
Summary. The study is to verify whether Calcitonin
gene related peptide (CGRP) gene-modified rat bone
mesenchymal stem cells (BMSCs) are promising seed
cells with great potential to repair bone defect. A
recombinant lentiviral vector overexpressing CGRP
peptide, pLenO-DCE-CGRP, was constructed and
transfected into rBMSCs to obtain stable CGRP
expression. Differently transfected rBMSCs: CGRP-
modified rBMSCs (CGRP group), empty vector-
modified rBMSCs (Vector group) and normal rBMSCs
(Control group) were transferred to collagen scaffold to
repair rat skull defects (n=6). Skull specimens were
obtained at 4 and 8 weeks after operation. Expressions of
osteogenesis-related indexes OCN (osteocalcin) and
BMP-2 (Bone morphogenetic protein-2) were detected
by immunohistochemistry and western blotting.
Histological observation, Masson trichrome staining and
Micro-computed tomography (Micro-CT) were applied
to evaluate defect repair. Tartrate-resistant acid
phosphatase (TRAP) was applied to observe bone
remodeling at 4 weeks. PGP9.5 was detected to observe
nerve fibers formation at 8 weeks. 

Osteogenic markers OCN and BMP-2 were
significantly higher in CGRP -modified BMSCs at 4
weeks, compared with the vector and control groups.
Few TRAP-positive expressions and scaffolds were

observed in the CGRP group. More new bone formation
and mineralization in defects were observed in the
CGRP group at 4 and 8weeks. Many PGP9.5-positive
expressions were found in the CGRP group. CGRP
promoted osteogenic differentiation of BMSC and
scaffold resorption in vivo. Repair effect of CGRP group
was significantly better than the other two groups.
CGRP gene-modified BMSCs are effective seed cells in
tissue engineering to repair bone defects.
Key words: Calcitonin gene related peptide, Bone
mesenchymal stem cells, Skull defects, Micro-computed
tomography

Introduction

Increasing evidence has demonstrated the
involvement of nerve and related neuropeptides in bone
metabolism (Uslu et al., 2016). The nervous system can
influence osteoclast formation and osteogenic
differentiation by producing several neuropeptides such
as calcitonin gene-related peptide (CGRP), substance P
and neurokinins, which regulate bone remodeling (Yu et
al., 2015; Wang et al., 2017). CGRP is a highly
expressed and important neuropeptide in nerve fibers
during bone metabolism and repair (Imai and Matsusue,
2002; Li et al., 2007; Lam et al., 2012; Zhang et al.,
2016; Chen et al., 2017). CGRP promotes osteoporotic
rat derived bone mesenchymal stem cell proliferation
and osteogenic differentiation (Liang et al., 2015). The
roles of nerve and neuropeptides in bone formation and
remolding are worthy of deep study. Short half-life, high
cost and multiple dosing restrict the application of
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CGRP protein in vivo (Chen et al., 2017; Xiang et al.,
2017). So, a recombinant lentiviral vector for
overexpressing CGRP peptide, pLenO-DCE-CGRP was
constructed for further study. Bone mesenchymal stem
cells (BMSCs) are one primary stem cell type applied in
tissue engineering. CGRP gene-modified rBMSCs show
better osteogenic differentiation capacity compared with
rBMSCs in vitro . Genetic engineering promotes
osteogenic differentiation of rBMSCs. Many biological
factors, such as osteoprotegerin, platelet-derived growth
factor and bone morphogenetic protein, loaded directly
or on various vehicles for control release, have also been
tried, with different beneficial outcomes (Hung et al.,
2015; Zhang et al., 2015). An in vivo study is necessary
to verify whether CGRP gene-modified BMSCs are
promising seed cells with great potential to repair bone
defect.
Materials and methods

Animals

Six-week old male Wistar rats (weight 220-260 g,
Laboratory Animal Center, Shandong University) that
were acclimated for 1 week before the experiments were
maintained on a normal hard food diet and water ad
libitum. Use of animals was approved by Animal Care
and Use Committee of School of Stomatology,
Shandong University. 

Cell culture

rBMSCs were harvested from Wistar rats (80-100 g)
using the following method, for which use of animals
was approved by Animal Care and Use Committee of
School of Stomatology, Shandong University. Briefly,
after anesthesia and euthanasia by intraperitoneal
injection of 10% chloral hydrate (0.4 g/kg body weight),
the body was soaked in 75% alcohol for 10 min. Under
laminar flow room, tibiae and femora were excised and
rinsed with 200 IU penicillin and 200 mg/mL
streptomycin (Solarbio, Beijing, China) in phosphate-
buffered saline (PBS). Both ends of the femora and
tibiae were excised. α-MEM (Gibco, Grand Island,
USA) supplemented with 20% fetal bovine serum (FBS;
Gibco) was applied to wash marrow gently from the
shafts into 10-cm-diameter culture ware with a 25-gauge
needle. Cells were subsequently seeded into culture
flasks (Takara Bio, Otsu, Japan) at a density of 5-10×105
cells/cm2. With the exception of primary cells, cells were
cultured in α-MEM supplemented with 10% fetal bovine
serum. When the density of BMSCs reached 80%
confluence, they were passaged. After one subculture,
adherent cells were termed rBMSCs. Cells (passage 3-4)
were used for the following experiments. At passage 3,
the phenotype analysis of BMSCs (anti-rat CD34, CD44,
CD45 and CD90 antibodies, Santa Cruz, USA) was
performed by flow cytometer. The retroviral packaging

cell line 293T (Clontech, Palo Alto, CA) was maintained
in DMEM with 10% FBS. Subsequently, cells within 10
passages were used for the experiments.
Construction of pLeno-DCE-CGRP-induced rBMSCs

pLenO-DCE-CGRP was provided by Shanghai
Innovation Biotechnology (Shanghai, China) and
identified by BioSUN Biotechnology (Beijing, China).
pLenO-DCE-CGRP, pRsv-REV, pMDlg-pRRE and
pMD2G, which contained essential components for
viral packaging, were co-transfected into 293T cells
using Lipofectamine (TM) 2000 (Invitrogen, Carlsbad,
CA). In addition, pLenO-DCE was also transfected into
293T cells. After transfection for 4 h, media was
replaced with α-MEM containing 20% FBS. After
culture for 72 h, viral supernatants were collected and
subjected to high-speed centrifugation to produce
concentrated high-titer lentivirus solution. Passage 3
rBMSCs were seeded in 6-well plates at a density of
1.5×105 cells/well and infected with viral stocks of
pLenO-DCE-CGRP and pLenO-DCE in the presence of
polybrene (4 μg/mL) for 6 h. Fluorescence microscopy
was employed to determine infection efficiency.
rBMSCs with high infection efficiency were collected.
Cells infected with pLenO-DCE-CGRP were included
in for CGRP group, while cells infected with pLenO-
DCE were for Vector group. Uninfected cells served as
Control group.
Real-time PCR

After rBMSCs in osteogenic medium for 28 days.
Total RNA was isolated from cells with TRIZOL reagent
(Invitrogen) according to the manufacturer's protocol.
Briefly, cells cultured in 6-well plates were mixed and
treated with 1 mL TRIZOL reagent per well.
Subsequently, 500 ng of total RNA was used for reverse
transcription (Takara Bio, Dalian, Japan), and 80 ng of
resulting cDNA samples was amplified with SYBR
Premix Ex Taq (Takara Bio) in a Roche 480 Light Cycler
(Roche, Mannheim, Germany). The primers used were the
followings: rat CGRP, forward primer 5'- CCAGAT
CAAGAGTCACCGCC -3' and reverse primer 5' CTCCC
TGAGCAGGAACCTCA -3'; CGRP mRNA levels in the
3 groups were tested after cultured for 28 days.
Cell seeding

Collagen membranes (Bio-Gide, Geistlich
Biomaterials, Princeton, USA) were trimmed into 5 mm
pieces and sterilized for usage. The differentially
processed rBMSC (1×105 passage 3) were suspended in
a 10 µl medium(α-MEM supplemented with 10% fetal
bovine serum, 100 IU/mL penicillin, and 100 mg/mL
streptomycin), seeded on each surface of the collagen
scaffolds, and cultured for 12 h in the incubator in 5%
CO2 at 37°C. The same volume of medium was applied
in Control group. 
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Skull defects operation

24 Wistar rats (260-300g) were anesthetized with
10% chloral hydrate (0.4 ml/100 g body weight) by
intraperitoneal injection. An anterior border arc incision
was made under aseptic conditions. A bone trephine
(Dentech Corporation, Tokyo, JAPAN) with an outer
diameter of 5 mm was used to create a full-thickness skull
defect on the bilateral region of the skull. 48 skull defects
of the rats were randomly divided into 3 groups. CGRP
group: defects filled with resorbable collagen seeded with
CGRP- modified rBMSCs; Vector group: defects filled
with collagen seeded with empty vector- modified

rBMSCs; Control group: defects filled with collagen
seeded with normal rBMSCs. Collagen and differentially
processed rBMSCs were implanted into the defect zones
and their positions were checked. The flaps were sutured
using resorbable sutures. Animals had free access to food
and water and were monitored daily in the postoperative
period for any complications or abnormal behavior.
Masson trichrome staining

Masson’s trichrome was performed by Masson
staining Kit (Jiancheng Biological Inc, Nanjing, China)
as previously described (Lv et al., 2014). The defect
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Fig. 1. Phenotype analysis of BMSCs was performed by flow cytometer. The cultured BMSCs were positive for CD44 (92.3%) and CD90 (97.6%), and
were negative for CD34 (0.3%) and CD45 (2.8%).



areas of five sections were examined and photographed
at the same magnification on a light microscope. The
newly formed bone areas were analyzed using imagepro-
plus6.0 (Media Cybernetics, Inc. MD, USA).
Immunohistochemistry 

Immunohistochemical study was performed by using
Streptavidin-Peroxidase kit (Zhongshan, Beijing, China)
as previously described (Xue et al., 2018; Yu et al.,
2017). Polyclonal antibody OCN, BMP-2 (dilution 1:150,
Abcam, UK) and PGP9.5 (dilution 1:200, Abcam, UK)
were applied. PBS was obtained as negative control.
Western blot analysis

The frozen samples were homogenized. Equal
amounts of total proteins were resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) and
transferred to PVDF Transfer membranes (Invitrogen,
Carlsbad, CA, USA). The membranes were incubated
with antibody against CGRP (diluted 1:500; Abcam;
Cambridge, UK), OCN and BMP-2 (diluted 1:1000,
Abcam) overnight at 4°C. Secondary antibodies,
horseradish peroxidase-linked goat anti-rabbit IgG
(diluted 1:5000; CW Biotech, Beijing, China), were then
applied. The blots were visualized using enhanced
chemiluminescence reagents (EMD Millipore, Billerica,
MA, USA), and quantified by densitometric analysis
[ImageJ (x64); 1.48u; National Institutes of Health,
Bethesda, MD, USA]. Equal protein loading was shown
by stripping and incubation with an anti-Actin antibody
(diluted 1:5,000; CW0100S; CW Biotech).
Micro-CT detection

Cranial bones were also assessed three dimensionally
using Micro-CT (SkyScan 1176; Bruker Micro-CT,
Kontich, Belgium) and scanned at 65 kV/380 uA as

previously described (Yu et al., 2019). Datasets were
reconstructed using a software program (NRecon
software, SkyScan; Bruker Micro-CT). The mCT analysis
was performed with a software program (CTAN,
SkyScan; Bruker Micro-CT). Volumetric measurements
were performed following the selection of 3D regions of
interest (ROI); ROI was selected according to skull
defects. Percentage bone area of ROI was applied as the
bone loss area measurement parameter. The
microstructural parameters such as percent bone area
(bone area/tissue area), trabecular separation (Tb.Sp),
trabecular thickness (Tb.Th), trabecular number (Tb.N)
and bone mineral density (BMD) were analyzed using
software (CT Analyser; Bruker). 
Hematoxylin and eosin staining 

Sections were first deparaffinized through xylene,
hydrated in gradient ethanols and treated with
hematoxylin for 15 min to stain cell nucleus. Slices were
sealed with clear mounting medium and cover glass.
TRAP staining 

A commercially available kit was used according to
the manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) as previously
described (Xue et al., 2018). We calculated TRAP
positive cells by imaging five fields of view under 100-
fold magnification.
Statistical analysis

Data were expressed as mean±SD. Statistical
comparisons of the results were performed using
analysis of variance. Significant differences (P<0.05)
between the mean values of control and test groups were
analyzed by one-way ANOVA followed by Tukey’s post
hoc test.
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Fig. 2. Infection efficiency was confirmed by real-time PCR and Western blotting. Higher CGRP mRNA and protein expression was also found in CGRP
gene-modified BMSCs, compared with vector-modified BMSCs and normal BMSCs (*P<0.05, ***P<0.01).



Results

Phenotype analysis and infection efficiency 

Flow cytometry analysis showed that the cultured
BMSCs were positive for CD44 (92.3%) and CD90
(97.6%), and were negative for CD34 (0.3%) and CD45
(2.8%) (Fig. 1). Higher CGRP expression was also found in
CGRP gene-modified BMSCs, compared with vector-
modified BMSCs and normal BMSCs (***P<0.01) (Fig. 2).
Scaffold seeded with CGRP modified ASCs

Collagen scaffolds engrafted with differentially
processed rBMSC were observed under LSCM.
Differentially processed rBMSC were seeded on the

collagen scaffolds and cultured for 12 h in the incubator in
5% CO2 at 37°C before being engrafted to repair the
critical-sized skull defects. Infection efficiency was
confirmed by the simultaneous expression of Green
Fluorescent Portein (GFP) as detected by LSCM (Fig. 3).

Collagen scaffolds engrafted with normal rBMSC
were also observed by scanning electron microscopy
(SEM). After culture of the rBMSC on the scaffold for
about 12 hours, abundant rBMSC attached and spread
out onto the surface of the scaffold, as observed under
SEM (Fig. 4).
Surgical protocol of critical skull defect repair

Collagen scaffolds engrafted with differentially
processed rBMSC were engrafted to repair the critical-
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Fig. 3. Laser scanning confocal microscopy (LSCM). Differentially processed rBMSC were seeded on the collagen scaffolds and cultured for 12 h in the
incubator in 5% CO2 at 37°C before engrafted to repair the critical-sized skull defects. Infection efficiency was confirmed by the simultaneous
expression of Green Fluorescent Portein (GFP) as detected by LSCM.

Fig. 4. Collagen scaffolds engrafted with normal rBMSC were observed by scanning electron microscopy (SEM).
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Fig. 6. Histological observation of defect repair by HE staining at 4 weeks after operation. Newly formed bone and remanent unabsorbed collagen
scaffolds (black arrows) could be found in the control and vector groups. In the CGRP group, collagen scaffolds had been resorbed and more new bone
was formed when compared with the control and vector groups. CGRP gene-modified BMSCs increases bone repair in the skull defect model.

Fig. 5. Surgical protocol. Differentially processed rBMSC were suspended in a 10 µl medium and seeded on each surface of the collagen scaffolds,
then cultured for 12 h in the incubator in 5% CO2 at 37°C. Critical skull defect was created on the parietal region lateral to the sagital suture by a 5 mm
trephine drill (A). Collagen membrane with differently processed rBMSCs was placed in the defects and checked (B). Periosteum covered the collagen
membrane (C). Skin flap was sutured using resorbable sutures (D).
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Fig. 8. TRAP staining was applied at 4 weeks. Many TRAP-positive expressions (red arrows) were observed around residual scaffolds in the vector
and control groups. Few TRAP-positive expressions and scaffolds were observed in the CGRP group.

Fig. 7. Masson staining revealed new bone form and mineralization.
The red dye indicates mineralized bone and blue dye indicates
mineralizing bone. New bone in the CGRP group was significantly
higher，compared with the vector and control group.



sized skull defects. The scaffolds were transplanted into
the bone defect region, which fitted well with the bone
defect (Fig. 5).
Histological observation of critical skull defect repair at 4
weeks

Four weeks after operation. Newly formed bone and

remnant unabsorbed collagen scaffolds (Fig. 6) could be
found in the control and vector groups. In the CGRP
group, collagen scaffolds had been resorbed and more
new bone was formed when compared with the control
and vector groups. CGRP gene-modified BMSCs
increasesd bone repair in the skull defect model. 

Masson staining revealed the degree of new bone
mineralization. The red dye indicates mineralized bone
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Fig. 10. Expressions of BMP-2 in the bone defect
repair at 4w after operation. Osteogenic markers
BMP-2 -positive expressions were observed in the
newly formed bone surface. BMP-2 was
significantly higher in CGRP overexpressing
BMSCs, compared with the other two groups.

Fig. 9. Expressions of OCN in the bone defect
repair at 4w after operation. Osteogenic markers
OCN -positive expressions were observed in the
newly formed bone surface. OCN was significantly
higher in CGRP overexpressing BMSCs, compared
with the other two groups.



and blue dye indicates mineralizing bone. New bone in
the CGRP group was significantly higher compared with
the vector and control group (Fig. 7). Many TRAP-
positive expressions were observed around residual
scaffolds in the vector and control groups. Few TRAP-
positive expressions and scaffolds were observed in the
CGRP group (Fig. 8). 
Expressions of osteogenesis-related indexes at 4 weeks
after operation

Osteogenic markers OCN (Fig. 9A) and BMP-2 (Fig.
10A) positive expressions were observed in the newly
formed bone surface. OCN (Fig. 9B) and BMP-2 (Fig.
10B) were significantly higher in CGRP overexpressing
BMSCs, compared with the other two groups.
Expressions of PGP9.5 in the bone defect repair

PGP9.5 was detected to observe nerve fiber
formation. Many PGP9.5-positive expressions were
found in the CGRP group (Fig. 11A1,A2), few PGP9.5-
positive expressions were observed in the vector (Fig.
11B) and control groups (Fig. 11C). 
Micro-CT detection of Critical skull defect repair at 8
weeks

High-density areas had filled nearly the entire defect

in the CGRP group at 8 weeks. More high-density areas
were observed in the CGRP group (Fig. 12A).
Quantitative analysis of region of interest (ROI) (Fig.
12B) further revealed that percent bone area of the
defects in the CGRP group were higher than the other
two groups (P<0.05) (Fig. 12C). The bone-related
microstructural parameters Tb.Th (Fig. 13A) in the
CGRP group were also elevated compared to the other
two groups. (P<0.05), whereas Tb.Sp (Fig. 13B) were
decreased.
Discussion

Bone transport and distraction osteogenesis have
been widely used in clinical practice to stimulate or
augment bone regeneration (Green et al., 1992).
However, those approaches consequently result in
healthy bone loss, significant donor site injury, scarring,
deformity, and surgical risks as well: infection, bleeding,
inflammation, and chronic pain (Pang et al., 2015). In
order to overcome these limitations, MSC
transplantation has been investigated as a novel therapy
for bone defect repair (Parekkadan and Milwid, 2010),
and as alternatives or adjuncts to the standard methods
of bone regeneration. As multipotent cells, BMSC is an
excellent candidate for cell therapy. Genetic engineering
can significantly broaden the therapeutic capabilities of
MSCs (Yu et al., 2018b). Previous research demonstrates
that show CGRP gene-modified rBMSCs show better
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Fig. 11. Expressions of PGP9.5 in the bone defect repair by immunohistochemistry. PGP9.5 was detected to observe nerve fibers formation. Many
PGP9.5-positive expressions (red arrows) were found in the CGRP group (A1, A2), few PGP9.5-positive expressions were observed in the vector (B)
and control groups (C).



osteogenic differentiation in vitro (Yu et al., 2018a). In
this study, 4 weeks after operation, few TRAP-positive
expressions and scaffolds were observed in the CGRP
group. CGRP gene-modified rBMSCs promoted scaffold
resorption. Osteogenic markers OCN and BMP-2 were
higher in CGRP group, compared with the vector and
control groups. Accordingly, more new bone formation
and mineralization in defects were observed in the

CGRP group. CGRP gene-modified BMSCs were also
more likely differentiated into osteoblasts in vivo. Micro-
Ct is a reliable method to evaluate bone formation. More
high-density areas were observed in the CGRP group.
The repair effect of CGRP group was significantly better
than the other two groups. The bone microstructural
parameter analysis showed elevated Tb.Th and percent
bone area, but decreased Tb.Sp in CGRP-modified
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Fig. 12. Micro-CT detection at 8 weeks. High-density
areas had filled nearly the entire defect in the CGRP
group at 8 weeks. More high-density areas were
observed in the CGRP group (A). Quantitative analysis
ROI (B) further revealed that percent bone area of the
defects in the CGRP group were higher than the other
two groups (*P<0.05) (B).



BMSCs. CGRP promoted osteogenic differentiation of
BMSC in vivo.

CGRP, one of the most abundant peptides and
widely present in peripheral and central neurons
(Wimalawansa et al., 1995; van Rossum et al., 1997;
Deng et al., 2004), belongs to a large family of peptides
which contain calcitonin, amylin, calcitonin receptor-
stimulating peptides and adrenomedullin (Katafuchi and
Minamino, 2004). CGRP has an important physiological
role in bone regeneration, suppression of the immune
response and inflammation (Li et al., 2007). CGRP are
widely distributed in the bone tissue with different
densities: the density in bone metabolism active area is
higher, such as subchondral bone, periosteum, bone
marrow and within the epiphysis, while the cortical bone
density is the lowest (Park et al., 2013). Targeted
expression of CGRP to osteoblasts increases bone
density in mice. Mice lacking alpha-CGRP show
decreased bone formation and osteopenia (Schinke et al.,

2004). Sensory nerve and its widely used neuropeptide
marker CGRP have also been corroborated to participate
in the process of fracture healing (Pang et al., 2015).
CGRP-positive nerve fibers are generously distributed in
bone tissues and participated in bone formation
regulation (Villa et al., 2003; Lerner, 2006). CGRP is a
marked and important neuropeptide expressed in nerve
fibers during bone repair. Interestingly, Many PGP9.5-
positive expressions were found in the CGRP group, few
PGP9.5-positive expressions were observed in the vector
and control groups. But whether new nerve fibers were
formed still needs further study in future. 

Our previous study has identified CGRP receptors
RAMP1 and CRLR in rBMSCs, which may combine
with CGRP to play biological roles (Zhang et al, 2017).
CGRP promotes osteogenic ability of rat bone
mesenchymal stem cells. Our study here has identified
that Transferring CGRP into BMSCs and high
expression of CGRP in BMSCs is helpful for its potent
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Fig. 13. Quantitative analysis of bone-related microstructural parameters. Trabecular separation (Tb.Sp), trabecular thickness (Tb.Th), trabecular
number (Tb.N) and bone mineral density (BMD) (*P<0.05).



osteogenic capacity in vivo. CGRP-transfected rBMSCs
may be eligible and effective seed cells to repair bone
defects in tissue engineering, which provides a
promising strategy to overcome the limit of BMSCs in
bone regeneration and repair.
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