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ABSTRACT

Background: Nerve regeneration at fracture site is considered important for new
bone formation. Present study was designed to investigate the innervation pattern
during various stages of bone formation by using a rat model of distraction osteogenesis.

Methods: Total 63 male Sprague-Dawley rats were included in the study. A
transverse osteotomy was performed to the right femur and an external fixator was
applied. Femurs were distracted at the rate of 0.2 mm/day for 28 days for the total length
of 8.4 mm. Bone formation was monitored by radiographic analysis at the distracted
area. Runx2, Taca and Cgrp gene expression was analyzed by the quantitative RT-PCR
while GAP-43, PGP 9.5, SP, and CGRP expression was studied by immunohistochemistry
(IHC) at day 7, 14, 21, 28, 42 and 56 postsurgery in the distraction portion of femur.

Results: Our radiographic analysis revealed new bone formation at day 7 and
mature bone at day 56 in the distracted area of the fractured femur. An increased Runx2
mRNA levels between day 14 to 52, and up-regulated Sp and Cgrp gene expression was
observed atall studied time points in the distracted compared to the intact control femur.
GAP-43 immunoreactivity was increased at day 7, 14, 21 and 56, while PGP 9.5 at day 56
in the distracted femur. Increased SP immunoreactivity was observed at day 28 and 42.
Up-regulated CGRP expression at day 14 while at day 21, CGRP immunoreactivity was
down-regulated in the distracted compared to the intact control femur

Conclusion: Differential expressions of GAP-43, PGP 9.5, SP, and CGRP indicate
pertinent role of nerve regeneration and sensory neuropeptides in bone formation
during distraction osteogenesis.

Introduction

Distraction osteogenesis (DO) is a surgical technique used to
treat musculoskeletal disorders from early childhood to middle
age [1]. Osteogenesis is induced between bone ends under stable
mechanical environment and when distraction is stopped, the newly
formed bone in the gap slowly consolidates [2]. DO is a valuable

tool to study biological processes of bone healing, from new bone
formation to bone remodeling and maturation [3]. Mechanical
forces applied in DO initiate a cascade of biologic processes of
cellular differentiation, angiogenesis, mineralization of bone matrix
and bone remodeling involving numerous growth factors [4,5].
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However, mechanisms by which mechanical stimuli are registered
and conveyed to bone formation are unknown. The findings of
intense nerve regeneration at fracture site during fracture healing
and the presence of neuropeptidergic receptors on osteoblasts
suggest an active role of nervous system in bone formation in
experimental studies [6,7]. In addition, skeletal sensory neurons
are reported to produce various neurotransmitters important for
bone metabolism [8].

Thus, sensory neuropeptides such as substance P (SP) and
calcitonin gene related peptide (CGRP) identified in bone are
reported to be involved in bone metabolism through a receptor
mediated mechanism [9,10]. It has been shown that CGRP
released by the nerve terminals innervating bone tissues binds
to receptors expressed by osteoblasts and influence the synthesis
of growth factors, cytokines and collagen synthesis facilitating
bone formation [11-13]. Similarly, SP has been shown to stimulate
various cellular processes important in bone formation such
as osteogenic activity, osteoclast differentiation and resorption
activity [14]. Osteoblasts are reported to be equipped with
receptors to sensory neuropeptides SP and CGRP [15]. SP was
shown to accelerate bone healing when injected into gap of rat
mandible bone during mandibular bone distraction [16]. However,
the knowledge behind the specific roles of SP and CGRP at different
stages of bone formation during distraction osteogenesis is scarce.
To our knowledge, limited numbers of studies have been designed
to analyze the occurrence and distribution of nerve regeneration/
nerve maturation and sensory nerve fibers containing SP and
CGRP in bone formation during bone distraction. The aim was to
investigate nerve regeneration by studying the expression of gene
associated protein-43 (GAP-43), mature nerves by protein gene
product 9.5 (PGP 9.5) and sensory neuropeptides SP and CGRP,
at different stages of bone formation in a rat model of distraction
osteogenesis. As a marker of bone formation in distracted bone, we

further studied the Runx2 gene expression in distracted bone.

Material and Methods

Study Design

The study included 63, 10 weeks old male Sprague-Dawley rats
with the body weight 350-400 grams. All animals were housed at
21°C in a 12-hour light/dark cycle with pellets and water ad lib
according to the University of Gothenburg protocol. All experiments
were approved by the local Committee for Animal Research and
Ethics and conducted in accordance with the University’s protocols.
An osteotomy of the right femur was performed on 54 rats, while
9 rats served as intact controls. For DO, an external fixator was
applied to right femur according to procedure described previously
by us [17,18]. Based on previous findings, distraction was started
at day 7 post-surgery at the rate of 0.2 mm/12 h [19,20]. Nine rats
each were Kkilled at day 7, 14, 21, 28, 42 and 56 post-osteotomy
with a distraction of 0, 2.8, 5.6, 8.4, and 8.4 mm. The distraction at
8.4 mm was also studied at 14 and 24 days’ consolidation period

(Table 1). Nine rats without fracture served as control and were

euthanized at day 7 of the experiment.

Table 1: The experimental setup.

Days 0 7 14 | 21 | 28 | 42 | 56
Surgery
Radiography + + + +
Immunohistochemistry + + + + + +
Quantitative RT-PCR + + + + + +
Surgery

Animals were anesthetized with 5% isoflurane. Under sterilized
conditions, a curved incision was made through the skin, running
from the base of the tail to the knee. A skin flap was dissected from
the underlying fascia. The femur was exposed by gentle dissection
between the quadriceps and hamstring muscles, from the greater
trochanter to the supracondylar region of the knee. Four holes (0.7
mm) were drilled corresponding to pin diameters of 1.0 mm under
a drill guide on the lateral aspect of the femur. Pins were inserted
into the drill holes and screwed through the bone until their tips
reached the outer surface of the far cortex. The four pins were
canullated through the skin flap and the fixator was fastened to the
pins at a preset distance from the bone surface. Between the two
middle pins, an osteotomy was performed with a reciprocating saw
under irrigation as reported previously [17,18]. The periosteum
was re-approximated, and the wound closed. Unrestricted weight
bearing and activity was allowed post-operatively.

Radiographic Assessment

Lateral views of distracted femur were taken at day 7, 21, 28
and 56 (Table 1) under inhalation anaesthesia (3-5% isoflurane)
by using dental X-ray machine (Siemens AG, Germany) with 1.25
second exposure time and 56 x 76 mm X-ray films (Eastman Kodak
Company, USA). Radiographic measurements were done manually
on magnified printout of X-ray pictures. After modifying projection
angle, bone healing was evaluated by calculating the callus index.
The length of the widest part of the callus was determined in
proportion to the diameter of the diaphysis measured from the
intact site.

Quantitative RT-PCR

Rats (5 in each group) were anaesthetised with sodium
pentobarbitone (60 mg/kg, intraperitoneal) and killed by
decapitation. The distracted segments from femur were removed
and immediately frozen in liquid nitrogen. Frozen tissues
were homogenized by Mikro-dismembrator (B. Braun Biotech
Int., Germany) and dissolved in 2-3 volumes of Trizol reagent
(Invitrogen Life Technologies Inc., USA). RNA was then extracted
and further purified using the RNeasy® MiniKit (Qiagen, USA)
following the manufacturers protocol. Spectrophotometric analysis
of the samples consistently showed absorption ratio at A260/280
nm = 1.8-2.2 indicating excellent purity of the RNA. First-strand
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cDNA were synthesized from 1 pg of total RNA using the first-
strand c¢cDNA Synthesis Kit (Roche, Germany). Quantification
assays were performed to detect the relative Sp, Cgrp and Runx2
mRNA expression. 3 pl of each cDNA was used with TagMan 1X
Universal PCR Master Mix (Applied Biosystems, Roche) and run
on ABI Prism 7300 Sequence Detection System. The hypoxanthine
phosphorybosyl transferase (Hprt) was amplified as endogenous
reference gene to normalize the quantification of target genes. The
following Assay on Demand Kits (Applied Biosystems) was used:
Sp, Rn01500397_m1; Cgrp, Rn00569199_m1; Runx2, Rn01512296_
m1 and Hprt, Rn01527838_g1. Standard curve was established by
plotting the Ct values against total RNA of internal control added to
the reverse transcription reaction.

Immunohistochemistry

Rats (4 in each group) were anaesthetized with sodium
pentobarbitone (60 mg/kg, inraperitonial) and perfused with 0.01
mol/l phosphate buffered saline pH (PBS) followed by Zamboni’s
fixative consisting of 4% paraformaldehyde in 0.2 mol/l Sérensen
phosphate buffer, pH 7.3, containing 0.2% picric acid. Right femurs
were removed and fixed in Zamboni fixative for two days at 4°C
before subjecting to demineralization at room temperature in a
solution containing cacodylate buffered 4% ethylene diamino-
tetra acetic acid (EDTA) solution at pH 7.3 for approximately 4
weeks, as described previously (33). Decalcified femur was soaked
in 20% sucrose in 0.1 mol/l Sérensen phosphate buffer, pH 7.2,
containing sodium azide and bacitracin (Sigma Chemicals, Sweden)
for two days. Each demineralized femur portion was than divided
sagittally in two halves and 1.5 cm long samples of the medial half
of diaphysis, which included the proximal, middle and distal parts
of the healing fracture. Thus, the regions undergoing endochondral
and intramembranous ossification were all included in the same
tissue section.

Subsequently, tissue sections were obtained at a thickness of
15 um using a Leitz® 1720 cryostat (Ernst Leitz, Germany) and
mounted on SuperFrost/Plus slides for immunohistochemistry
analysis. Two sections, one close to the middle and other close
to medial part of femur were chosen for immunostaining at each
time point. Sections were hydrated in phosphate buffer for 5
minutes and with 5% normal goat serum for 30 minutes at room
temperature. Sections were later incubated overnight in a humid
atmosphere with polyclonal antibody to GAP-43 (1:2000, catalog
number: 1379011; Chemicon International, USA) and PGP 9.5
(1:10000, catalog number: MA1-20152 Chemicon International,
USA), SP (1:10000, catalog number: T-4107; BACHEM Peninsula
Laboratories, USA) and CGRP (1:10000, catalog number: IHC 6006;
BACHEM Peninsula Laboratories, USA) at room temperature. After
rinsing in phosphate buffer (3x5min) sections were incubated
with biotinylated secondary goat anti-rabbit antibodies for 40
mins. Finally, the fluorochrome Cy2-conjugated avidin (1:1000,
Amersham Life Science Inc., USA) was used for the visualization of
the immunoreaction. An epifluoresence microscope (Eclipse E800,

Nikon,Japan)wasused for fluorescence microscopicanalysis.Images
were captured by a video camera (DEI 750; Optronics Engineering,
CA) attached to the microscope and stored in a computer. For
semi-quantitative assessment, whole fracture area including the
callus and the intact bone proximally and distally to the fracture
was examined. From two consecutive tissue sections, 4 fields were
selected from periosteum, bone marrow and connective tissue in
and adjacent to distraction area, respectively, for quantification.
A standard lower and upper threshold of fluorescence intensity
was consistently applied for positively stained nerve fibers. The
nerve fiber density was quantified by computerized image analysis
program (Bergstrom Instruments, Sweden).

Statistical Analysis

The significance of the differences between experimental
and control groups was analyzed by one-way analysis of variance
(ANOVA), followed by Fisher’s protected least significant difference
test for quantitative variables. Significance was set at P < 0.05. All

data presented as mean + SEM.
Results

Radiography

Our radiographs revealed signs of new bone formation at day
7 and 21 in the distracted gap of fractured femur (Figure 1a & 1b).
After the desired length of distraction (8.4 mm) was achieved at
day 28 the callus was filled with the radiolucent union (Figure 1c)
and at day 56 was converted into mature bone bridging the gap in
fractured femur (Figure 1d). Callus index indicated callus formation
from day 7 to 56 indicating healing process (Figure 1e).
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Figure 1: Radiographs representing lateral view of femur
at a) day 7 with 0 mm distraction b) day 21 with 5.6 mm
distraction c) day 28 with 8.2 mm distraction and d) day
56 with 8.4 mm distraction and 28 days of consolidation.
Radiographs are representatives of 4 rats per group. e)
Callus index of distracted portions of rat femur during
distraction osteogenesis. Values are the mean + SEM of 4
rats per group.
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Runx2 Gene Expression

The RT-qPCR analysis revealed Runx2 gene expression in the
intact control as well in the distracted area of femur at all studied
time points (Figure 2). An up-regulated Runx2 mRNA levels were
observed in the distracted portions of femur at day 14, 21, 28,
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Relative Runx2 expression
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42 and 56 in comparison to intact control femur with 2 fold [p =
0.0001] increase at day 14, 1.7 fold increase [p = 0.0003] at day 21,
1.9 fold increase [p = 0.0001] at day 28, 1.4 fold [p = 0.002] at day
42 and, 1.5 fold increase [p = 0.04] at day 56. No statistically signif-
icant changes in Runx2 mRNA levels were obvious at day 7 in the
distracted compared to intact control femur (Figure 2).
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Figure 2: Relative Runx2 gene expression at day 7, 14, 21, 28, 42, and 56 from intact control (only day 7) and distraction
osteogenic (DO) femur. Values are expressed as mean + SEM of 5 rats per group. *P < 0.05, **P < 0.005 and ***P < 0.0005,
compared to intact controls by ANOVA followed by Fisher’s protected least significant difference test.

Gene Associated Protein-43 (GAP-43) And Protein Gene Product 9.5 (PGP 9.5) Imunoreactivity

Immunohistochemical analysis showed nerve fibers positive to

time points with differential expression.

GAP-43 and PGP 9.5 in the distracted portion of femur at all studied
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Figure 3: Immunofluorescence micrographs and semi-quantitative analysis of GAP-43 in intact and distracted portion of rat
femur. Photomicrographs of a) intact control, and b) distracted femur at day 7; c) day 14; d) day 21; e) day 28; f) day 48,
and g) day 56. Original magnification is 20x and bars = 100 um. (m = muscle, p = periosteum, b = bone, ¢ = callus). h) Semi-
quantitative analysis of GAP-43 immunoreactivity (immunofluorescent area in mm?) at different time points from intact control
and distraction osteogenic (DO) femur. Values are expressed as mean + SEM of 4 rats per group. *P < 0.05 and ***P < 0.0005
compared to intact controls by ANOVA followed by Fisher’s protected least significant difference test.
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GAP-43 Expression: Analysis of intact control femur demon-
strated no immunoreactivity within the bone or in muscles. While,
thin nerve fibers positive to GAP-43 were present at the perioste-
um at day 7 (Figure 3a). In the distracted femur, abundant GAP-43
positive nerve fibers were seen sprouting into the callus from hy-
pertrophic periosteum close to osteotomy as well as in the perios-
teum and surrounding muscle fibers at day 7 and 14 postsurgery
(Figure 3b & 3c). GAP-43 positive staining was also seen in cells in
the distracted area at day 14 (Figure 3c). At day 21, intense GAP-
43 immunoreactivity was observed in the periosteum, surround-
ing muscles, proximal intact bone as well as in the distraction area
which apparently decreased at day 28 and 42 both for number of
positive nerve fibers and intensity of the staining. A strong GAP-43
immunoreactivity was observed in and around the distracted gap at
day 56 (Figure 3d-3g). Computerized image analysis demonstrated
a 5 times increase in the GAP-43 immunoreactivity [p = 0.0005] at
day 7, 4 times increase [p = 0.0005] at day 14 post-surgery and 74
% increase [p = 0.05] at day 21 compared to intact control rat fe-
mur. At days 28 and 42 no increase in GAP-43 immunoreactivity
was observed. A significant 6 times increase [p = 0.05] in GAP-43

immunoreactivity was observed at day 56 in distracted compared

to intact femur controls (Figure 3h).

PGP 9.5 Expression: Analysis of intact control femur demon-
strated no immunoreactivity within the bone. However, very thin
nerve fibers positive to PGP 9.5 were observed in the periosteum
at day 7 (Figure 4a). At day 7 and 14 post-surgery, no nerve fibers
were identified in the hematoma or surrounding muscle fibers
while bundles of non-vascular nerve fibers positive to PGP 9.5 were
seen in the hypertrophic periosteum and in connective tissues close
to osteotomy (Figure 4b & 4c). At day 21, very weak PGP 9.5 pos-
itive nerve fibers were identified (Figure 4d) while at day 28, thin
PGP 9.5 positive nerve fibers were observed in the periosteum, in
and around distracted gap and surrounding muscles fibers. At days
42 and 56 nerve fibers were seen close to the distraction area, in
the bone marrow and surrounding muscles, and in periosteum
some around the blood vessels (Figure 4e-4g). Computerized image
analysis demonstrated no changes in PGP 9.5 immunoreactivity at
days 7, 14, 28 or 42 compared to intact rat femur. However, a signif-
icantincrease [4 fold, p = 0.05] was observed at day 56 compared to

intact control rat femur (Figure 4h).

Figure 4: Imnmunofluorescence micrographs and semi-quantitative analysis of PGP 9.5 in intact and distracted portion of rat
femur. Photomicrographs of a) intact control, and b) distracted femur at day 7; c) day 14; d) day 21; e) day 28; f) day 48, and
g) day 56. Original magnification is 20x and bars = 100 um. (m = muscle, p = periosteum, ¢ = callus, bv = blood vessel). h)
Semi-quantitative analysis of PGP 9.5 immunoreactivity (immunofluorescent area in mm?) at different time points from intact
control and distraction osteogenic (DO) femur. Values are expressed as mean + SEM of 4 rats per group. *P < 0.05, compared
to intact controls by ANOVA followed by Fisher’s protected least significant difference test.

Substance P (SP) and Calcitonin Gene Related Peptide
(CGRP) Expression

Our quantitative RT-PCR analyses showed that measurable
levels of Sp and Cgrp mRNA were present in distracted and intact

femur collected at all studied time points which were confirmed by
[HC analysis.

SP Expression: Our RT-qPCR analyses of distracted portions of
femur revealed a 6 fold [p = 0.0001] increase in Sp gene expression
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atday 7, 5 fold [p = 0.0005] increase at day 14, 6 fold [p = 0.0001]
increase atday 21, and 7 fold increase [p = 0.01] at day 28 compared
to intact femur collected from control animals. Similarly, 2 fold
increase [p = 0.007] at day 42 and, 4 fold increase [p = 0.03] at day
56 in Sp mRNA levels were observed in distracted femur compared
to intact control femur (Figure 5a). IHC analysis of intact control
femur demonstrated no immunoreactivity within the bone. Thin,
non-vascular nerve fibers positive to SP were observed at the
periosteum at day 7 (Figure 5b). At days 7 and 14 abundant SP
positive nerve fibers were present in the hypertrophic periosteum
close to the osteotomy as well as in surrounding muscle fibers
(Figure 5c & 5d). At day 21, a very weak SP immunoreactivity, with

less number of SP-positive nerve fibers was observed in periosteum,
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surrounding muscles, proximal intact bone as well as at days 28 and
42 in these areas. Contrary to nerve fibers, we constantly observed
SP- positive cell in and around the callus on these time points. A
strong SP immunoreactivity was again observed in and around
distracted gap at day 56 as well as cells positive to SP (Figure 5e-5h).
Computerized image analysis demonstrated no significant change
in the SP immunoreactivity in the distracted portion of femur at
days 7, 14 or 21 compared to intact control rat femur. At days 28
and 42 there was 27% [p = 0.05] and 39 % [p = 0.005] increase
in SP immunoreactivity respectively. At day 56 no difference in SP
immunoreactivity was observed in distracted femur compared to

intact femur controls (Figure 5i).

Figure 5: SP expression in control and distracted femur. a) Relative Sp gene expression at day 7, 14, 21, 28, 42, and 56 from
distraction osteogenic (DO) and intact control (only day 7) femur. Values are expressed as mean + SEM of 5 rats per group. *P
< 0.05, **p < 0.005 and ***P < 0.0005, compared to intact controls by ANOVA followed by Fisher’s protected least significant
difference test. Photomicrographs of b) intact control, and c) distracted femur at day 7; d) at day 14; e) day 21; f) day 28; g)
day 48, and h) day 56 stained with antibodies against SP. Original magnification is 20x and bars = 100 pm. (m = muscle, p =
periosteum, b = bone, ¢ = callus, bv = blood vessel). i) Semi-quantitative analysis of SP immunoreactivity (immunofluorescent
area in mm?2) at different time points from intact control and distraction osteogenic (DO) femur. Values are expressed as mean
+ SEM of 4 rats per group. *P < 0.05 and **p < 0.005, compared to intact controls by ANOVA followed by Fisher’s protected

least significant difference test.

CGRP Expression: Quantitative RT-PCR analysis revealed a 9
fold [p = 0.0004] increase in CGRP mRNA at day 7, a 6 fold increase
[p=0.0003] at day 14, 3 fold increase [p = 0.0001] at day 21, 4 fold
increase [p = 0.02] at day 28 and 3 fold increase [p = 0.04] at day
42 was observed in distracted portion of femur compared to intact
control femur. No significant changes in CGRP mRNA were observed
at day 56 in distracted portion of femur compared with control
femur (Figure 6a).IHC analysis of intact control femur demonstrated
no immunoreactivity within the bone. Thick nerve fibers positive to
CGRP in close proximity to bone were observed at the periosteum at
day 7 (Figure 6b). Abundant CGRP positive nerve fibers were seen
in the periosteum, bone marrow, surrounding muscles adjacent to
osteotomy at days 7 and 14, while few were observed at day 21.
CGRP positive cells were observed in the periosteum, in and around

the callus at day 7 and 14 (Figure 6¢c-6e). At day 28 and 42, an up
rise in CGRP positive fibers were observed in the deep layer of
hypertrophic periosteum with few fibers located inside the callus
(Figure 6f & 6g). At day 48 and 56, abundant CGRP positive fibers
were observed in the periosteum especially around blood vessels,
cortical bone and bone marrow adjacent to osteotomy. Some
nerve fibers were arranged along blood vessels and others were
distributed as free nerve terminals, especially nerve terminals were
identified in cartilaginous callus and new woven bone in distraction
portion (Figure 6h). Computerized image analysis of CGRP positive
immunoreactivity in distracted and intact demonstrated significant
increase in CGRP expression at day 14 [p = 0.04] while decreased
CGRP immunoreactivity was observed at day 21 [p = 0.04] with 5.6
mm distraction compared to intact control rat femur (Figure 6i).

Copyright@ Aisha Ahmed | Biomed ] Sci & Tech Res | BJSTR. MS.ID.003797.

16900


http://dx.doi.org/10.26717/BJSTR.2019.22.003797

Volume 22- Issue 4

DOI: 10.26717/BJSTR.2019.22.003797

=

© gdipud

00018~ l 1
00012+ e

0 OO0 -

b oD dagraiiedd

2 00004+

Pl

CGRP (e & e

1% 4
1 ¥
10 | |
|
) 1II ; .I
0 L |
T 4 1 B 4 5

Cave

Figure 6: CGRP expression in control and distracted femur. a) Relative Cgrp gene expression at day 7, 14, 21, 28, 42, and 56 from
distraction osteogenic (DO) and intact control (only day 7) femur. Values are expressed as mean + SEM of 5 rats per group. *P <
0.05, and ***P < 0.0005, compared to intact controls by ANOVA followed by Fisher’s protected least significant difference test.
Photomicrographs of b) intact control, and c) distracted femur at day 7; d) at day 14; e) day 21; f) day 28; g) day 48, and h) day
56 stained with antibodies against CGRP. Original magnification is 20x and bars = 100 pm. (m = muscle, p = periosteum, b =
bone, ¢ = callus, bv = blood vessel). i) Semi-quantitative analysis of CGRP immunoreactivity (immunofluorescent area in mm2)
at different time points from intact control and distraction osteogenic (DO) femur. Values are expressed as mean + SEM of 4
rats per group. *P < 0.05 compared to intact controls by ANOVA followed by Fisher’s protected least significant difference test.

Discussion

Main findings of present studies are that during the initial pe-
riod of bone fracture healing intense nerve regeneration occurs in
the distraction area. With the maturation of bone tissues in the dis-
tracted part, nerve regeneration decreased with another episode
of up regulation of nerve fibers during the bone remodeling stage.
Mature nerve fibers were observed at later stages of bone healing
when the bone architecture was attaining the normal structure in
distracted gap. Thus, these results support the pertinent role of pe-
ripheral nervous system in bone fracture healing. The study also
identified the up-regulated Sp and Cgrp mRNA levels within the
distracted area, and determined increased CGRP positive nerve fi-
bers during the early inflammatory, while SP positive nerve fibers
predominantly, at the late modulating phase of bone healing. Gener-
ally, there are three main stages of fracture healing; inflammation,
proliferation or repair and remodeling [21]. We observed intense
nerve regeneration during early inflammatory phase of bone repair
mainly in the hypertrophic periosteum and callus indicating crucial
role of nervous system in early healing processes.

Nervous system is reported to play active role in healing by en-
hancing the proliferation of macrophages, fibroblasts, masts and
endothelial cells which in turn secrete numerous cytokines and
growth factors [22-25]. Macrophages and fibroblasts invade the
injured site mainly during the early phases of healing [22,23]. Our
observations of nerve regeneration during inflammatory phase

highlight the probable neuronal influence on recruitment of mac-
rophages or fibroblasts to the injury site, and to release the inflam-
matory mediators essential in healing during DO. Furthermore, the
mechanical forces applied in DO can initiate the cascade of biologic
processes of cellular differentiation, angiogenesis, and bone re-
modeling involving numerous inflammatory cytokines as well as
growth factors [4,5] most probably released by macrophages and
fibroblasts. The release of these factors during DO can also pro-
duce a continuous stimulus on nerve regeneration as observed in
present study. However, further studies are needed to delineate the
exact role of nerve regeneration on inflammatory processes under-
lying fracture healing.

We observed mature nerve fibers especially in late bone
modulating phase. These observations were strengthened by
radiographic analysis and callus index. Callus index is a useful
measure for quantifying bone formation and was maximum on day
56 indicating an active healing process. Moreover, higher levels of
Runx2 gene expression were observed between day 14 to 56, when
bone architecture most likely was attaining the normal structure
in the distracted gap. Runx2 is a transcriptional factor involved
in bone formation during the skeletal development [26]. Mature
nerves probably stimulate alignments of bone cells, mineralization
of bone matrix and regulate bone metabolism. The presence of
nerves in the periosteum, bone marrow cavity and in vascular
canals in mature long bone as well as in developing animals [27]
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probably endorse this assumption. A significant increase in Sp
and Cgrp gene expression was observed during all stages of DO
indicating synthesis of these peptides by local cells. Further, we
observed SP- and CGRP- positive nerve fibers in and around callus,
especially in close proximity to the distraction area indicating their

role in osteogenesis.

The release of SP or CGRP from sensory nerves or from resident
bone cells into the callus can potentially upregulate the production
of matrixdegrading enzymes and sensitize ingrowing nerves and
also enhance osteogenesis by effecting the collagen remodeling.
Indeed, it has been shown that SP can increase collagen remodeling
by enhancing the matrix metalloproteinase (MMP) -3 expression
[28]. SP and CGRP and their receptors are reported on osteoblasts,
osteoclasts and stem cells [29,30] and probably can induce
osteogenesis by autocrine and/or paracrine fashion. Both SP
and CGRP are reported to induce osteoblastic differentiation by
acting through their receptors of bone marrow stromal stem cells
(BMSCs) [28]. Production of SP and CGRP by mast cells, endothelial
and stem cells have been reported [31]. Further, SP has been shown
to stimulate the recruitment of stem cells to the site of injury
through its receptor neurokinin 1 (NK1) [32]. SP along with nerve
growth factor (NGF) is reported to promote tissue repair especially
by enhancing angiogenesis [33]. Interestingly, NGF stimulates the
expression of SP in nociceptive sensory neurons [34].

In consistence, we observed SP- and CGRP- positive nerve fibers
around blood vessels in hypertrophic periosteum. Taken together,
our findings of cellular and neuronal SP and CGRP expression in
the distracted area specify their role in bone formation as well in
angiogenesis. We further observed abundant SP positive nerve
fibers in non-vascular cartilaginous callus and new woven bone as
free nerve terminals indicating crucial role of SP in bone formation.
SP has been shown to stimulate recruitment of stem cells to the site
of injury [30]. Further, it has been reported that SP can stimulate
bone colony formation, in-vitro, most probably by stimulating
osteoblastic activity or regulating the osteoprogenitor cell
differentiation [35]. Moreover, osteoblasts and osteoclasts which
regulate bone formation and bone resorption express functional
receptors for SP [15,35]. SP can promote connective tissue repair
especially by enhancing angiogenesis [33]. Taken together, present
and previous findings support the role of SP as a promoter or
stimulator for new bone formation. The increased CGRP expression
was noted in early inflammatory while SP in the late modulatory
phase of healing.

CGRP released by central and peripheral nervous system
influence the growth, repair and normal bone metabolism [36].
CGRP receptors are present on osteoblasts and octeoclasts and
CGRP promote osteoblast differentiation and inhibit osteoclast
formation directly by interacting with functional CGRP receptors
expressed by these cells [37,7]. Further, it has been reported that

magnesium induced neuronal CGRP contribute to bone formation

after fracture healing in rats [38]. CGRP activate healing processes
mainly by enhancing angiogenesis, epidermal regeneration, and
recruitment of endothelial precursors at the fracture site [39,40].
Moreover, present findings confirm our previous observations of
more CGRP-containing nerve fiber in the osteogenic regions of bone
such as periosteum and epiphysis and less in the cortical area [41].
Furthermore, the specific denervation of sensory nerves system by
capsaicin treatment or surgical denervation caused significant loss
of trabecular bone integrity, reduced bone mass and strength in rat
bone. These changes were closely related to the local content of SP
and CGRP [42,43].

The animal model employed in this study is a well characterized
and reproducible model of bone distraction and is frequently
been used in bone repair and fracture healing research [17,18].
DO followed by four weeks of latency phase presented all stages
of bone formation in one and same bone for the comparative
analysis of GAP-43, PGP 9.1, SP and CGRP expression at different
time points during healing. Taken together, our present findings
provide an insight that nerve regeneration with sensory nerve into
the distracted gap of fractured bone, probably are crucial for early
tissue healing and presumably a prerequisite for osteogenesis and
later bone modeling. Local delivery of nerve regenerative mediators
or sensory neuropeptides might be a good approach to accelerate
bone consolidation to reduce the time required for fracture healing.
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