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Introduction

Abstract

Preliminary animal experiments have confirmed that sensory nerve fibers promote osteoblast
differentiation, but motor nerve fibers have no promotion effect. Whether sensory neurons pro-
mote the proliferation and osteogenic differentiation of bone marrow mesenchymal stem cells
remains unclear. No results at the cellular level have been reported. In this study, dorsal root
ganglion neurons (sensory neurons) from Sprague-Dawley fetal rats were co-cultured with bone
marrow mesenchymal stem cells transfected with green fluorescent protein 3 weeks after osteo-
genic differentiation in vitro, while osteoblasts derived from bone marrow mesenchymal stem
cells served as the control group. The rat dorsal root ganglion neurons promoted the prolifera-
tion of bone marrow mesenchymal stem cell-derived osteoblasts at 3 and 5 days of co-culture,
as observed by fluorescence microscopy. The levels of mRNAs for osteogenic differentiation-re-
lated factors (including alkaline phosphatase, osteocalcin, osteopontin and bone morphogenetic
protein 2) in the co-culture group were higher than those in the control group, as detected by
real-time quantitative PCR. Our findings indicate that dorsal root ganglion neurons promote the
proliferation and osteogenic differentiation of bone marrow mesenchymal stem cells, which pro-
vides a theoretical basis for in vitro experiments aimed at constructing tissue-engineered bone.
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sensory nerves promote bone formation, but this effect was

Although our understanding of the mechanisms underlying
bone regeneration method has greatly improved, the clinical
treatment of large bone defects remains difficult. Autoge-
nous bone graft is regarded as the gold standard surgical
treatment, but this approach induces some complications
such as bone nonunion and additional damage (Mahendra
and Maclean, 2007).

Construction of tissue-engineered bone tissue is a poten-
tial way to treat bone defects. Bone is not only a kind of hard
tissue, but also a complex body containing abundant nerves,
blood vessels and fascia (Togari et al., 2005). Nerves play an
extensive and crucial role in the development, formation
and metabolism of bone tissue (Imai et al., 1997). Nerve
cells function to regulate bone formation and resorption.
Growing evidence from animal experiments has shown that

not observed with motor nerves (Dai et al., 2008). Therefore,
both bone tissue and surrounding tissue (such as blood ves-
sels and nerve tissue) require surgical repair prior to recon-
struction (Haastert et al., 2006).

In the present study, we aimed to verify whether dorsal
root ganglion (DRG) neurons promote the proliferation and
differentiation of bone marrow mesenchymal stem cell (BM-
SC)-derived osteoblasts at the cellular level. We co-cultured
DRG neurons with the osteoblasts in a broader attempt to
explore the correlation between the two and to lay the foun-
dation for further in vivo experiments.

Materials and Methods

Experimental animals
Female Sprague-Dawley rats at pregnant 15 days and healthy
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male 2-week-old Sprague-Dawley rats, weighing 80 g, were
obtained from the Experimental Animal Center of Binzhou
Medical University (license No. SYXK (Lu) 20130020) in
China. All investigations conformed to the Guide for the
Care and Use of Laboratory Animals published by the Min-
istry of Science and Technology of China in 2006.

Isolation, culture, identification and osteogenic
differentiation of rat BMSCs

Healthy male 2-week-old Sprague-Dawley rats were killed
by decapitation under anesthesia and soaked in 75% ethanol
for 15 minutes. The rat femur and tibia were then harvest-
ed aseptically, and soft tissue attached to the skeleton was
removed. After the medullary cavity was rinsed twice with
sterile normal saline, bone marrow was directly collected and
placed in a tube, and centrifuged at 300 X g for 10 minutes.
The supernatant was discarded and the BMSCs were resus-
pended in standard culture medium (Cyagen Biosciences
Inc., Sunnyvale, CA, USA) and counted. Cells were then
cultured in 25 cm’ culture flasks at 37°C, in a 5% CO, incu-
bator. The culture medium was replenished 24 hours later
and then changed every 2-3 days. When the cells reached
80-90% confluence (at 3—5 days of primary culture), cells
were digested and subcultured using 0.25% trypsin. Passage
3 BMSCs were observed under an inverted phase contrast
microscope and identified by flow cytometry analysis. After
identification, passage 3 BMSCs were induced for 14 days in
an osteogenic induction liquid, which consisted of high-glu-
cose DMEM (HyClone, Logan, UT, USA), 10% fetal bovine
serum (HyClone), 1 x 10® M dexamethasone, 10 mM
B-glycerophosphate and 50 pg/mL vitamin C (Sigma, St.
Louis, MO, USA). The induced cells were then detected us-
ing flow cytometry and alkaline phosphatase staining (Nan-
jing Jiancheng Bioengineering Co., Ltd., Nanjing, Jiangsu
Province, China). The morphology of BMSCs was observed
under an inverted phase contrast microscope (Nikon, Tokyo,
Japan).

Isolation, culture and identification of rat DRG neurons

Female Sprague-Dawley rats at pregnant 15 days were anes-
thetized and sacrificed by cervical dislocation. After abdom-
inal skin was disinfected with 75% ethanol, an axial incision
was made, the uterus was harvested and placed in a dish
containing D-Hank’s solution. Fetal rats were removed and
fetal spine was isolated, followed by removal of the DRG at-
tached to the spine. DRG samples were rinsed with D-Hank’s
solution, separated under a microscope, placed in a 15 mL
centrifuge tube, digested with 3—4 mL of 0.25% trypsin and
3—4 mL of 0.02% EDTA, and incubated at 37°C for 50 min-
utes. After digestion was terminated, cells were triturated
and a cell suspension was collected. The obtained suspension
was incubated with Neurabasal + B27 medium on cover
slips. Half of the culture medium was changed every 24-48
hours and 1 X 10~ nM cytarabine was added to the culture
medium; cytarabine treatment was terminated 24-48 hours
later. DRG neurons were identified using microtubule-asso-
ciated protein 2 (MAP2) and 4',6-diamidino-2-phenylindole
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(DAPI) double staining, and observed under a fluorescence
microscope (Nikon, Tokyo, Japan).

Proliferation-promoting effect in a 24-well co-culture test
Osteoblasts differentiated from rat BMSCs (Cyagen) that
were previously transfected with green fluorescent protein
(GFP) were used in this study. After selection, the transfec-
tion efficiency was up to 90%. The 24-well culture plate was
divided into nine regions at the bottom and cells were count-
ed under an inverted phase contrast microscope (Nikon).

Osteoblasts were divided into two groups as follows.
(1) DRG neurons group: DRGs previously cultured on
cover slips were transferred to 24-well culture plates, and
GFP-transfected osteoblasts were prepared into cell sus-
pensions at a density of 1 X 10*/mL. Then, 80 pL of the cell
suspension was placed in the 24-well plates and cells were
cultured with high-glucose DMEM culture medium. (2)
Blank group: GFP-transfected rat BMSCs were prepared
into cell suspensions at a density of 1 x 10"/mL. Then, 80 pL
of the cell suspension was placed in the 24-well plates and
cells were cultured with high-glucose DMEM culture medi-
um. Each well contained nine regions. At 1, 3, and 5 days of
co-culture, cells were counted under a fluorescence micro-
scope (Nikon, Tokyo, Japan). The experiments were repeated
three times.

Real-time fluorescent quantitative PCR detection
Co-culture of DRG neurons and BMSC-derived osteo-
blasts: The following three groups were used: co-culture 3
days, co-culture 5 days, and control groups. In the co-cul-
ture groups, DRG neurons were cultured on cover slips
and placed in 6-well plates. The osteoblasts were prepared
into cell suspensions at 1 X 10°/mL, and 100 pL of the sus-
pension was added to the 6-well plates; the cells were then
co-cultured for 3 or 5 days. In the control group, osteoblasts
were prepared into cell suspensions at 1 x 10°/mL and 100
uL of the suspension was added to the 6-well plates. There
were three wells for each group. All cells were cultured in
high-glucose DMEM culture medium to induce osteogenic
differentiation. The experiment was repeated three times.
The levels of mRNAs for osteocalcin, osteopontin, alka-
line phosphatase and bone morphogenetic protein 2 were
detected using real-time fluorescent quantitative PCR (Bio-
Rad, Hercules, CA, USA) (Table 1). Total RNA was extracted
according to the instructions of the Trizol Isolation Reagent
kit. During the experiment, all containers and pipettes were
treated by diethylpyrocarbonate under high pressure. The
optical density at 260 and 280 nm was read on a DU800
UV spectrophotometer, to determine total RNA purity
and concentration. The 2 x AllinOne™ Q-PCR Mix was
thawed at room temperature, and the PCR reaction mix
was prepared on ice with the addition of the following: 2 X
AllinOne™ Q-PCR Mix, 10 pL; AllinOne™ Q-PCR Prim-
er at a final concentration of 2 pM, 2 pL; cDNA (1:5), 2
pL; ddH,O. The PCR reaction mix was placed into 96-well
plates and centrifuged. A standard three-step method was
adopted for the PCR procedure: denaturation at 95°C for 10
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Table 1 Real-time fluorescent quantitative PCR primer sequences

Gene Primer sequence Product size (bp)
Alkaline phosphatase Forward: 5'-GAC TGA CCC TTC CC TCT CG-3' 143
Reverse: 3'-GGG GAA GCA GCA ACA CTA GA-5'
Osteocalcin Forward: 5'-GCA GGA GGG CAG TAA GGT G-3' 141
Reverse: 3'-AAG CCA ATG TGG TCC GCT A-5'
Bone morphogenetic protein 2 Forward: 5'-CGG ACT GCG GTC TCC TAA-3' 137
Reverse: 3'-GGG GAA GCA GCA ACA CTA GA-5'
Osteopontin Forward: 5-GAG TTT GGC AGC TCA GAG GA-3' 143

Reverse: 3'-TCT GCT TCT GAG ATG GGT CA-5'

Table 3 Osteocalcin, osteopontin, alkaline phosphatase and bone morphogenetic protein 2 mRNA expression (2

“44%Y after co-culture of rat

dorsal root ganglion neurons with bone marrow mesenchymal stem cell-derived osteoblasts

Group Osteopontin Osteocalcin Alkaline phosphatase Bone morphogenetic protein 2
Control 1 1 1 1

Co-culture 3 days 3.02%1.19 23.04%2.23" 2.0940.52" 243.10+32.29°

Co-culture 5 days 2.10£1.08 16.95+3.68 1.69+0.34 178.9249.39

*P < 0.05, vs. control group; #P < 0.05, vs. co-culture 3 days group. Data are expressed as the mean + SD (n = 9, one-way analysis of variance and

Student-Newman-Keuls test).

Table 2 Effect of rat dorsal root ganglion neurons on the proliferation
of osteoblasts derived from bone marrow mesenchymal stem cells

Culture time (day)

Group 1 3 5
Blank 858.8+180.7 1,403.0484.9° 2,687.8+329.0"
Dorsal root 878.8+263.1 1,692.0+413.1° 3,393.2+397.0"

ganglion neurons

*P < 0.05, vs. 1 day; #P < 0.05, vs. 3 days. Data are expressed as
the mean £ SD (n = 9, repeated measures analysis of variance and
Bonferroni test).

minutes; 40 cycles of denaturation at 95°C for 10 seconds,
annealing at 60°C for 20 seconds, and extension at 72°C
for 15 seconds. Real-time quantitative PCR data were ana-
lyzed using the 27**“ method (Livak and Schmittgen, 2001).

Statistical analysis

Measurement data are expressed as the mean = SD and were
statistically analyzed using SPSS 16.0 software (SPSS, Chi-
cago, IL, USA). Differences among groups were compared
using one-way analysis of variance and intergroup compar-
isons were performed using the Student-Newman-Keuls
method. Data from the co-culture test were analyzed using
repeated measures analysis of variance, and intragroup
pairwise comparisons were performed using the Bonferroni
test. A Plevel < 0.05 was considered to indicate a significant
difference.

Results

Identification of rat DRG neurons cultured in vitro

The results of MAP2 and DAPI double staining are shown in
Figure 1. After 60 days in culture, rat DRG neurons positive
for both MAP2 and DAPI were visible under a fluorescence
microscope.

Morphology and osteogenic identification of rat BMSCs

At 2 weeks in culture, passage 3 BMSCs were long and fusi-
form and had a clear boundary under an inverted fluores-
cence microscope. Alkaline phosphatase staining and flow
cytometry results showed that the rat BMSCs were success-
fully differentiated (Figure 2A-F).

Effect of rat DRG neurons on the proliferation of
BMSC-derived osteoblasts

The results of the proliferation promotion test of DRG neu-
rons are shown in Table 2. DRG neurons showed no obvious
effect in terms of promoting the proliferation of BMSC-de-
rived osteoblasts at 1 and 3 days after co-culture (P > 0.05);
DRG neurons obviously promoted the proliferation of BM-
SC-derived osteoblasts at 5 days after co-culture (P < 0.05).

Osteocalcin, osteopontin, alkaline phosphatase and bone
morphogenetic protein 2 mRNA expression after
co-culture of rat DRG neurons and BMSC-derived
osteoblasts

Real-time fluorescent quantitative PCR analysis showed that
DRG neurons promoted the osteogenic differentiation of
BMSC-derived osteoblasts after 3 and 5 days in co-culture.
The co-culture groups showed higher expression levels of
osteocalcin, osteopontin, alkaline phosphatase and bone
morphogenetic protein 2 mRNA than did the control group
(P < 0.05; Table 3).

Discussion

Bone contains abundant nerves, blood vessels and fascia
(Takeda et al., 2002). Bone and nerve tissue are adjacent and
closely linked to each other. In the past decade, several re-
search groups have confirmed the presence of a variety of neu-
rotransmitter receptors and peptidergic nerve fibers in bone
cells (Goto and Tanaka, 2002; Togari, 2002, 2005), indicating
that nerve cells regulate bone formation and resorption. The
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Figure 1 Primary cultured rat dorsal root ganglion neurons,
identified by MAP2 and DAPI double staining (fluorescence
microscopy, X 200).

(A) Morphology of dorsal root ganglion neurons cultured for 60 hours.
(B) Dorsal root ganglion neurons cultured for 60 days were detected
using MAP2 and DAPI staining, MAP2-labeled neurons emitted red
fluorescence in the cell bodies and neurites; DAPI-labeled neurons
emitted blue fluorescence in the nuclei. Double-labeled cells are neu-
rons; the blue arrow shows MAP2 and DAPI double-positive neurons,
while the green arrow shows non-neuronal nuclei. MAP2: Microtu-
bule-associated protein 2; DAPI: 4',6-diamidino-2-phenylindole.

ultimate goal of ongoing research in the field is to construct
a skeleton of normal physiological state using tissue engi-
neering techniques; that is, tissue-engineered bone. For this
purpose, we need to explore the relationship between nerve
cells and osteoblasts at the cellular level. Sensory nerves have
been shown to promote osteogenesis, while no significant
effect of motor nerves was observed. The effect of sensory
nerve bundles on promoting bone formation was similar to
that of single vascular transplantation: both sensory nerve
fibers and vascular bundles promoted the regeneration and
restoration of tissue-engineered bone (Chen et al., 2010).
In the process of constructing tissue-engineered bone, cal-
citonin gene-related peptide (CGRP), substance P (SP) and
neuropeptide Y were dynamically monitored, and it was
found that the levels of these neuropeptides increase during
bone formation and modeling (Goto et al., 2007). This high-
lights the contribution of nerve tissue to bone growth. How-
ever, these findings were obtained in animal experiments,
and verification at the cellular level is rare. Whether sensory
neurons promote the proliferation and osteogenic differen-
tiation of BMSCs remains an unanswered question. In this
study, we verified this hypothesis through the co-culture of
two kinds of cells.

In this study, the proliferation of BMSC-derived osteo-
blasts co-cultured with DRG neurons was more pronounced
than that in the control group. This indicated that DRG
neurons promoted the proliferation of BMSCs. How to ef-
fectively co-culture DRG neurons with BMSC-differentiated
osteoblasts has been a difficult issue in previous studies, and
no relevant experimental support was obtained. The culture
medium for DRG neurons and BMSC induction are dif-
ferent, and DRG neurons do not survive well; if osteoblast
culture medium is applied in the co-culture process, the sur-
vival of DRG neurons is sharply decreased, and the co-cul-
ture is prone to failure after 7 days. In addition, osteoblasts
proliferate rapidly and are easy to count. After 3 and 5 days
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Figure 2 Morphology, identification (flow cytometry) and osteogenic
differentiation of rat bone marrow mesenchymal stem cells after 2
weeks of culture.

(A, B) Rat bone marrow mesenchymal stem cells were positive for
CD29 and CD44. (C, D) Rat bone marrow mesenchymal stem cells were
negative for CD34 and CD45. (E) Morphology of primary cultured rat
bone marrow mesenchymal stem cells (inverted phase contrast micro-
scope, X 40). (F) Morphology of rat bone marrow mesenchymal stem
cells after alkaline phosphatase staining (inverted phase contrast micro-
scope, X 40). The red arrow shows alkaline phosphatase-positive cells.

in co-culture, DRG neurons promoted the proliferation of
BMSC-derived osteoblasts. This effect was mediated by the
secretion of CGRP and SP by DRG neurons. CGRP and SP
are the two main neuropeptides secreted by sensory nerve
fibers (Quartu et al., 2014) and play a significant role in pro-
moting bone formation. Among them, CGRP is the neuro-
peptide that provides the strongest dilation of blood vessels,
and CGRP-positive nerve fibers are abundant at the growth
plate and epiphyseal connection site, where bone metabo-
lism is active (Bjurholm et al., 1988; Hill and Elde, 1991; Li
et al., 2007). These nerve fibers also promote bone prolifera-
tion and reconstruction (Tuo et al., 2013) and have potential
promotion effects in the construction of tissue-engineered
bone. This finding is consistent with preliminary animal
experiments by our research group, aiming to construct
tissue-engineered bone in rabbits and showing the contri-
bution of sensory nerves to bone formation. The majority
of studies to date have demonstrated that DRG neurons
promote the osteoblast proliferation through releasing neu-
ropeptides. However, the mechanism of action and signaling
pathways by which DRG-secreted neuropeptides promote
the proliferation of BMSC-derived osteoblasts remain un-
clear and deserve further exploration.

To verify the effect of DRG neurons on the osteogenic
differentiation of BMSCs, we co-cultured DRG neurons
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and BMSCs on 6-well plates and measured the expression
levels of various factors by real-time quantitative PCR. The
expression levels of osteocalcin, osteopontin and bone mor-
phogenetic protein-2 mRNA were significantly higher in
the co-culture group than in the control group. This finding
suggests that DRG neurons promote the differentiation of
BMSC-derived osteoblasts via the bone morphogenetic pro-
tein 2 pathway. However, this study only examined whether
the co-cultured DRG neurons promote the proliferation and
osteogenic differentiation of BMSCs at the cellular level, and
there is no clear illustration of the underlying mechanism.
DRG neurons can secrete a variety of neurotrophic factors,
and these factors exert different effects on osteoblasts. The
functions of DRG neurons at different stages of BMSC pro-
liferation and differentiation are still unknown. In-depth
studies with large sample sizes are needed. As part of our
research topic (Construction Vascularized Blood Vessels
Through In Vivo Experiments), the present study was de-
signed to verify whether DRG neurons promote the prolif-
eration and differentiation of BMSC-derived osteoblasts in
the simulated in vivo environment at the cellular level, in an
attempt to reveal the theoretical basis for the construction
of tissue-engineered bone. Studies are needed to further
explore the mechanism underlying the promotion of osteo-
blast proliferation and differentiation, and to examine the
roles of vascular factors and neural factors in this effect on
osteoblasts.
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