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Abstract

Bone homeostasis seems to be controlled by delicate and subtle ‘‘cross talk’’ between the nervous system and ‘‘osteo-

neuromediators’’ that control bone remodeling. The purpose of this study was to evaluate the effect of interactions between

neuropeptides and human bone morphogenetic protein 2 (hBMP2) on human osteoblasts. We also investigated the effects of

neuropeptides and hBMP2 on gap junction intercellular communication (GJIC). Osteoblasts were treated with neuropeptide Y

(NPY), substance P (SP), or hBMP2 at three concentrations. At various intervals after treatment, cell viability was measured by

the MTT assay. In addition, cellular alkaline phosphatase (ALP) activity and osteocalcin were determined by colorimetric assay

and radioimmunoassay, respectively. The effects of NPY, SP and hBMP on GJIC were determined by laser scanning confocal

microscopy. The viability of cells treated with neuropeptides and hBMP2 increased significantly in a time-dependent manner,

but was inversely associated with the concentration of the treatments. ALP activity and osteocalcin were both reduced in

osteoblasts exposed to the combination of neuropeptides and hBMP2. The GJIC of osteoblasts was significantly increased by

the neuropeptides and hBMP2. These results suggest that osteoblast activity is increased by neuropeptides and hBMP2

through increased GJIC. Identification of the GJIC-mediated signal transduction capable of modulating the cellular activities of

bone cells represents a novel approach to studying the biology of skeletal innervation.
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Introduction

Bone alters its metabolic and anabolic activities in

response to a variety of systemic and local factors, such

as hormones and growth factors. In recent years, interest

in the relationship between neuropeptides to bone

processes has increased and represents one of the most

interesting aspects in skeletal research. Classic observa-

tions describing an abundance of the nerve fibers in bone

support a paradigm of nervous system influence on bone

metabolism and anabolism. Also, many nerve-derived

signaling molecules that might act as efferent agents on

bone cells fall into the category of neuropeptides.

Currently, five neuropeptides are known to be involved

in the control of bone homeostasis, including calcitonin

gene-related peptide (CGRP), neuropeptide Y (NPY),

substance P (SP), vasoactive intestinal peptide (VIP),

and tyrosine hydroxylase (TH) (1,2). Of these, CGRP is

abundantly distributed in bone via sensory nerves,

especially in epiphyseal trabecular bone, which strongly

suggests that it influences bone metabolism (3). It has

also been reported that adipose-derived stem cells

(ADSCs) transduced with an adenoviral vector containing

the GCRP gene (Ad-CGRP) had an increased potential to

differentiate into osteoblasts in vitro (4). In this study, we

focused on NPY and SP, in which interest has been

increasing.

NPY may be a regulator of bone homeostasis, but its

effect on osteoblast activity and the biological functions

involving NPY receptors in bone homeostasis remain to

be clarified. A functional analysis by Teixeira et al. (5)

revealed the osteogenic potential of NPY, showing that

osteoblast phenotype markers were significantly

enhanced in osteoprogenitor cells stimulated by NPY,

probably due to down-regulation of the Y1 receptor. Also,

Lundberg et al. (6) suggested that an increase in the
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number of mesenchymal progenitors and altered Y1

receptor expression within bone cells in the absence of

Y2 receptors are possible mechanisms for the increased

bone mineralization in vivo and in vitro.
Some investigators have reported that SP can

stimulate bone marrow stromal cell (BMSC) proliferation,

protein production, and mineralization (7,8). Recently

Goto et al. (9) demonstrated that SP treatment of calvarial

osteoblasts increased mineralization and the expression

of the bone-related proteins Runx2, type I collagen, and

osteocalcin.

These data support the hypothesis that neuropeptide

signaling stimulates bone formation and inhibits bone

resorption. To further test this hypothesis, we selectively

investigated the role of the two neuropeptides (NPY and

SP). In addition, ALP activity and osteocalcin were

assayed to profile some osteoblast features. The study

examined the effects of neuropeptides on osteoblast cell

viability, ALP activity, and osteocalcin in culture super-

natants. Expression of their receptors by human osteo-

blasts was also evaluated.

Bone morphogenetic protein (BMP) is a multifunc-

tional growth factor that belongs to the transforming

growth factor-b (TGF-b) superfamily. Studies in trans-

genic and knockout mice and from animals and humans

with naturally occurring BMP2 mutations and their

signaling molecules have shown that BMP2 signaling

plays a critical role in bone and cartilage development and

postnatal bone formation (10). However, the combined

effects of neuropeptides and BMP2 on bone metabolism

are yet to be explored. In this study we observed their

combined effects on human osteoblast viability and

function.

In addition, gap junctions formed by connexins (Cx)

play an important role in transmitting signals between

bone cells such as osteoblasts and osteoclasts, the cells

responsible for bone formation and bone remodeling,

respectively. Gap junction intercellular communication

(GJIC) has been shown to mediate the processes of

osteoblast differentiation and bone formation. Further-

more, GJIC propagates Ca2++ signaling, conveys the

anabolic effects of hormones and growth factors, and

regulates gene transcription of osteoblast differentiation

markers (11,12). To date, no information is available on

the effects of neuropeptides on GJIC. Therefore, we also

evaluated the effects of neuropeptides and hBMP2 on

GJIC in osteoblasts.

Material and Methods

Cell culture
The research protocol was approved by the Ethics

Committee of the Third Hospital of Hebei Medical

University. The human osteoblast system used in this

study was established and identified by our group and the

normal human osteoblasts we used had been frozen in

liquid nitrogen in our laboratory. After thawing and

subculturing, the cells showed more than 85% viability

and the same growth, morphologic, and genetic char-

acteristics as before storage (13). The cells were cultured

in Dulbecco’s Modified Eagle Medium (DMEM; Gibco,

USA) supplemented with 10% fetal bovine serum (Gibco),

100 U/mL penicillin and 100 mg/mL streptomycin.

Incubation was conducted in 5% CO2 at 376C. The

medium was changed 3 times a week. Cells at the second

or third passage were used for the experiments. The cells

were prepared in the standard manner and cellular

morphology was observed by scanning electron micro-

scopy (SEM) with an S-800 microscope (Hitachi Inc.,

Japan). Cell suspensions were prepared for subsequent

assays by washing with phosphate-buffered saline (PBS)

and detached with 0.25% trypsin (Gibco). For the viability

assay, the cells were placed in three 96-well plates and

incubated in culture medium for 24 h. For the functional

studies, cells from the second passage were seeded on

four 24-well plates and incubated to confluence. After

that, the medium was changed for modified medium

supplemented with neuropeptides in different concentra-

tions, depending on the experiments to be performed.

After treatment, assays were performed for cell viability,

ALP, and osteocalcin secretion. Cells growing in medium

without any of the neuropeptides were used as controls.

The arrangement of wells was randomized within the

plates. The neuropeptides used in the study were human

neuropeptide Y (NPY; Sigma, USA) and substance P (SP;

Sigma). Human bone morphogenetic protein 2 (hBMP2)

(Sigma) was obtained from the Fourth Military Medical

University (China). All neuropeptides and hBMP2 were

diluted with serum-free DMEM to appropriate concentra-

tions.

Cell viability
Cell viability was measured by the MTT (3-4,5-

dimethylthiazol 2,5-diphenyltetrazolium bromide) assay.

Cells were seeded onto 96-well clear-bottomed plates at a

density of 10,000 cells per well in 100 mL medium,

incubated for 24 h, and treated with the neuropeptides

and hBMP2 and their combination at final concentrations

of 1, 0.1, and 0.01 mg/mL. Six replicates per concentration

per treatment were assayed. After 24, 48, and 72 h, 20 mL
of 5 mg/mL MTT solution was added to each well and

incubated in a humidified 5% CO2 atmosphere at 376C for

5 h. After incubation, the cells were washed with PBS.

Subsequently, 100 mL of acidified isopropanol was added

to each well, and the cells were incubated at room

temperature for 10 min. Absorbance was measured by a

microtiter plate reader (Organon Teknika Reader 230S,

Austria) at 492 nm, with 620 nm as reference.

ALP activity
Cells (26104 cell in 100 mL) from the second passage

were seeded in four 24-well plates, incubated to confluence,
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and treated with NPY, SP, or hBMP2 at final concentrations

of 0.1 mg/mL as well as combinations of 0.1 mg/mL hBMP2

with each neuropeptide. After 24 h, ALP activity was

assayed in the cells in two plates. To simulate administration

in clinical practice, the cells in the two remaining plates were

cultured for an additional 3 days and then treated with the

neuropeptides and hBMP2 again. After incubation for 24 h,

the cells were assayed. The determinations were performed

using 6 replicates of each treatment. To assay ALP activity,

the remaining medium was removed, the cells were washed

with PBS, and digested with 0.25% trypsin for 1 min. The

resulting suspended cells were collected in Eppendorf

tubes, distilled water was added, and the tubes were frozen

in liquid nitrogen and thawed repeatedly 3-4 times to destroy

the cell membranes. After centrifugation at 200 g for 1 min,

the supernatants were collected and assayed with an

Automatic Biochemistry Analyzer (Hitachi 7150, Japan) at

405 nm. All treatment results were compared with the

control values (cell cultures in DMEMwithout neuropeptides

and hBMP2).

Osteocalcin assay
Osteocalcin concentration was measured by an

enzyme-l inked immunosorbent assay (ELISA;

Elabscience, China). Cells were cultured and prepared

as described above for the ALP assay. NPY, SP, and

hBMP2 were added at a final concentration of 0.1 mg/mL.

For the osteocalcin assay, supernatants were collected in

Eppendorf tubes to perform the determinations. A total of

6 replicates were tested for each treatment.

Neuropeptide and BMP2 receptors in human
osteoblasts

To assay the expression of neuropeptide and hBMP2

receptors in human osteoblasts, cells grown to confluence

on cover slips were fixed in 4% buffered formaldehyde,

washed with distilled water, and incubated with 3%

hydrogen peroxide for 5 min to eliminate the activity of

the endogenous peroxidase. Immunocytochemical stain-

ing was performed with NPY, SP, and BMP2 kits (Sigma)

following the protocol recommended by the manufacturer,

with 3 replicates of each treatment. The cells were

observed by phase contrast microscopy, and the Image-

Pro Plus 5.0 (Media Cybernetics Inc., USA) image

analysis software was used to measure the gray values

of stained cells. The antigen levels of cells were inversely

associated with the gray values. The mean gray value of 5

randomly selected fields in each cover slip was calcu-

lated. All the treatments were compared with the control

cells, which were incubated only with secondary antibody.

GJIC in human osteoblasts
The effects of the neuropeptides and HBMP2 on GJIC

were determined by fluorescence recovery after photo-

bleaching (FRAP) using a laser scanning confocal

microscope. Cells were seeded onto 96-well plates at a

density of 5000 cells per well and incubated to confluence.

The cells were rinsed twice with D-Hank’s buffer and

treated with 10 mmol/L CFDA (5,6-carboxy fluorescein

diacetate; Sigma), at 376C for 90 min, then rinsed with

D-Hank’s buffer again. Cells were then treated with NPY,

SP, or hBMP2 at a final concentration of 0.1 mg/mL, and

GJIC were measured with an MRC-1024 laser scanning

confocal microscope imaging system (Bio-Rad, USA). The

rate of fluorescence recovery (R) at 10 min after photo-

bleaching was adopted as the functional index of GJIC.

Statistical analysis
Data are reported as means±SD. The Shapiro-Wilk

test was performed to test the normality of data. Levene’s

test was used to assess the equality of variances. The t-
test was carried out to compare data between two groups

and analysis of variance (ANOVA) to compare data among

three or more groups. The Student-Newman-Keuls multiple-

range test was used to assess differences between groups.

The SAS software package (version 9.1, SAS Institute Inc.,

USA) was used for statistical analysis. The results were

considered statistically significant at P,0.05.

Results

Cell morphology
Thawed cells showed stable characteristics as pre-

viously described (13). The cellular morphology of human

osteoblasts was observed using phase-contrast microscopy

and SEM. On phase-contrast microscopic images (Figure

1A and B), we found that osteoblasts were fusiform or

polygonal, with extensive cytoplasm and large, oval nuclei;

SEM revealed that the cells were connected by ecphyma.

Cell viability
Figure 2 shows the results of the cell viability assay

following exposure to the neuropeptides and hBMP2 at

concentrations of 1, 0.1, and 0.01 mg/mL for 24, 48, and

Figure 1. Cellular morphology of human osteoblasts. The

osteoblast was thawed by directly putting the freezing tube into

water at 406C. Then, the frozen solution was removed by

centrifugation (200 g for 1 min). The cells were cultured in

Dulbecco’s Modified Eagle Medium supplemented with 10% fetal

bovine serum. The phase-contrast microscopic images of the

cells showed that osteoblasts were fusiform or polygonal, with

plenty of cytoplasm and large oval nuclei (A). SEM showed that

the cells were connected by ecphyma (B).
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72 h. All treatments induced a significant increase in cell

viability compared to the blank control group (P,0.05).

Meanwhile, there were significant differences between the

neuropeptides and hBMP2 at all concentrations at all times

(P,0.05). The viability index of osteoblasts (absorbance at

492 nm) was inversely associated with the concentration of

the neuropeptides, and positively associated with the

duration of exposure, whereas the absorbance was

positively associated with the concentration of hBMP2. As

shown in Figure 3, the stimulating effect of neuropeptides

on cell viability was reduced with the addition of hBMP2.

ALP activity
The ALP activity of the osteoblasts exposed to the

neuropeptides and hBMP2 at a concentration of 0.1 mg/
mL was evaluated (Figure 4). All treatments showed

significantly higher ALP activities than the control group

(P,0.05). Moreover, the ALP activity of the osteoblasts

treated twice with the neuropeptides or hBMP2 was

significantly higher than that of the osteoblasts treated

only once (P,0.05). The osteoblasts exposed to 0.1 mg/
mL NPY had the highest ALP activity. The ALP activity of

the osteoblasts exposed to 0.1 mg/mL neuropeptides or

hBMP2 alone was also significantly higher than that of the

osteoblasts exposed to neuropeptides combined with

hBMP2 (P,0.05).

Osteocalcin assay
Neuropeptides and hBMP2 at a concentration of

0.1 mg/mL significantly increased the osteocalcin concen-

tration compared with that of the control group (P,0.05)

(Figure 5). Treating the osteoblasts twice with the

neuropeptides or hBMP2 generated a significant increase

in osteocalcin levels compared with treating the cells only

once (P,0.05). Furthermore, the osteocalcin concentra-

tions in osteoblasts exposed to 0.1 mg/mL neuropeptide or

hBMP2 alone were higher than those in the osteoblasts

exposed to their combinations (P,0.05).

Neuropeptides and BMP2 receptors in human
osteoblast

The expression of the neuropeptide (SP and NPY)

and hBMP2 receptors in the human osteoblasts was

measured by immunocytochemical assay and image

semi-quantitative analysis. The expression level of recep-

tors was inversely associated with the gray values of

stained cells and positively associated with the antigen

levels of the cells. The expression of neuropeptide and

hBMP2 receptors was significantly higher than in the

control group (P,0.05; Figure 6). The expression in

human osteoblasts was the highest for NPY receptor and

the lowest for SP receptor.

Figure 2. Cell viability assays. The graph shows the viability

index of osteoblasts (absorbance) exposed to neuropeptide Y

(NPY), substance P (SP) and human bone morphogenetic

protein 2 (hBMP2). The absorbance was significantly different

among the three treatments (P,0.05, ANOVA) and increased

over time. Additionally, for the two neuropeptides, absorbance

increased as the concentration decreased. However, for hBMP2,

absorbance decreased as its concentration decreased.

Figure 3. Cell viability of the effect of neuropeptides in

combination with human bone morphogenetic protein 2

(hBMP2). It can be seen that the two neuropeptides [neuropep-

tide Y (NPY) and substance P (SP)] induced statistically

significant increases (*P,0.05, compared to control; ANOVA)

in cell viability, which rises over time, but the stimulating effect of

neuropeptides decreased with the addition of hBMP2 (+P,0.05,

ANOVA).

Figure 4. Alkaline phosphatase (ALP) activity assay. The graph

shows the ALP activity of the osteoblasts treated with 0.1 mg/mL

neuropeptide Y (NPY), substance P (SP) and human bone

morphogenetic protein 2 (hBMP2) alone, as well as their

combined applications. Cells were treated once or twice. In this

assay, all treatments induced statistically significant increases

(P,0.05, ANOVA) in ALP activity after the osteoblasts were

treated twice compared with those treated once. The levels of

ALP activity in cells exposed to NPY were the highest. Moreover,

the ALP activity of cells exposed to 0.1 mg/mL neuropeptides

alone was also significantly higher than that of the osteoblasts

exposed to neuropeptides combined with human bone morpho-

genetic protein 2.

302 W.H. Ma et al.

Braz J Med Biol Res 48(4) 2015 www.bjournal.com.br



GJIC in human osteoblasts
Using the FRAP method, the ratio of fluorescence

recovery (R) of cells exposed to the neuropeptides and

hBMP2 at the concentration of 0.1 mg/mL was between

15.8±0.4 and 27.0±1.9, whereas the cells in the control

group had an R-value of 6.8±0.4. This demonstrated that

the GJIC of osteoblasts was significantly increased by the

neuropeptides and hBMP2 (P,0.05). The R-value of cells

exposed to 0.1 mg/mL NPY (27.0±1.9) was the highest,

followed by hBMP2 (20.2±0.7) and SP (15.8±0.4)

(Figure 7).

Discussion

Bone is abundantly innervated by small-diameter

sensory nerves in the periosteum, bone marrow, and

vascular canals. Our understanding of the homeostatic

nature of bone remodeling has increased recently following

the demonstration that neuropeptides and their receptors

regulate osteoblast and osteoclast function in vivo (3,14).

Because of the complexity of the mechanisms regulating

bone remodeling, the experimental and mechanistic

studies based on in vivomurine genetic and pharmacologic

models are limited to some extent. However, in vitro
studies have proved valuable for evaluating cell interac-

tions and stimulating signals. Previous studies using

osteoblastic cell lines derived from animal or human

osteosarcomas have added to our understanding of the

‘‘osteo-neuromediators’’ involved in the control of osteo-

blast activity and hence bone formation. In this study, we

used the normal human osteoblast cell lines established by

our laboratory (13), which markedly improved the reliability

of the research. The cells were fusiform and had numerous

processes. Furthermore, they had bone-producing char-

acteristics, with high levels of expression of ALP and

osteocalcin. In the judgment of the investigators, the cells

cultured in this study had the morphology and character-

istics of osteoblasts (13), and could be used in subsequent

experiments.

This study is unique in that it comprehensively

investigated the concentration-dependent effects of NPY,

SP, and hBMP2 on human osteoblasts, and focused

specifically on cellular viability and function. The expres-

sion of NPY, SP, and hBMP2 receptors was also observed

in osteoblasts. The presence of NPY, SP, and hBMP2

receptors in human osteoblasts indicated that they could

Figure 5. Osteocalcin assay. The graph shows the osteocalcin of

the osteoblasts treated once or twice with 0.1 mg/mL neuropep-

tide Y (NPY), substance P (SP) and human bone morphogenetic

protein 2 (hBMP2) alone, as well as their combined applications.

The osteoblasts exposed to 0.1 mg/mL NPY had the highest level

of osteocalcin. The osteoblasts treated twice with the neuropep-

tides or hBMP2 displayed higher osteocalcin than those treated

only once. Furthermore, the osteocalcin levels of cells exposed to

0.1 mg/mL neuropeptides alone were also significantly higher

than those of the osteoblasts exposed to neuropeptides

combined with hBMP2 (P,0.05, ANOVA).

Figure 6. The expression level of neuropeptide Y (NPY),

substance P (SP) and human bone morphogenetic protein 2

(hBMP2) receptors. The graph indicates the gray values of

human osteoblasts, as measured with immunocytochemical

assays. The expression level of the receptor was inversely

associated with the gray value of the staining cell and positively

associated with the antigen level of the cell. Therefore, the

expression was the highest for NPY receptor and the lowest for

SP receptor in human osteoblasts.

Figure 7. Fluorescence recovery of cells. The graph displays the

ratio of fluorescence recovery (R) of cells exposed to neuropep-

tide Y (NPY), substance P (SP) and human bone morphogenetic

protein 2 (hBMP2) at the concentration of 0.1 mg/mL. The R-

values of the osteoblasts after neuropeptides or hBMP2 treat-

ments were all significantly higher than those of the blank control

group. Meanwhile, cells exposed to NPY had the highest

R-value, followed by hBMP2 and SP (P,0.05, ANOVA).
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directly modulate bone metabolism via receptor activation.

Several groups have studied the actions of neuropep-

tides on osteoblast cell viability, differentiation, or function,

but the results of those studies have been contradictory,

and few have examined the effects of various concentra-

tions of neuropeptides. Sousa et al. (15) found that the

absence of the Y1 receptor delayed fracture healing. Lee

(16) also demonstrated that the NPY system, via the Y1

receptor, directly inhibited the differentiation of mesenchy-

mal progenitor cells as well as the activity of mature

osteoblasts. In addition, it was reported that BMP2 signaling

regulates Y1 receptor gene expression, which raises the

possibility that NPY acts in osteoblasts via an autocrine

mechanism (17). Adamus (7) observed that alkaline

phosphatase activity decreased at higher concentrations

of SP (10–8 M) treatment. Another recent study reported

that higher concentrations of SP (10–7 to 10–5 M) inhibited

ALK activity, bone nodule formation, and osteocalcin gene

expression in a dose-dependent fashion in fetal rat calvarial

osteoblasts (18). Similar to the proliferative effects

observed by Adamus et al. in rat bone marrow stromal cell

(BMSC) cultures (7), in the current study we observed that

osteoblast viability was inversely associated with the

neuropeptide concentrations (10–7 to 10–9 M). Higher

neuropeptide concentrations (1 mg/mL, corresponding to

10–7 M) had little effect on osteoblast viability, but hBMP2

treatment had a concentration-dependent effect on cellular

viability (ranging from 0.01 mg/mL to 1 mg/mL, correspond-

ing to 10–9 to 10–7 M). Paradoxically, Shih and Bernard

found that similar concentrations of SP (ranging from 10–8

to 10–6 M) increased, rather than reduced, the number and

size of bone colonies in a concentration-dependent manner

(8). Similarly, Goto et al. (9) found that higher concentra-

tions of SP (ranging from 10–8 to 10–6 M) increased the size

of bone colonies in rat calvarial osteoblast cells. The

different results in our study could be due to different

protocols, different cell lines used in the studies, the

duration of culturing, the diluent for neuropeptides, and

the methods used to evaluate cell viability. We initially

investigated only three orders of magnitude for the

concentration of the neuropeptides in this study. The most

effective concentration is still not clear. In addition, we

assumed that higher neuropeptide concentrations might

stimulate feedback inhibition of neuropeptides in someway.

In this study, ALP activity and osteocalcin were also

upregulated by NPY and SP treatment, consistent with the

findings of Goto et al. in rat calvarial osteoblasts (9).

Moreover, ALP activity and osteocalcin levels were the

highest after NPY treatment and the lowest after hBMP2.

This suggests that NPY action was the most powerful,

hBMP2 action was the weakest, and SP was intermediate

between the other two. Collectively, these results suggest

that neuropeptides stimulate osteogenesis in human osteo-

blasts. Previously, we observed that neuropeptide depletion

in rats caused trabecular bone loss and inhibited bone

formation (19). We also found that hereditary small-fiber

sensory neuropathy in man was associated with

neuropeptide loss, reduced bone mineral density

(BMD), and increased bone fragility (20). These diverse

data support our hypothesis that neuropeptide signaling

contributes to the maintenance of bone mass by

regulating osteogenic activity in osteoblasts.

BMPs, members of the TGF-b superfamily, play a

pivotal role in the signaling network and are involved in

nearly all processes associated with skeletal morphogen-

esis. The activity of BMPs was first identified in the 1960s

(21), but the proteins responsible for bone induction

remained unknown until the purification and sequencing

of bovine BMP-3 (osteogenin) and the cloning of human

BMP-2 and 4 in the late 1980s (22,23). The injection of

BMP-2 locally over the surface of the calvariae of mice

induced periosteal bone formation without a prior cartilage

phase (24). Overexpression of a dominant-negative

BMPR1B also inhibited osteoblast differentiation in

osteoblast precursor cells (25). Luppen et al. (26) reported

that BMP-2 restored mineralization in glucocorticoid (GC)-

inhibited osteoblast cultures. Similarly, we found that

hBMP2 stimulated human osteoblast viability and

increased ALP activity and osteocalcin in cell culture.

This would suggest a role for hBMP2s in the maintenance

of a normal bone structure.

A number of studies have shown that the signals of

BMPs are transferred through serine/threonine kinase

receptors, which include both subtypes I and II (27,28).

These receptors are expressed differentially in various

tissues and are both indispensable for signal transduction.

BMP signals are mediated by type I and II BMP receptors

and their downstream molecules Smad1, 5, and 8.

Phosphorylated Smad1, 5 and 8 proteins form a complex

with Smad4 and are then translocated into the nucleus,

where they interact with other transcription factors, such

as Runx2 in osteoblasts (29,30).

BMP activities are regulated by many extracellular and

intercellular proteins that interact with either BMPs or

components of the BMP signaling pathways. Devlin (31)

found that BMP antagonists bound to BMP and blocked

BMP signaling, resulting in overexpression of noggin in

mature osteoblasts and osteoporosis in mice. Yoshida

(32) demonstrated that Tob negatively regulated osteo-

blast proliferation and differentiation by suppressing the

activity of the BMP receptor-regulated Smad proteins. In

Tob null mutant mice, BMP signaling was enhanced and

bone formation was increased. Several investigators

observed that Smurf1 was a Hect domain E3 ubiquitin

ligase that interacted with Smad1 and 5 and mediated the

degradation of those Smad proteins. Smurf1 was found to

recognize bone-specific transcription factor Runx2 and

mediate its degradation. Overexpression of Smurf1 in

osteoblasts inhibited postnatal bone formation in mice

(33).

We surveyed the combined action of neuropeptides

and hBMP2 and demonstrated that the stimulatory effect
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of hBMP2 on osteoblasts was weakened when hBMP2

was combined with either NPY or SP. Immuno-

cytochemical assay also detected NPY, SP, and hBMP2

receptors on the plasma membrane of human osteo-

blasts. The data support previous observations demon-

strating that neuropeptides and hBMP2 regulated cellular

viability and function by interacting with receptors on the

plasma membrane of osteoblasts (2,3,16). The present

study suggests that hBMP2 action was antagonized by

neuropeptides in some manner at molecular levels

analogous to that described above for hBMP2 and its

binding proteins. Although the exact mechanism is still

unclear, we postulate a requirement to temper the activity

of locally produced skeletal regulatory factors. It is

important to note that overexpression of skeletal regula-

tory factors may have serious detrimental consequences,

such as osteopenia and fractures.

GJIC mediated by connexins, in particular Cx43, is

important in regulating signal transmission among differ-

ent bone cells, thereby regulating development, differ-

entiation, modeling and remodeling of bone. GJIC

regulates osteoblast formation, differentiation, survival,

and apoptosis. Furthermore, osteocytes utilize GJIC to

coordinate bone remodeling in response to anabolic

factors and mechanical loading. These transmembrane

channels allow continuity of cytoplasm and mediate the

transfer of molecules between communicating cells (34-

36). The biological importance of the communication

mediated by Cx-forming channels in bone development is

demonstrated by the low bone mass and osteoblast

dysfunction in the Cx43-null mice and the skeletal

malformations observed in occulodentodigital dysplasia

(ODDD) caused by mutations in the Cx43 gene (37-39),

but there are currently no available data on the effects of

neuropeptides on GJIC between osteoblasts.

The novelty of this study is that we confirmed the

stimulatory effect of neuropeptides and hBMP2 on GJIC

in osteoblasts. The R-value of cells exposed to NPY was

the highest, followed by hBMP2 and SP, which suggests

that NPY had the strongest effect on regulation of

osteoblast activity via promoting the GJIC between cells.

This result was consistent with other observations that

NPY had the strongest effect on osteoblast viability, ALP

activity, and osteocalcin production. GJIC may serve as a

means by which osteoblasts can act in synchrony and

propagate locally generated signals throughout the

skeletal tissue. Thus, we suppose that NPY, SP, and

hBMP2 may enhance the GJIC between osteoblasts and

then promote the transfer of molecules between commu-

nicating cells. In this way, they would improve the

response of osteoblasts to various stimulating signals.

The study data provided further support for the hypothesis

that the stimulatory effects of neuropeptides and hBMP2

on osteoblasts and osteogenesis were due not only to the

direct binding and activation of their receptors, but also to

a direct action on the GJIC that coordinates bone

remodeling. This study presents a novel role for neuro-

peptide control of bone homeostasis.

In conclusion, neuropeptides stimulated osteoblast

viability and mineralization, whereas BMP2 promoted

osteoblast activity with increasing concentrations. In

addition, the stimulatory effects of neuropeptides or

hBMP2 alone on osteoblasts were decreased when the

neuropeptides and hBMP2 were combined. NPY, SP,

hBMP2 receptors were found on osteoblasts. Moreover,

neuropeptides and hBMP2 enhanced GJIC between

osteoblasts. Given all these observations, it is tempting

to hypothesize that neuropeptides and hBMP2 could be

physiologic activators of bone formation in vivo, and that

membrane-bound receptors are essential in maintaining

skeletal homeostasis through regulating the proliferation

and activation of osteoblasts by promoting signal trans-

mission among bone cells. The regulation of GJIC in

osteoblasts could be an additional mechanism for

modulating bone metabolism. Furthering our understand-

ing of the mechanisms underlying the involvement of the

neuropeptide system in the control of bone homeostasis

could lead to the development of therapies to improve

bone mass in patients with diseases such as osteoporo-

sis. However, we emphasize that the results reported

here are preliminary and restricted by an inadequate

knowledge of osteoblast cell biology and by the superficial

understanding of the mechanism of bone remodeling.

Future studies examining the role of neuropeptides

signaling in animal models of bone acquisition and loss

are required to further investigate these hypotheses.
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