. The covariance parameter estimates were different for each group.
Effects were tested using type III F tests and, if significant, post hoc Tukey adjusted t tests
were calculated for pair-wise differences. All analysis was done using SAS version 9.3.

Functional fluorescence imaging—Bone mineralization was monitored and quantified
using functional FLI and a hydroxyapatite-directed mineralization probe (OsteoSense680™,
PerkinElmer, Waltham, MA). On day 6 after surgery, 1 day prior to image acquisition, the
animals were injected intraperitoneally with 2 nmol OsteoSense680™ in 100 μl PBS. On
Day 7 after surgery, the mice were anesthetized by continuous administration of 1.0–3.0%
isoflurane mixed with 100% medical-grade oxygen. Acquisition of images was performed
using the IVIS® Kinetic system with an excitation light of 675-nm wavelength. The light
emission was collected and the light filtered to a wavelength pass band of 695 to 770 nm.
The signal was normalized to the area of interest and to the exposure length. Statistics were
calculated using an ANOVA model with a post hoc Tukey-Kramer adjustment for pair-wise
comparisons.

Longitudinal analysis of bone formation using μCT—The rate of new bone
formation at the defect site was evaluated using quantitative μCT analysis. Bone formation
in the proximity of the graft was evaluated over time by in vivo μCT analyses. We used a
standard method to quantify bone regeneration, which was previously described in detail by
Kallai et al.52 In vivo μCT scanning of the anesthetized mice was first performed on Day 1
and again at Weeks 2, 4, 6, and 8 after surgery by using a preclinical cone-beam in vivo μCT
system (vivaCT 40; Scanco Medical AG, Brüttisellen, Switzerland). Microtomographic
slices were acquired using an x-ray tube potential of 55 kVp and reconstructed at a spatial
nominal resolution of 35 μm. The defect margins were aligned to a standard position, and a
cylindrical volume of interest (VOI) was defined. A constrained 3D Gaussian filter (σ = 0.8
and support = 1) was used to partially suppress noise in the volumes. The bone tissue was
segmented from marrow and soft tissue by using a global thresholding procedure. The
volume of mineralized bone tissue (BV, mm3) was determined for newly formed bone in the
regeneration sites.52, 53 The volume of mineralized bone was quantified and normalized to
the bone volume measured immediately after surgery in the same animal. The day 1 data
subtraction allowed us to quantify the new bone formed at the defect proximity, without
considering the variations in volume of original grafts. This method also normalized varying
defect sizes. For the statistical analysis of the data, linear mixed models were used to model
the repeated measures data over time. An autoregressive covariance structure was used for
each outcome. All analyses were done in SAS version 9.3.

Gene expression analysis
Osteogenic and angiogenic gene expression affected by PTH treatment was assessed at
different time points throughout the experiment by using qRT-PCR. Mice were euthanatized
by intraperitoneal injection of Pentobarbitone (400mg/kg) followed by cervical dislocation,
and the calvarial bones (n = 5) were harvested on days 3, 7, 10, and 14 postoperatively and
snap-frozen in liquid nitrogen. Frozen allografts were minced, and total RNA was extracted
using TRIzol (Invitrogen, Carlsbad, CA). Single-stranded cDNA was created with the aid of
a reverse transcription kit (Invitrogen) and employed as a template for RT-PCR with
Taqman® gene expression assays using ABI7500 Prism (Applied Biosystems, Carlsbad,
CA), as previously described 54. We evaluated the expression of a variety of genes,
specifically: the osteogenic genes alkaline phosphatase (Alpl), integrin binding sialoprotein
(Ibsp), osteocalcin (Oc/Bglap), and osteopontin (Opn/Spp1); the angiogenic genes
angiopoietin 2 (Angpt-2), vascular endothelial growth factor-A (Vegfa), VEGF-D (Figf), and
VEGF receptor 1 (VEGF-R1/Flt1); and the fibrosis-related gene connective tissue growth
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factor (Ctgf or Ccn2). The mean cycle threshold (Ct) values from quadruplicate
measurements were used to calculate relative gene expression, with normalization to 18S as
an internal control. Gene expression in the Allograft + PTH group at day 3 served as the
calibrator sample for calculation of relative quantification. Relative expression of each was
plotted as mean +/− one standard error. A linear model was used to analyze each gene
outcome with day and a group by day interaction as explanatory factors. If the type III F
tests indicated significance, pair-wise Tukey adjusted t tests were calculated for comparisons
of interest. All analyses were done in SAS version 9.3.

Histological and immunofluorescence (IF) analyses
Bone formation around the graft was evaluated using histological analysis. Calvarial bones
samples were harvested at Weeks 1, 2, 3, and 8 after surgery. The specimens were fixed in
4% formaldehyde solution, decalcified by incubation in 0.5 M EDTA in saline (pH 7.4),
passed through a graded series of ethanol solutions, and embedded in paraffin. Five-micron-
thick sections were cut from the paraffin blocks using a motorized microtome (Leica
Microsystems, Wetzlar, Germany). The sections were placed on glass slides. Hematoxylin
and eosin (H&E) staining was performed to evaluate the morphological features of the
healing process, graft-to-host osseointegration, and fibrous tissue formation. Endogenous
osteoprogenitor cells were detected using IF staining against the MSC surface markers
CD90 (ab3105, Abcam, Cambridge, MA), CD44 (ab25340), and CD29 (ab52971) by using
primary anti–mouse antibodies and secondary antibodies conjugated to AlexaFluor® 488
(Invitrogen) or Cy3 (Jackson ImmunoResearch, West Grove, PA). Mast cells were detected
by performing IF against two mast cell markers: mast cell protease 1 (MCP1, MAB5146,
R&D Systems, Minneapolis, MN) and mast cell tryptase (MCT, LS-C18207, LifeSpan
Biosciences, Inc., Seattle, WA) and using toluidine blue staining as previously
reported.29, 55 To estimate mast cell presence in the defect area, we manually counted mast
cells in 12 sections of three different mice per group per time point (n = 36). The results
were plotted and statistically analyzed: A linear mixed model was created to incorporate
repeated measurements of slide counts per sample. The outcome of the model was log count,
and group and day were factors in the model. A compound symmetric covariance structure
was used for the repeated measurements. Type III F tests were used for testing the model
factors and, where significant, post hoc Tukey adjusted t tests were performed for pair-wise
comparisons. All analyses were done in SAS version 9.3.

Results
Osteogenic differentiation and new bone formation around the defect site

Bioluminescence imaging of the osteogenic response in host transgenic Oc-Luc mice to
implantation of an allograft in a calvarial bone defect showed addition of PTH increases
osteogenic differentiation compared to implantation of allografts without such treatment
(Fig. 1). Osteogenesis in the defect site was monitored using the luciferase gene expression
in Oc-Luc mice. Oc-Luc transgenic mice have been shown to be an effective tool in
monitoring osteogenic processes in different bone repair models, including that of calvarial
defect.39, 48–51, 56 The BLI signal was quantified and normalized to tail expression as
previously reported.48, 56 Osteocalcin is considered an early marker for osteogenesis.57

When we compared Allograft + PTH to Allograft + PBS, we found that PTH therapy
significantly increased (over 2-fold) osteocalcin-driven Luc expression at the early Day 3
time point (Fig. 1). However, at later time points there was no significant difference between
the two groups.

Low induction of osteocalcin-driven Luc expression was previously observed not only as a
result of the osteogenic process, but also as part of the skin wound–healing process.50
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Therefore we added two “No Defect” control groups to eliminate any possibility that this
artifact would alter our results. In these two groups the skull skin was opened in the same
way we did in mice in which we created a calvarial defect; we then sutured the skin without
creating a defect. Indeed, there was 2- to 4-fold lower expression of Luc in both groups
(compared to the Allograft + PBS and Allograft + PTH groups, respectively). Luc
expression in No Defect groups peaked on Day 7, and no differences were observed between
the No Defect + PTH and No Defect + PBS groups at any time point, indicating that there
was no influence of PTH on skin injury–induced osteocalcin expression. Thus we could
conclude that PTH therapy enhanced and accelerated osteocalcin-derived Luc expression
specifically in the osteogenic host cells following calvarial defect.

Functional fluorescence imaging was used to quantify the mineralization of structural
calvarial grafts. On Day 6 after surgery the animals were injected with OsteoSense™, a
hydroxyapatite-directed mineralization probe whose incorporation is evidence of a new
mineralization process.58 Two groups of mice were compared: Allograft + PTH, and
Allograft + PBS. Quantification of fluorescence efficiency (total, average, and maximum)
was performed in the marked standard region of interest (ROI) in the defect area. Functional
FLI showed a significantly higher FLI signal in mice in the Allograft + PTH group on Day
7, compared to mice in the Allograft + PBS group (Fig. 2). The post hoc tests indicate that
the average Total Efficiency for the Allograft + PTH group was significantly different from
the Allograft + PBS group (p=0.0085).

Longitudinal analysis of a calvarial defect repair using μCT—In order to quantify
bone formation around the graft, a quantitative follow up using μCT technology in vivo was
performed. Quantification of bone volume was performed in a standard 6-mm-diameter
cylindrical VOI. To specifically evaluate new bone formation, we normalized bone volume
at each time point to the volume measured one day after surgery. At Week 8, the volume of
newly formed bone in the Allograft + PTH group was more than 50% higher than that in the
Allograft + PBS group (Fig. 3). Student’s T-test showed that BV in Allograft + PTH was
significantly higher than in Allograft + PBS in all time points after Week 4.

PTH therapy affects osteogenic and angiogenic gene expression in the
calvarial defect—Calvarial defects were transplanted with structural allografts, as
described earlier, and treated with daily injections of PTH or PBS. The grafts and adjacent
tissues were harvested on Days 3, 7, 10, and 14 after surgery. Total RNA was isolated and
gene expression was evaluated using qRT-PCR. The results showed that gene expression of
the early osteogenic markers Alpl and Opn/Spp1 was upregulated in the PTH-treated group
at early time points (Fig. 4A & B, respectively) In both genes there was a significant
interaction of the day by group effects (p=0.036 and p=0.04 respectively). In the case of Alpl
expression significant differences occurred in the Allograft + PTH group between days 3
and 7 (p<0.0001), and between days 3 and 10 (p=0.0002). In the case of Opn/Spp1
expression significant differences occurred between the two groups on day 3 and 7
(p<0.0005). The later osteogenic marker Ibsp was upregulated in the Allograft + PTH group
on Day 14 (Fig. 4C). Surprisingly, Oc/Bglap, another early osteogenic marker,57 was
upregulated in the Allograft + PTH group later in the course of defect repair (Fig. 4D). Both
groups (allografts treated with PTH or PBS) showed an increasing trend, the interaction
between day and group was nearly significant (F(3,31)=2.78, p=0.058). When we examined
kinetics in the expression of Ccn2 or Ctgf, a known profibrotic factor,59, 60 we found that
there were significant differences between the two groups at day 10 (p=0.012) and day 14
(p=0.019). Hence it was downregulated by PTH therapy starting on Day 10 after surgery
(Fig. 4E). These results support our hypothesis that PTH therapy enhances osteogenic
differentiation in the vicinity of the structural allografts and promotes bone regeneration in
the defect. In addition, we checked the effect of PTH therapy on the expression of
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angiogenic genes such as Angpt-2, Vegfa, VEGD-D/Figf, and VEGF-R1/Flt1. For all these
genes PTH therapy was found to alter the gene expression profile (Fig. 4. F–I).

Histological analysis and mast cell infiltration into the site of allograft implantation
Histological analysis and standard H&E staining of allografts from both the Allograft + PTH
and Allograft + PBS groups showed that not only more bone was formed around the graft in
the defect site, but also that allografts were revitalized and repopulated with host cells more
successfully in PTH-treated mice (Fig. 5). The lacunae appear populated, blood vessels can
be identified in the graft and new bone was formed from the graft towards the host, in
contrast to the Allograft + PBS treated animals where new bone formed only from the host
bone inwards to the graft. Additionally, the extent of scar tissue formation was decreased
following PTH treatment. Moreover, the bridging between allograft and intact bone in the
untreated sample (Allograft + PBS group) evidently consisted of scar-like connective tissue,
whereas in the Allograft + PTH group bony bridging was observed 8 weeks postsurgery
(Fig. 5).

To detect mast cells, which play pivotal roles in scar tissue formation61, 62 and allograft
bone integration,29 we stained histological sections of treated calvaria collected 7 days after
allograft implantation with an immunofluorescent stain against the major mast cell markers
MCP1 and MCT (Fig. 6A & B). Qualitative analysis showed that sections of allografts
treated with PBS (Fig. 6A) had more mast cells double-stained for MCP1 and MCT than
sections of allografts treated with PTH (Fig. 6B). This finding indicated a higher infiltration
of mast cells into those areas on Day 7. To further investigate the infiltration pattern of mast
cells into the allograft-healing region, we stained 36 sections of tissue from mice sacrificed
on Day 7, 14, or 21 postsurgery with toluidine blue. Figure 6C & D show representative
images of Day 7 samples that correspond to the immunostained mouse tissue samples
depicted in Figure 6A & B. Toluidine blue staining is a well-established method to detect
mast cells in histological sections.63 Mast cells were counted manually on each slide and
plotted (Fig. 6E). On Day 7 the presence of mast cells was approximately 3 times more
frequent in tissue specimens from the Allograft + PBS group than in those from the
Allograft + PTH group (Fig. 6E). However, after Day 7 the number of mast cells began to
decline in the Allograft + PBS group and significantly increased in the Allograft + PTH
group.

Discussion
Bone allograft implantation presents a well-accepted method to achieve bone regeneration in
the craniofacial complex, as the allografts are highly available and constitute an
osteoconductive material. However, the decellularized bone allografts do not induce bone
formation and therefore do not integrate to the host bone. The results of this study show that
when structural allografts are being used for cranioplasty together with intermittent PTH
administration, significant bone repair and graft integration occur more efficiently than with
allografts but without PTH treatment. Specifically, we found that PTH induces host
osteoprogenitor differentiation (Figs. 1, 2 & 4), enhances bone formation around cranial
allografts (Figs. 3, 5), and modulates angiogenic gene expression (Fig. 3). We also observed
that PTH affects the infiltration of mast cells (Fig. 6) to the calvarial defect site.

Our results show that significant thickening of the callus occurred as result of the PTH
treatment. However, it is important to note that in the clinical setting, for instance when
treating a patient that suffers from cerebrovascular accident (CVA), the piece of calvarial
bone that is procured rarely fits into the defect.64 When we compared the Allograft + PTH
group with the Allograft + PBS group, both the qualitative and quantitative evaluations

Sheyn et al. Page 8

Mol Pharm. Author manuscript; available in PMC 2014 December 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



showed that PTH therapy significantly enhanced bone formation around calvarial bone
allografts (Fig. 3).

Our results show that PTH treatment diminished the expression of angiopoeitin-2, which
induces large blood vessel formation.65 These findings imply that PTH plays an important
role in allograft revitalization and osseointegration and we speculate that the angiogenesis
process may be significantly modified by PTH therapy promoting the formation of small
vessels over large blood vessels. VEGF was reported to induce ALP activity in primary
osteoblasts and to enhance these cells’ responsiveness to PTH. Furthermore, high-affinity
sites for VEGF-A have been identified on primary osteoblasts, indicating the presence of
functional VEGF receptors on osteoblasts. This suggests that besides its established effects
on endothelial cells, VEGF might play a role in osteoblast differentiation.66 Therefore,
future studies are needed to extend our understanding of the effect of PTH on angiogenesis.

Mast cells have been found associated with fibrous tissue formation in various anatomical
sites.41–46, 67 Additionally, it is widely accepted that the CCN2 gene expression, which is
prominently lower in the PTH treated animals, leads to fibroblastic differentiation.68

Fibrotic tissue can be readily identified in the histological analysis, in a manner that
seemingly coupled the early mast cell infiltration. These findings suggest that PTH therapy
delays infiltration of mast cells for a couple of weeks and thus decreases the formation of
fibrous tissue around the graft.

These findings will aid in the development of an attractive bone graft, which is readily
available, for use in craniofacial reconstruction. It should be noted that differentiation
factors such as BMPs, have showed successful regeneration of calvarial defects in
experimental models.69 However, gene therapy tools have to be optimized before reaching
common clinical practice. Furthermore, the use of differentiation factors such as the BMP
protein family has been found to have adverse effects.70 These conditions constitute one of
the great challenges in treating patients with birth defects, traumatic injuries, or cancers of
the head and mouth. It is clear that if a nonautologous bone graft solution for large
craniofacial reconstruction is to be realized, a thorough understanding of the healing process
of membranous bones, such as the calvaria and the jaws, is required so that future therapies
can enhance osseointegration of the graft as well as graft revitalization.
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Figure 1. PTH enhanced host osteoprogenitor cell differentiation, as detected using
bioluminescence imaging (BLI)
Autologous and allogeneic calvarial bone grafts were implanted in mice expressing
luciferase driven by the osteocalcin promoter. Half of the allograft-implanted mice were
treated with daily subcutaneous injections of PTH and the other half with injections of PBS
(mock treatment). At designated time points, the mice were systemically injected with
luciferin substrate and BLI was performed. The BLI signal was normalized to each animal’s
tail. For use as a control, we imaged mice that had undergone a sham procedure (no defect)
and were given PTH or PBS (mock treatment); n = 8, bars represent ± SE; * p < 0.05 (when
comparing Allograft + PTH to all other groups).
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Figure 2. PTH enhances bone allograft mineralization, as quantitatively detected by functional
fluorescence imaging (FLI)
Six days after surgery, mice implanted with allografts and treated with PTH or PBS, were
injected with a hydroxyapatite-directed imaging probe, OsteoSense680™. Twenty-four
hours after probe injection, FLI (A) and a quantitative analysis (B) were performed; n = 5,
bars represent ± SE; * p < 0.05.
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Figure 3. PTH enhances the repair of a calvarial defect using structural allografts, as measured
by a longitudinal quantitative μCT analysis in vivo
Imaging of mice implanted with decellularized bone allografts with or without PTH
treatment at Day 1 and Weeks 2, 4, 6, and 8 after surgery. Three-dimensional
reconstructions at Day 1 and Weeks 2, 4, 6, and 8 after surgery are presented (A). Bone
volume in the cylindrical VOI (highlighted in orange) was quantified and normalized to Day
1 to demonstrate new bone formation at the graft-host gap (B); n = 8, bars represent ± SE; *
p < 0.05.
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Figure 4. PTH therapy dramatically affects osteogenic and angiogenic gene expression
Allografts and adjacent tissues were harvested on Days 3, 7, 10, and 14 after surgery. Gene
expression was evaluated with the aid of qRT-PCR by using specific primers for the
following: the osteogenic genes alkaline phosphatase (ALP), integrin binding sialoprotein
(Ibsp), osteocalcin (Oc/Bglap), and osteopontin (OPN) (A–D); the fibrosis-related gene
connective tissue growth factor (CTGF or CCN2) (E); and the angiogenic genes
angiopoietin 2 (Angpo-2), vascular endothelial growth factors A and D (VEGF-A and
VEGF-D, respectively), and vascular endothelial growth factor receptor 1 (VEGF-R1) (F-I).
The gene expression levels were normalized to the expression of the 18S housekeeping
gene, n = 5, bars represent ± SE; *p < 0.05.
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Figure 5. Histological analysis of bone formation and graft-host integration shows enhanced
bone formation after PTH therapy
Animals received allogeneic bone grafts and were treated with PTH or PBS (placebo). The
animals were sacrificed 1, 2, 3, or 8 weeks after the operation, and the calvarial region was
harvested and stained with H&E. AG - Allograft, H - Host, F - Fibrous tissue, NB - new
bone formation. Arrows indicate the sites of allograft integration and revitalization.
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Figure 6. Mast cell infiltration was affected by PTH therapy, as detected using
immunohistofluorescence (IHF) and toluidine blue staining
Seven days after surgery, specimens were obtained from mice implanted with allografts and
treated with PBS (placebo) (A & C) or PTH (B & D). After fixation and slicing, the sections
were stained with antibodies against the mast cell markers mast cell protease 1 (MCP1) and
mast cell tryptase (MCT) (A & B). Following that, the sections were stained with toluidine
blue, which was useful for longitudinal mast cell quantification (C & D). Numbers of mast
cells in both groups (E). Mast cells were manually counted in 36 toluidine blue–stained
sections obtained from animals at 1, 2, and 3 weeks after surgery. Bars represent ± SE; * p <
0.05.
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Diagram 1.
Experimental design.
Abbreviations: OcLuc – transgenic mice, that express osteocalcin promoter-driven
luciferase reporter gene; PTH – parathyroid hormone; PBS - phosphate-buffered solution;
FLI – Fluorescent imaging; BLI – bioluminescent imaging; μCT – micro computed
tomography.
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