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Introduction
The poor healing of large or segmental bone defects remains 
a problem for clinicians. The process of bone repair is com-
plex and involves the regulation of many cell types by bio-
chemical and mechanical signals, such as neural and vascular 
growth factors governing neurogenesis and angiogenesis. 
Vascular endothelial growth factor (VEGF), an endothelial 
cell-specific mitogen, is essential for normal angiogenesis 
and formation of appropriate callus architecture (Yonamine 
et al., 2010). Localized VEGF delivery is beneficial for bone 
regeneration, since it promotes neovascularization, bone 
turnover, osteoblast migration and mineralization (Fang et 
al., 2005; Kent Leach et al., 2006; Geris et al., 2008; Keramaris 
et al., 2008; Yonamine et al., 2010). 

Abnormalities in the vascular or nervous systems will de-
lay bone regeneration (Konttinen et al., 1996; Wang et al., 
2009). Previously, our group successfully established models 
of bone substitute-filled critical-sized defects, and topically 
introduced β-nerve growth factor (β-NGF) via an osmotic 
pump. We also showed that application of β-NGF can pro-
mote bone regeneration (Chen et al., 2014). The present 

study was designed to examine the effect of topical β-NGF, 
applied directly to bone defects filled with collagen bone 
substitute, on neurogenesis and angiogenesis.

Materials and Methods
Animals
Thirty clean adult male Sprague-Dawley rats, weighing 250–
300 g, were purchased from the Shanghai Laboratory Animal 
Center, China (license No. SCXK 2012-0002). The rats were 
housed in cages with free access to food and water, under a 
12-hour light-dark schedule. All procedures were performed 
with the approval of the Care and Use of Laboratory Ani-
mals Committee at the Union Hospital Affiliated to Fujian 
Medical University, China. 

Bone defect creation and repair 
Rats were anesthetized with 10% chloral hydrate (0.3 mL/ 
100 g intraperitoneally) and a local injection of 5% lido-
caine (0.2 mL subcutaneously) over the cranium, and fixed 
on an operating table. The surgical area was shaved and the 
skin cleaned with 0.5% iodophor. A 3 cm incision was made 
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in the scalp along the sagittal suture, and the muscles and 
periosteum were separated to expose the cranium. Using a 
trephine drill (external diameter, 5 mm) under constant 4°C 
saline irrigation, two symmetric critical-sized bone defects 
were created in the parietal bone, on either side of the sag-
ittal suture. To minimize tissue necrosis, care was taken to 
avoid excessive heat and damage to the dura mater during 
drilling. Subcutaneous pockets were created over the fore-
limbs using a hemostat. The pump containing β-NGF + PBS 
was inserted into the right pocket, and the pump containing 
PBS was inserted into the left pocket. The bone defects were 
then filled with collagen bone substitute (Dentium, Seoul, 
Korea). Spacers were placed over the bone substitute-filled 
defects using glass ionomer cement (3M, Saint Paul, MN, 
USA) (Brentegani et al., 1997; Giannoudis et al., 2005) (Fig-
ure 1). The day of surgery was defined as day 0. 

Infusion of β-NGF
Sixty osmotic pumps (Alzet model 2001, Durect Corp., Cu-
pertino, CA, USA) were used with the Alzet brain infusion 
kit 2 (Durect), according to the manufacturer’s instructions. 
In brief, one end of the catheter tubing (1.85 cm in length) 
was attached to a cannula spacer, and the other end was at-
tached to the pump flow moderator (Figure 2). Rat β-NGF 
(Sigma, St. Louis, MO, USA) was dissolved in 0.01 M PBS 
(Mammoto et al., 2008), which contained 1% Evans blue to 
confirm that the drug had been delivered correctly (Marko 
and Damon, 2008). The pumps were filled with either β-NGF 
in PBS, or PBS alone, so that the experimental side (the 
right-hand side parietal bone defect) received β-NGF + PBS, 
and the control (left) side received PBS, immediately upon 
implantation. The method delivered a total of 10 µg β-NGF 
to the injury site over the first 7 days after surgery. 

Tissue preparation
The process of bone regeneration encompasses four over-
lapping phases: inflammation, soft and hard callus forma-
tion, and remodeling (Geris et al., 2008). To determine the 
effects of β-NGF across the entire process, we used six rats at 
each of five key time points, representing each stage: day 3, 
inflammation; day 7, soft callus formation; days 14 and 21, 
hard callus formation; and day 28, remodeling.

The rats were anesthetized with 10% chloral hydrate. A 
median sternotomy was performed, and an 18-gauge cath-
eter was inserted into the left ventricle of the heart. Saline 
(0.9% w/v) containing 5,000 U/mL heparin was perfused 
transcardially until the liver appeared white, followed by 
4% paraformaldehyde in 0.01 M PBS for 5–10 minutes. 
The skull and dura were immediately dissected out and im-
mersed overnight in the same fixative at 4°C. The fixed spec-
imens were decalcified in 10% EDTA in 0.01 M PBS (pH 7.0) 
for 8 weeks at 25°C. After decalcification, the specimens were 
embedded in paraffin and cut into sections 4 µm thick for 
histological processing and immunohistochemical staining.

Immunohistochemistry and hematoxylin-eosin staining
Immunohistochemistry was used to detect the expression 

of β III-tubulin, protein gene product 9.5 (PGP9.5), and 
neurofilament 160 (NF160) at each time point, to determine 
how topical application of β-NGF affects neurogenesis. All 
slices were deparaffinized in xylene and rehydrated through 
a graded alcohol series. Antigen retrieval was performed, 
and the sections were rinsed three times in PBS for 3 min-
utes each time. Endogenous peroxidase was neutralized with 
0.3% hydrogen peroxide. After three more washes in PBS, 
the slices were blocked with normal serum for 20 minutes 
and incubated at 37°C for 1 hour in a humid chamber with 
streptavidin and rabbit anti-rat antibodies against β III-tu-
bulin (1:300; Epitomics, Cambridge, MA, USA), PGP9.5 
(1:100; Epitomics), NF160 (1:200; Abcam, Cambridge, MA, 
USA), VEGF (1:250; Abcam), and VEGF receptor 2 (VEG-
FR-2) (1:20; Abcam). The sections were washed in PBS as 
before, reacted with peroxidase-conjugated streptavidin goat 
anti-rabbit IgG (ready-to-use, ZSGB-Bio, Beijing, China) at 
37°C for 15 minutes in a humid atmosphere, and immersed 
in diaminobenzidine hydrochloride. Three areas of bone 
defect region were selected for analysis: C1 and C3, corre-
sponding to regions close to the defect wall, and C2, corre-
sponding to the central region of the defect. 

To determine whether the stimulation of nerve regener-
ation by β-NGF also increased angiogenesis, blood vessels 
were counted in hematoxylin and eosin-stained tissue in 
each of the three bone defect regions under a digital micro-
scope camera (400×, Olympus, Tokyo, Japan), and the mean 
calculated. 

To further understand the effect of β-NGF on neurogene-
sis and VEGF/VEGFR-2 overexpression on angiogenesis, the 
average optical densities of β III-tubulin, PGP9.5, NF160, 
VEGF, and VEGFR-2 were analyzed using Image-Pro Plus 6.0 
(Media Cybernetics, Washington, USA). 

Statistical analysis
All data are expressed as the mean ± SD. Paired t-tests were 
used to compare experimental and control sides (SPSS 19.0 
for Windows; IBM Corporation, Armonk, NY, USA). P < 0.05 
was considered statistically significant.

Results
Topical application of β-NGF promoted neurogenesis in 
collagen bone substitute-filled defects
Significant differences were found between the experimen-
tal (β-NGF + PBS) side and the control (PBS only) side at 
7, 14 and 28 days postoperatively. On day 7, β III-tubulin 
expression was lower on the experimental side than the con-
trol side, whereas NF160 expression was greater; on day 14, 
β III-tubulin and PGP9.5 expression levels were greater on 
the experimental side than the control side; and at 28 days, 
PGP9.5 expression was lower on the experimental side than 
the control side (P < 0.05; Figure 3).

Topical application of β-NGF promoted angiogenesis in 
collagen bone substitute-filled defects
The number of blood vessels at both defect sites increased 
after injury, and decreased again at the time corresponding 
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Figure 1 Creation and repair of bone defects.  
(A) Trephine drill; (B) incision; (C) exposed cranium; (D) two critical-sized bone defects in the parietal bone; (E) placement of osmotic pumps 
into subcutaneous pockets; (F) defects filled with bone substitute; (G) fixation of pumps; (H) cementation of spacers; (I) sutured incision.

Figure 4 Effect of topical application of β-NGF on angiogenesis in 
collagen bone substitute-filled defects. 
(A) Blood vessels in the bone defect during repair (hematoxylin-eosin 
staining, × 400). (B) Number of blood vessels at the bone defect site in-
creased on both sides until days 7–14, and diminished thereafter. All data 
are expressed as the mean ± SD (n = 6). β-NGF: β-Nerve growth factor; d: 
days.

Figure 2 Prepared (empty) osmotic pump used for drug infusion into 
the bone defect. 
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Figure 3 Effect of topical application of β-NGF neurogenesis in collagen bone substitute-filled defects.
(A–C) Immunohistochemistry for β III-tubulin (A), NF160 (B), and PGP9.5 (C) at bone defect site (× 400; positive immunoreactivity appears 
brown). (D) Quantitation of β III-tubulin, PGP9.5 and NF160 immunoreactivity in collagen bone substitute-filled defects. All data are expressed as 
the mean ± SD (n = 6). *P < 0.05, vs. PBS side (paired t-test). β-NGF: β-Nerve growth factor; PGP9.5: protein gene product 9.5; NF160: neurofila-
ment 160; AOD: average optical density; d: days. 
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to mineralization of the bone defect area (days 14–21). No 
significant differences were observed between the number of 
blood vessels on each side (P > 0.05; Figure 4).

Topical application of β-NGF promoted VEGF/VEGFR-2 
expression in collagen bone substitute-filled defects 
On day 7, VEGF expression in the bone defect was greater 
on the β-NGF + PBS side than the control side (P < 0.05). 
On days 14 and 21, VEGFR-2 expression was greater on the 
experimental side than the control side, but by day 28 had 
reduced to below control levels (P < 0.05; Figure 5). 

Discussion
Our results suggest that local application of β-NGF pro-
moted neurofilament expression during bone regeneration 
in the defects filled with collagen bone substitute. However, 
the measurement of β III-tubulin also indicated that β-NGF 
inhibited neuronal regeneration. There are three key steps in 
the pathway of cytoskeletal specialization during neuronal 
differentiation (Fanarraga et al., 1999). The first of these be-
gins with the upregulation of class-III β-tubulin expression 
by neuroepithelial cells, indicating microtubular reorgani-
zation towards neurons. The second involves cytoplasmic 

Figure 5 Effect of topical application of β-NGF on VEGF and VEGFR-2 immunoreactivity in collagen bone substitute-filled defects.
(A, B) Immunohistochemistry for VEGF (A) and VEGFR-2 (B) at the bone defect site (× 400; positive immunoreactivity appears brown). (C) 
Quantitation of VEGF and VEGFR-2 immunoreactivity in collagen bone substitute-filled bone defects. All data are expressed as the mean ± SD (n 
= 6). *P < 0.05, vs. PBS side (paired t-test). β-NGF: β-Nerve growth factor; VEGF: vascular endothelial growth factor; VEGFR-2: VEGF receptor 2; 
AOD: average optical density; d: days. 
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accumulation of unphosphorylated class-III β-tubulin in 
neuroblasts, whereas the third key step occurs when most of 
the class-III β-tubulin that is being incorporated into micro-
tubules is phosphorylated, presumably beginning microtu-
bular reorganization in mature neurons. Since neuron-spe-
cific class-III β-tubulin is most unstable in microtubules, 
its phosphorylation in differentiated neurons results in the 
appearance of highly stable colchicine-resistant microtu-
bules, which are required for neurite extension (Fanarraga et 
al., 1999). In the present study, we looked at phosphorylated 
β III-tubulin; the mature nervous system possesses very little 
of the unphosphorylated form (Fanarraga et al., 1999). The 
statistical difference in β III-tubulin expression observed at 7 
days may therefore be due to the fact that most of the class-
III β-tubulin was unphosphorylated. On day 14, significantly 
higher β III-tubulin and PGP9.5 expression levels were ob-
served on the β-NGF + PBS side than on the control side; 
this suggests that the presence of β-NGF promoted neuronal 
regeneration during bone regeneration in the collagen-filled 
defects, as well as verifying the hypothesis that the class-
III β-tubulin at 7 days was unphosphorylated. At 21 and 28 
days, bone formation was significantly more pronounced 
in the β-NGF + PBS group than in the PBS group (data not 
shown), and this observation was in agreement with reports 
by other investigators (Eppley et al., 1992; Letic-Gavrilovic et 
al., 2003). Although β III-tubulin and PGP9.5 expression lev-
els were not significantly different between the two sides on 
day 21, significant differences in both proteins were observed 
between the two sides by day 28. Since β-NGF enhances 
bone regeneration in the collagen bone substitute-filled 
defect, one possible explanation for the lack of significant 
difference between the two sides at 21 days may be that the 
regenerated bone was undergoing remodeling, and so there 
was a decrease in nerve fiber regeneration (Suzuki et al., 
2010).

Angiogenesis is the formation of new blood vessels from 
preexisting vessels, which creates the primary vascular plexus 
(Raab and Plate, 2007). Considerable evidence indicates that 
angiogenesis is a fundamental process in bone formation 
and repair, and that impaired angiogenesis plays an import-
ant role in nonunion (failure to establish bony bridging of 
the fracture gap) and in delayed union (Geris et al., 2008; 
Yonamine et al., 2010). Therefore, one of the critical param-
eters for successful bone tissue regeneration is the formation 
of the microvascular network needed to supply oxygen and 
nutrients for cellular growth and differentiation (Kent Leach 
et al., 2006).

Angiogenesis is essential for wound healing and remodel-
ing, embryogenic development, organ formation, and tissue 
regeneration (Seo et al., 2001). Non-tumorous conditions 
can trigger neoangiogenesis in nervous tissue by shifting the 
balance between angiogenic and angiostatic factors towards 
activation (Harik et al., 1995; Patt et al., 1997). Angiogene-
sis also occurs in nerve cell grafts and at spinal cord lesions 
during peripheral nerve regeneration, and it can be triggered 
by physiological tasks that increase neural function and 
synaptic activity (Calzà et al., 2001). Overall, these previous 

findings support the hypothesis that nerve regeneration 
and increased neural activity can affect angiogenesis. In the 
present study, we observed that the mean nerve density and 
number of blood vessels correlated with each other across 
time points. Additionally, in agreement with previous find-
ings that nerve growth factor promotes angiogenesis (Eman-
ueli et al., 2002; Asanome et al., 2014), we observed that the 
number of blood vessels on the β-NGF + PBS side was 1.5 
times greater than on the control side at 7 days in collagen 
bone substitute-filled defects. In contrast to nerve regener-
ation, the number of blood vessels at 14 days was slightly 
lower than that at 7 days. The reason for this may be that the 
blood vessels are remodeling from day 7 to 14, resulting in 
larger-diameter blood vessels and fewer capillaries. However, 
the lack of statistically significant difference between the two 
sides in the number of blood vessels observed at other time 
periods contradicts observations by other researchers. These 
conflicting results may be due to the use of different quanti-
fication methods.

The biological effects of NGF are also known to be de-
pendent on two specific cell surface receptors, namely the 
tropomyosin-related kinase receptor TrkA, which is involved 
in mediating growth and survival, and p75, which forms a 
trimolecular complex with TrkA during NGF stimulation 
to increase the ligand specificity and affinity of TrkA (Rah-
bek et al., 2005). TrkA is a transmembrane tyrosine kinase 
of 140 kDa, which is phosphorylated at tyrosine residues 
after binding to its ligand. Once phosphorylated, a cascade 
of events follows, via extracellular signal-regulated kinase 
(ERK) 1/2 and VEGF/phosphatidyl-3′kinase/Akt-B/endo-
thelial nitric oxide synthase pathway activation, leading to 
the stimulation of cell proliferation (Nico et al., 2008). Ju-
lio-Pieper et al. (2006, 2009) reported that NGF promoted 
ovarian angiogenesis by enhancing the synthesis and secre-
tion of VEGF via a trkA- and ERK2-dependent mechanism. 
Similarly, Emanueli et al. (2002) suggested that NGF acted 
directly as an angiogenic factor or indirectly by stimulating 
VEGF expression in the ischemic hind limb. In the present 
study, we observed significantly higher expression levels of 
VEGF at 7 days in the β-NGF + PBS side compared to the 
PBS side, suggesting that β-NGF stimulated VEGF expres-
sion in the collagen bone substitute-filled defect. In addition, 
NGF-induced endothelial cell migration was also reported 
to be completely blocked by the NGF/TrkA receptor antago-
nist K252a, a tyrosine kinase inhibitor specific for VEGFR-2 
(Nico et al., 2008). Consistent with this study, we observed a 
significantly greater expression of VEGFR-2 on days 14 and 
21 in the defects treated with β-NGF + PBS compared to the 
control defects. 

In summary, during bone regeneration in defects filled with 
collagen bone substitute, topical application of β-NGF may 
modulate angiogenesis by promoting nerve regeneration.
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