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Purpose: This study investigates the effects of semaphorin 3A on new bone formation in an experimental
rat model.
Materials and methods: Cortical bone defects, 5 mm, were created in the calvaria of 40 Wistar rats, which
were then separated into three groups: empty defect (control) group, collagen group,
collagen þ semaphorin 3A group. The bone blocks were harvested after 4 and 8 weeks. New bone for-
mation was assessed by micro-computed tomography (micro-CT), histology, histomorphometry, trans-
mission electron microscope (TEM) and immunohistochemistry.
Results: Increased bone formation was observed in collagen þ semaphorin 3A groups both histologically
and with micro-CT. In the histomorphometic analysis, the control group had significantly less bone
formation compared to both the collagen and collagen þ semaphorin 3A group at 4 weeks (p ¼ 0.0001)
and 8 weeks (p ¼ 0.0001). The collagen group had significantly less bone formation compared to
collagen þ semaphorin 3A group both at 4 weeks (p ¼ 0.002) and 8 weeks (p ¼ 0.005). Immunohis-
tochemical analysis revealed that semaphorin 3A inhibited receptor activator of nuclear factor-kB ligand
(RANKL) expression and increased the expressions of osteoblastic bone markers at 4 weeks. In TEM
analysis, the collagen þ semaphorin 3A group had an increased proliferation and bone formation rate at
4 weeks, whereas bone quantity and maturation were enhanced at 8 weeks.
Conclusion: Locally applied semaphorin 3A increases callus formation at 4 weeks and bone formation at
8 weeks. Semaphorin 3A prevents bone resorption by inhibiting osteoclasts and increases bone forma-
tion by inducing osteoblasts.

© 2018 European Association for Cranio-Maxillo-Facial Surgery. Published by Elsevier Ltd. All rights
reserved.
1. Introduction

Regeneration of bone defects in the maxillofacial region caused
by trauma, infection, tumors or genetic disorders is a clinical
challenge that usually requires a bone grafting procedure. Autolo-
gous bone, which can be harvested from mandibular symphsis,
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ramus, iliac crest or tibia, is considered the gold standard for bone
regeneration. Yet, it has important disadvantages, such as having a
limited bone supply and donor site morbidity. Various biomaterials
and bone substitutes have been developed to overcome the dis-
advantages associated with harvesting autogenous bone and to
increase bone repair. Osteoinductive biomaterials, such as bone
morphogenic proteins and various growth factors, are being
constantly investigated to enhance bone regeneration in compro-
mised bone defects (Stancoven et al., 2012; García-Gareta et al.,
2015; Shah et al., 2015).

Bone tissue is continuously being broken down and then rebuilt
throughout life by a process called remodeling. This process, which
Elsevier Ltd. All rights reserved.
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is crucial for the maintenance of both bone quality and strength,
requires a dynamic interaction among bone cells including osteo-
clasts, osteoblasts and osteocytes. Coupling between bone resorp-
tion and formation is essential for the homeostasis of the skeletal
system. Recent advances have shown that bone remodeling is
regulated by various molecules that mediate communication
among bone cells (Negishi-Koga; Takayanagi, 2012). There is also
evidence that neuronal regulation is important for bone meta-
bolism (Gomez et al., 2005; Zhang et al., 2013). Recently, a protein
named semaphorin 3A has been implicated in the regulation of
bone remodeling both directly and indirectly via neural control (Xu,
2014).

Semaphorins are a large family of secreted or transmembrane
proteins which were originally identified as molecules that control
axon pathfinding during the development of the nervous system.
More than 20 types of semaphorins have been discovered, and
these proteins have been associated with diverse functions in many
biological processes, including cardiogenesis, angiogenesis, onco-
genesis and regulation of immune responses (Yazdani; Terman,
2006; Roth et al., 2009; Jongbloets; Pasterkamp, 2014; Epstein
et al., 2015). Recent findings suggest that semaphorin molecules
are also involved in bone homeostasis and various bone disorders
(Kang; Kumanogoh, 2013; Verlinden et al., 2016).

Semaphorin 3A is an axonal guidance protein belonging to
the semaphorin family, which was first identified as an axonal
chemorepellent. Besides the nervous system, semaphorin 3A has
multifunctional roles in embryonic development, immune
regulation, vascularization, and oncogenesis (Xu, 2014). Recent
studies have demonstrated the importance of Semaphorin 3A
and its receptors, neuropilin-1 (Nrp1) and plexin A, in the
skeletal system. Semaphorin 3A-deficient mice were shown to
have abnormal bone development. Behar et al. (1996) reported
that semaphorin 3A-deficient mice displayed fusion of cervical
bones, partial duplication of ribs, and poor alignment of the
rib�sternum junctions. Semaphorin 3A-deficient mice also had a
severe osteopenic phenotype (Hayashi et al., 2012; Fukuda et al.,
2013).

A recent study has shown that semaphorin 3A exerts a dual
osteoprotective effect by suppressing osteoclastic bone resorption
and increasing osteoblastic bone formation simultaneously. It is
demonstrated that the binding of Semaphorin 3A to Nrp1 inhibits
receptor activator of nuclear factor-kB ligand (RANKL)-induced
osteoclast differentiation by inhibiting the immunoreceptor
tyrosine-based activation motif (ITAM) and RhoA signaling
pathways. This binding is also shown to stimulate osteoblastic
differentiation and to inhibit adipocyte differentiation through
the canonical Wnt/b-catenin signaling pathway (Hayashi et al.,
2012).

Osteostimulative effects of semaphorin 3A can be utilized to
promote the repair of bone defects, to enhance bone regeneration
in implant surgery and to increase osteointegration of titanium
implants (Fang et al., 2014; Liu et al., 2016; Li et al., 2017). The fact
that semaphorin 3A promotes bone regeneration by reducing bone
resorption and increasing bone formation simultaneously could
also lead to new therapeutic agents for the treatment of various
bone disorders, including osteoporosis (Zaidi; Iqbal, 2012). The
mechanism of action of semaphorin 3A is different from those of
current therapeutic interventions in osteoporosis, since current
therapies generally reduce bone turnover instead of balancing
impaired bone turnover (Harre; Schett, 2013).

The purpose of this study is to observe the effects of semaphorin
3A on bone remodeling and regeneration. For this purpose, critical-
size defects were formed in the rat calvaria, and semaphorin 3Awas
applied locally using a collagen matrix carrier. The effects of sem-
aphorin 3A on osteoblastic bone formation and osteoclastic activity
were observed using various investigation methods, including
histology, immunohistochemistry, and transmission electron mi-
croscope (TEM) analysis. The amount of newly formed bone was
assessed by micro-computed tomography (micro-CT) and histo-
morphometric analysis.

2. Materials and Methods

2.1. Experimental design and surgical procedures

In the present study, a total of 40 male Wistar rats, aged 12
weeks with an average weight of 300e350 g, were used. The
experimental protocol was approved by the Animal Experiments
and Ethics Committee of Istanbul University (no: 127/2013). The
animals were anesthetized by intramuscular injection of 40 mg/kg
ketamine (Ketalar, Pfizer, Istanbul, Turkey) and 8 mg/kg xylazine
(Alfazyne, 2%, Alfasan, Woerden, Holland). After the surgical site
was shaved and scrubbed with iodine, additional local anesthesia
with lidocaine (Jetokain, Adeka, Samsun, Turkey) was applied. An
incision was made in the scalp in the sagittal plane across the
cranium, and a full-thickness flap was elevated. A 5-mm critical-
sized bone defect was made in the right side of the calvarium
with a trephine bur, with an outer diameter of 5 mm (Meisinger,
229-040 RAL, USA), without harming the dura mater and under
continuous irrigation with sterile saline.

The animals were randomized into three study groups: control
group (n ¼ 8), collagen group (n ¼ 16) and collagen þ semaphorin
3A group (n ¼ 16). The bone defect was left empty in the control
group. Socket preserving cones of type 1 collagen (Parasorb Cone,
Resorba Medical GmbH, Nurnberg, Germany) were cut into round
pieces using a tissue punch (Meisinger, 225RF/040, USA), 5 mm in
diameter, with a surgical handpiece. The prepared collagen
matrices were placed into the bone defects in the collagen group.
For the third group, collagen matrices with recombinant rat
semaphorin 3A (Mybiosource, San Diego, CA) were applied into
the defect (Fig. 1). The semaphorin dosage was calculated as
0.5 mg/kg of body weight, based on recent literature (Hayashi
et al., 2012).

The wound was closed primarily with 4.0 silk sutures and the
rats were given postoperative 30 mg/kg ceftriaxone (Rocephin,
Roche, Istanbul, Turkey) for three days. The animals were kept in
cages in pairs and received water and food ad libitum.

2.2. Animal sacrifice and specimen collection

Half of the rats of each group (n ¼ 20) were sacrificed after 4
weeks and the remaining half (n ¼ 20) were sacrificed after 8
weeks. At the end of the observation period, the rats were eutha-
nized by using 150mg/kg sodium pentobarbital (Pentothal Sodium,
Abbott, Istanbul, Turkey) and the calvarial bone blocks were har-
vested. The area of the original surgical defect was removed with
the surrounding sound bone using a trephine bur 10 mm in
diameter (Meisinger, 229-100 RAL, USA) (Fig. 1).

One bone block from each group was spared for micro-CT
analysis, and these blocks were fixed in 10% neutral formalin. A
thin slice was cut from each of the remaining blocks and placed in
glutaraldehyde solution for TEM analysis. The remaining specimens
were fixed in 10% neutral formalin and were prepared for histo-
logical and immunohistochemical analysis.

2.3. Micro-CT assessment

Six specimens, each representing a study group, were scanned
on a micro-CT system (Skyscan 1174, Skyscan, Kontich Belgium).
The specimens were fixed and the scanning system was set to



Fig. 1. (A) Osteotomy made in the right side of the calvarium using a 5-mm trephine bur. (B) Image of the 5-mm calvarial bone defect. (C) Type I collagen matrices prepared with a
5-mm tissue punch. (D) Application of the collagen matrix with or without semaphorin 3A to the osteotomy defect. (E) Osteotomy made with a trephine bur, 10 mm in inner
diameter, for harvesting the calvarial bone after 4 and 8 weeks. (F) Harvested 10-mm bone blocks including the original bone defect.

S. Kenan et al. / Journal of Cranio-Maxillo-Facial Surgery 47 (2019) 473e483 475
50 kV, 800 mA, 40.89 mm pixel size and 2300 ms exposure time.
Each specimen was scanned approximately for 1 h. Reconstruction
of the scanned data was performed using Nrecon (version 1.6.9.4,
Skyscan, Kontich, Belgium) and the reconstructed 8-bit grey images
were analyzed with CTAn software (version 1.13.5.1) program.

The region of interest (ROI) was selected by identifying the
upper and lower limits of the defect area. Basic parameters were
quantified within the ROI, including bone volume (BV), tissue vol-
ume (TV) and percent bone volume (BV/TV).
2.4. Histological and histomorphometric analysis

The blocks fixed in 10% neutral formalin were decalcified in 5%
formic acid for 2 days. After decalcification, the specimens were
dehydrated in graded ethanol (70%, 90%, 96%, %100) for 1 day per
each concentration. Next, the blocks were embedded in paraffin and
sectioned at 4 mm using a Leicha RM2255 microtome (Leicha, Nus-
sloch, Germany). The sections were stained with hematoxylineeosin
(H&E) for analysis by light microscopy. Olympus Soft Imaging
SolutionseImage Analysis software (Olympus Soft Imaging Solutions
GmbH, Münster, Germany) was used for the histomorphometric
analysis. The digitalized images were analyzed, and the area of the
newly formed bone compared to the total area of the defect was
measured.
2.5. TEM analysis

The specimens were kept in 2.5% glutaraldehyde solution
(Merck, Darmstadt, Germany) at 40 �C for TEM analysis. After
they were treated with phosphate-buffered saline solution for
10 min, they were kept in 1% osmic acid for 1 h at 40 �C. After
treatment with phosphate-buffered saline solution for
2 � 10 min, they were kept in 1% uranyl acetate at 40 �C for 1 h
and treated with phosphate-buffered saline solution for 10 min.
The specimens were passed through several steps of alcohol for
dehydration. Next, the specimens were first kept in propylene
oxide for 2 � 10 min, then in propylene oxide-epon mixtures
(1:1 and 1:3) for 1 h each and finally in pure epon (Sigma,
45359) for 1 h at room temperature. The blocks were formed in
epon capsules by incubating for 18 h at 600 �C. The prepared
blocks were sectioned using ultra-microtome (Leica, EM UC7,
Germany) first into semi-thin sections of 0.5 mm, then into thin
sections 40e60 nm in thickness. The sections were treated with
uranyl acetate for 30 min and lead nitrate for 10 min. They were
then analyzed and photographed using TEM (JEOL, JEM-1011),
MegaView imaging system and AnalySIS software (Soft Imag-
ing Software). Structural and morphological examination of the
defect area was performed by TEM. Cellular arrangements and
surface properties were also evaluated.
2.6. Immunohistochemistry

The prepared sections were incubated at 56 �C overnight in
order tomelt paraffin. The sections were treatedwith toluene twice
for 30 minutes and then passed through several concentrations of
alcohol and finally treated with distilled water. Next they were
incubated with 5% hydrogen peroxide solution (in methanol) for
13 min in darkness to inhibit endogen peroxidase activity and then
washed with buffer solution. The sections were incubated three
times with citrate buffer for 5 min and then left to cool for 20 min.
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Ultra V block (TA-060-UB) in the Ultravision detection system anti-
polyvalent HRP kit was used to prepare blocks. Primary antibodies
were applied overnight with a dilution ratio of 1/1000.

Next, the sections were treated with goat anti-polyvalent sec-
onder antibody (TP-060-BN) for 10 min, followed by streptavidin
peroxidase (TS-060-HR) for 10 min at room temperature. Ultra-
vision detection system AEC Substrate system e TA-125-HA chro-
mogen was applied for specified durations for each antibody.

Immunohistochemical localizations of receptor activator of nu-
clear factor-kB (RANK), RANKL, osteoprotegerin (OPG), runt-related
transcription factor 2 (Runx2), osterix/SP7, b-catenin and activating
transcription factor 4 (ATF4) were carried out using commercially
available antibodies according to the manufacturer's suggested
protocol. Stained sections were examined qualitatively under light
microscopy with a digital camera. Immunoreactivity was assessed
and evaluated as none (�), slight (þ), medium (þþ) and strong
(þþþ).
2.7. Statistical analysis

Data are expressed as mean ± standard deviation. Statistical
analyses were performed using NCSS (Number Cruncher Statistical
System) 2007 Statistical Software (NCSS LLC, Kaysville, UT) pro-
gram. Multiple comparisons between groups were carried out us-
ing one way analysis of variance, and the Tukey test was used for
subgroup comparisons. An independent-samples t-test was used
for the comparisons of two means. P < 0.05 was considered sta-
tistically significant.
3. Results

3.1. Micro-CT evaluation

The amount of new bone formation is shown in the representa-
tive micro-CT images of each study group (Fig. 2). Quantitative re-
sults ofmicro-CTanalysis are expressed as BV/TV. At 4weeks, BV/TV
values were found to be 16.97% for the control group, 28.47% for the
Fig. 2. (A) Micro-CT image from control group at 4 weeks. (B) Micro-CT image from collagen
at 4 weeks. (D) Micro-CT image from control group at 8 weeks. V Micro-CT image from coll
weeks. The most enhanced bone formation is observed in this group, as the bone defect is
collagen group and 33.21% for the collagenþ semaphorin 3A group.
At 8 weeks, BV/TV values were 49.58% for the control group, 60.96%
for the collagen group and 77.10% for the collagenþ semaphorin 3A
group.

Radiographically, both the collagen and collagen þ semaphorin
3A group showed enhanced bone formation compared to the
control group at 4 and 8 weeks. Themost enhanced bone formation
was detected in 8 week collagen þ semaphorin 3A group. Quanti-
tatively, this group also displayed the highest bone volume
percentage.
3.2. Histological and histomorphometric analysis

Histological representations of the decalcified bone specimens
from the experimental groups are shown in Fig. 3. At 4weeks, a thin
uninterrupted bone is observed in the defect area of
collagen þ semaphorin 3A group, whereas mostly fibrous connec-
tive tissue is found in the other two groups at 4 weeks. At 8 weeks,
the highest amount of lamellar bone formation and nearly com-
plete defect closure were found in the collagen þ semaphorin 3A
group. At 8weeks, the defect area of control group displayedmostly
fibrous connective tissue with random ossification foci. Compared
to the 8-week control group, the 8-week collagen group showed
significantly more ossification sites.

In the histomorphometric analysis of the histological sections,
percentage bone formation values (bone area/total area �100, %) of
the groups at 4 weeks were found as 15.12% ± 11.69% for the control
group (n ¼ 19), 27.17% ± 5.60% for the collagen group (n ¼ 22) and
32.411% ± 4.95% for the collagen þ semaphorin 3A group (n ¼ 18).
At 8 weeks, percentage bone formation values were 48.18% ± 5.26%
for the control group (n¼ 26), 67.44%± 5.31% for the collagen group
(n ¼ 19) and 74.46% ± 9.41% for the collagen þ semaphorin 3A
group (n ¼ 22).

Statistically significant differences in percentage bone formation
values were found between the groups at 4 weeks (p ¼ 0.0001). At
4 weeks, the control group exhibited significantly lower percentage
of bone formation compared to the collagen group and the
group at 4 weeks. (C) Micro-CT image from collagen þ semaphorin 3A (Sema3A) group
agen group at 8 weeks. (F) Micro-CT image from collagen þ semaphorin 3A group at 8
almost completely filled with new bone.



Fig. 3. (A) Light micrograph from control group at 4 weeks. (B) Light micrograph from collagen group at 4 weeks. (C) Light micrograph from collagen þ semaphorin 3A (Sema3A)
group at 4 weeks. Arrow indicates the uninterrupted new bone formation in the osteotomy defect. (D) Light micrograph from control group at 8 weeks. Asterisk indicates mostly
connective tissue with new ossification foci. E, Light micrograph from collagen group at 8 weeks. More ossification sites are observed compared to the 8-week control group. (F)
Light micrograph from collagen þ semaphorin 3A group at 8 weeks. Arrow indicates the thin suture formation between newly formed lamellar bone. Scale bar ¼ 50 mm, original
magnification �150.
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collagen þ semaphorin 3A group (p ¼ 0.0001). At 4 weeks, the
collagen group had a significantly lower percentage of bone for-
mation compared to the collagen þ semaphorin 3A group
(p ¼ 0.002).
Fig. 4. Mean percentages of the newly formed bone in all groups at 4 and 8 weeks. *Significa
(p ¼ 0.002) and at 8 weeks (p ¼ 0.005). # Significant difference between control group an
difference between control group and collagen þ semaphorin 3A group at 4 weeks (p ¼ 0.
The differences in percentage of bone formation values between
the groups at 8weekswere statistically significant (p¼ 0.0001). At 8
weeks, the control group exhibited a significantly lower percentage
of bone formation compared to the collagen group and the
nt difference between collagen group and collagen þ semaphorin 3A group at 4 weeks
d collagen group at 4 weeks (p ¼ 0.0001) and at 8 weeks (p ¼ 0.0001). &Significant
0001) and at 8 weeks (p ¼ 0.0001).
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collagen þ semaphorin 3A group (p ¼ 0.0001). At 8 weeks, the
collagen group showed a significantly lower percentage of bone
formation compared to the collagen þ semaphorin 3A group
(p ¼ 0.005) (Fig. 4).
3.3. TEM evaluation

At 4 weeks, the collagen þ semaphorin 3A group displayed
signs of enhanced proliferation and early callus formation. Oste-
oblasts were observed to form groups similar to cartilaginous
tissue, and collagen fibers were typically organized, compatible
with the pattern of trabecular bone along with osteocytes. In the
4-week control group, collagen fibers were disarrayed and
reparative connective tissue components with vascular elements
were dominant. Components of the inflammation period, large
vacuoles and free blood cells, were observed in this group. In the
4-week collagen group, although some granulation tissue was
present, reparative tissue was more common with organized
Figure 5. (A, B) Representative TEM images of control group at 4 weeks. Reparative conne
observed. (C, D) Representative TEM images of collagen group at 4 weeks. Asterisk
collagen þ semaphorin 3A (Sema3A) group at 4 weeks. Arrows indicate active osteoblasts
collagen fibers.
collagen fibers, vascular components and clusters of osteoblasts
(Fig. 5).

At 8 weeks, complete bone formation and enhanced minerali-
zation was prominent in the collagen þ semaphorin 3A group.
Mineralized bone matrix was dominant, and in some areas osteo-
blast synthesizing osteoid were observed. In the 8-week control
group, primary bone tissue was observed with many osteoclastic
cells. In the 8-week collagen group, trabecular bone formationwith
a lamellar structure was detected, yet mineralization was not
evident (Fig. 6).

3.4. Immunohistochemical staining

Semi-quantitative results of the immunohistochemical staining
with Runx2, RANK, RANKL, OPG, sp7 osterix, b-catenin and ATF4
are given in Table 1. Representative sections for each antibody are
shown in Figs. 7 and 8.

Negative immunostaining of RANKL was observed in the
collagen þ semaphorin 3A group both at 4 weeks and at 8 weeks.
ctive tissue components, large vacuoles and free blood cells, indicated by arrows, are
s indicate osteoblasts and collagen fibers. (E, F) Representative TEM image of
gathering into clusters similar to cartilaginous tissue and asterisk indicates organized



Fig. 6. (A, B) Representative TEM images of control group at 8 weeks. Arrow indicates an osteoclastic cell with resorption vacuoles. (C, D) Representative TEM images of collagen
group at 8 weeks. Asterisks indicates trabecular bone formation without mature mineralization is observed. (E, F) Representative TEM images of collagen þ semaphorin 3A
(Sema3A) group at 8 weeks. Arrows indicate hydroxyapatite crystals dispersed in highly mineralized new bone.
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In this group, negative immunostaining for RANK was detected
at 4 weeks. Both the control and the collagen group showed
positive immunostaining of RANK and RANKL at 4 and 8 weeks.

Slight OPG immunoreactivity was observed in all groups at 4
and 8 weeks, except in the 8-week control group, which showed
negative immunostaining of OPG.
Table 1
Semi-quantitative results of the immunohistochemical staining with Runx2, RANK, RAN

4 Weeks

Control Collagen Collagen þ Sema 3A

Runx2 Random þ þþ þþþ
RANK Diffuseþþ þ �
RANKL þ Faint þ �
OPG Faint and scarce þ Faint and scarce þ Faint þ
SP7 Scarce þ Scarce þ Diffuse þ
b-catenin ± þ þþ
ATF4 þþþ þ± þ±
The strongest positive immunostaining of Runx2 was detected
in the 4-week collagen þ semaphorin 3A group. At 8 weeks, im-
munostaining with Runx2 was weak, both in the collagen and in
the collagen þ semaphorin 3A groups.

Immunostaining with b-catenin was more prominent in
the collagen þ semaphorin 3A group compared to other
KL, OPG, sp7 osterix, b-catenin and ATF4 of the groups at 4 and 8 weeks.

8 Weeks

Control Collagen Collagen þ Sema 3A

þþ Faint þ Faint þ
In osteogenic foci þþ þ In lamellar area þ
Peripheral þ Faint þ -
� Faint and scarce þ Faint þ
þ þ± þ
� Scarce ± Scarce ±
þþ þþþ þþþ



Fig. 7. Representative immunohistochemical staining images of the groups for each antibody reactivity at 4 weeks. In the collagen þ semaphorin3A (Sema3A) group, stronger
immunopositive staining is observed with markers of osteoblastic activity, Runx2, b-catenin and sp7, whereas RANK and RANKL staining is negative in this group. Scale bar ¼ 50 mm,
original magnification �400.
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study groups at 4 weeks. At 8 weeks, the collagen and
the collagen þ semaphorin 3A groups showed weak staining of b-
catenin, and in the control group negative staining was present.
ImmunostainingofATF4waspositive in all groups at both4 and8
weeks. Immunostaining of sp7 was weak in all groups, yet staining
was relatively more diffuse in the 4-week collagen þ semaphorin
group and stronger the 8-week collagen group.



Fig. 8. Representative immunohistochemical staining images of the groups for each antibody reactivity at 8 weeks. In collagen þ semaphorin 3A (Sema3A) group, RANKL staining is
still negative and as bone maturation is complete, immunoreactivity with osteoblastic bone markers, Runx2 and b-catenin, has become weaker. Scale bar ¼ 50 mm, original
magnification �400.
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4. Discussion

In this study, the effects of locally applied semaphorin 3A on
new bone formation were evaluated in an experimental rat model.
It has been reported that semaphorin 3A exerts an osteoprotective
effect by both suppressing osteoclastic bone resorption and
increasing osteoblastic bone formation (Hayashi et al., 2012).
Semaphorin 3A expression was found abundantly in bone, and
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semaphoring-deficient mice had a low bone mass due to decreased
bone formation (Fukuda et al., 2013).

Semaphorin 3A, a secreted type of semaphorin, is an axonal
chemo repellent that has an important role in axon guidance during
neural development and causes the inhibition of neurite outgrowth
(Goshima et al., 2000). Bone tissue is known to be densely inner-
vated, and recent evidence indicates a neural control of bone
metabolism. Gomez et al. (2005) reported that semaphorin 3A
signaling is present in bone and that this signaling precedes or
coincides with the invasion of bone by blood vessels and nerve fi-
bers. It is suggested that sensory nerves have an essential role in
bone remodeling processes and that semaphorin 3A regulates bone
remodeling, not directly by acting on osteoblasts but indirectly by
modulating sensory nerve development (Togari et al., 2000;
Fukuda et al., 2013).

The osteoprotective effects of semaphorin 3A have been re-
ported in numerous studies. Intravenous semaphorin 3A adminis-
tration in mice was shown to increase bone volume and to prevent
bone loss induced by ovariectomy (Hayashi et al., 2012). Recently,
semaphorin 3A have been used to increase the osteogenic differ-
entiation of osteoblasts and to improve the osteointegration of ti-
tanium implants in vitro and in rat models (Fang et al., 2014, 2016;
Li et al., 2017) Semaphorin 3A is shown to improve the osteogenesis
ability of adipose mesenchmal stem cells, and semaphorin 3A-
modified stem cells were shown to promote the repair of critical-
size calvarial defects in a rat model (Fang et al., 2016; Liu et al.,
2016).

Based on recent literature findings, our study was designed to
examine the effects of semaphorin 3A on bone remodeling and to
evaluate its role in the regeneration process of critical-size defects.
For this purpose, semaphorin 3A was applied locally to a critical-
size calvarial defect using type 1 collagen matrix as its carrier in a
rat experimental model. Previous studies have investigated the
effects of locally applied (by local injection) semaphorin 3A in a
bone regeneration model of cortical bone defect induced by drill in
the proximal femurs of mice and in the fracture healing induced on
the proximal tibia of rats (Hayashi et al., 2012; Li et al., 2015). Both
studies reported positive results in regard to the therapeutic po-
tential of semaphorin 3A. Yet there are no previous studies con-
ducted using a carrier matrix in a calvarial rat model.

In the experimental studies, a calvarial defect model is
frequently used for the investigation of bone regeneration, because
it does not require fixation and it represents intramembranous
bone formation (Spicer et al., 2012). A critical-size defect can be
described as the smallest intra-osseous wound which does not heal
spontaneously during the lifetime of the animal. In rats, the
dimension of the critical defect size is still controversial (Gomes;
Fernandes, 2011). Bosch et al. (1998) reported that a 5-mm defect
was unable to heal spontaneously up to 12 months after the sur-
gery. In the present study, 5-mm critical-sized defects were created
in the calvaria of rats. The suitability of this defect size was
confirmed by the lack of complete bone regeneration after 8 weeks
in the control group in our experiment.

In the micro-CT assessment, the collagen þ semaphorin 3A
group displayed the highest amount of new bone formation both at
4 weeks and at 8 weeks. The collagen group also showed increased
bone volume compared to the control group at both weeks 4 and 8.
The bone percentage values and the images taken from the repre-
sentative specimens confirm the positive effect of semaphorin 3A
on bone regeneration. Complete defect closure was observed in the
semaphorin 3A-applied group at 8 weeks.

Histological specimens also demonstrate enhanced bone for-
mation with semaphorin 3A. In the histological analysis with H&E
staining, the collagen þ semaphorin 3A group displayed increased
ossification sites at 4 weeks, while in the other two groups fibrous
tissue was dominant at 4 weeks. At 8 weeks, although ossification
was increased in the control and collagen groups, the semaphorin
3A-applied group displayed nearly complete ossification of the
same quality with the peripheral sound bone. TEM images
confirmed enhanced proliferation at 4 weeks and mineralization at
8 weeks in the semaphorin 3A-applied group. Various studies have
reported enhanced ossification with semaphorin 3A application
using micro-CT and histological analysis (Hayashi et al., 2012; Li
et al., 2015). The results of our study are in agreement with the
available literature.

Immunohistochemical analysis in our study demonstrates the
inhibitory effect of semaphorin 3A on osteoclasts. At 4 weeks, no
reactivity was detected for both RANKL and RANK for the
collagen þ semaphorin group. At 8 weeks, there was still no reac-
tivity for RANKL and only slight reactivity with RANK. Recent
findings show that osteoclast differentiation is tightly regulated by
osteoblasts through several different mechanisms. Semaphorin 3A
produced by osteoblasts inhibits RANKL-induced osteoclast differ-
entiation through the suppression of ITAM signals (Yamashita et al.,
2012). Hayashi et al. (2012) reported that the binding of sem-
aphorin 3A to its receptor Nrp1 inhibited RANKL-induced osteo-
clast differentiation by inhibiting ITAM and RhoA signaling
pathways. Our findings also indicate that semaphorin 3A inhibits
osteoclast formation and function by inhibiting RANKL.

The immunohistochemical results of our study reveal enhanced
bone formation activity and increased osteoblastic markers in the
collagen þ semaphorin 3A group at 4 weeks. Enhanced immuno-
reactivity was observed for Runx2, b-catenin, sp7 and ATF4 in this
group at 4 weeks. Runx2, which induces the differentiation of
multipotent mesenchymal cells into immature osteoblasts and di-
rects the formation of immature bone (Komori, 2010), was strongly
expressed in this group. This finding implicates osteoinductivity in
the early stages of osteoblast differentiation. Previous studies have
also reported increased osteoblastic markers with semaphorin 3A
application (Fang et al., 2014; Liu et al., 2015; Shen et al., 2015).

It is reported that semaphorin 3A and Nrp1 binding stimulated
osteoblast differentiation through the canonical Wnt/b-catenin
signaling pathway and that semaphorin 3A application increased
nuclear b-catenin accumulation (Hayashi et al., 2012; Ma et al.,
2016; Yoshida et al., 2016). In our study, the increased immunore-
activity for b-catenin detected in the collagen þ semaphorin 3A
group compared to other groups at 4 weeks is compatible with the
findings of previous studies.

Theweak immunoreactivity of OPG observed in semaphorin 3A-
applied groups might be interpreted as evidence that the osteo-
protective mechanisms of OPG and semaphorin differ and not
dependent on each other. Accordingly, it is reported that condi-
tioned medium from OPG-deficient mouse calvarial cells contains
factors that inhibit osteoclast formation, one of them being sem-
aphorin 3A (Hayashi et al., 2012).

In summary, the effect of semaphorin 3A on bone formationwas
evaluated using micro-CT, histology, histomorphometry, immuno-
histochemistry and TEM analysis. With all the assessmentmethods,
locally applied semaphorin 3A was found to increase bone forma-
tion rate and to enhance the quantity and quality of the resulting
new bone.

Collagen sponge is used both as a hemostatic agent and as a
scaffold for bone tissue engineering, and it has been shown that it
stimulates bone repair (Kim et al., 2013; Santos et al., 2015). The use
of collagen sponge in a perforated cortical model promotes bone
formation by acting as a scaffold for cells and by providing the space
needed for bone growth (Shimoji et al., 2009). The findings of our
study demonstrate that collagen sponge alone promotes bone
healing, possibly due to its osteoconductive property and by acting
as a scaffold.
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The results of our study show that when semaphorin 3A is
combinedwith the collagenmatrix, bone regeneration is enhanced.
Various carrier matrices have been used in a variety of drugs for
various purposes. Use of hydrogels such as collagen and gelatin is a
popular method of local drug delivery for bone applications (Shah
et al., 2015). There are a few studies that report using a carrier ma-
trix for semaphorin 3A application. One such study reports using
chitosan to wrap semaphorin 3A and then connect it to a micro-arc
oxided titanium implant surface. The authors of the study reported
improved osteogenic differentiation of osteoblasts and suggested
that chitosan film might be an ideal carrier of semaphorin 3A (Fang
et al., 2014). In another study, collagen sponge coated by nano-
particles of beta-tricalcium phosphate was used to carry sem-
aphorin3Aontothepulpexposuresite in an investigationalmodelof
direct pulp capping (Yoshida et al., 2016). In our study, enhanced
bone formation rate at 4 weeks and prolonged RANKL inhibition
until 8 weeks indicate that the physiological effects of semaphorin
3A continue for a long time and do not dissipate rapidly after
application. These findings show that collagen sponge might be a
suitable carriermatrix for semaphorin 3A. They also point out that a
singledoseapplicationmightbeenough topromotebone formation.
More studies are required to determine the ideal route of applica-
tion, dosage and dose intervals for semaphorin 3A.

5. Conclusion

The results of this study indicate that semaphorin 3A has a
favorable effect on bone regeneration. All the assessment methods
used in this study demonstrate that locally applied semaphorin 3A
enhances new bone formation by increasing osteoblastic activity
and inhibiting osteoclasts. Thus, it can be suggested that sem-
aphorin 3A may be used as a therapeutic agent for the treatment of
bone defects and various bone disorders, including osteoporosis.
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