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Abstract

Aim of the study: The peripheral nervous system is involved in regulation of bone metabolism 

via sensory and sympathetic innervation. Substance P (SP) and calcitonin gene-related peptide 

(CGRP) are two sensory neuropeptides that have been associated with regulation of osteogenic 

differentiation. However, the interaction between SP and CGRP both with each other and the bone 

morphogenetic protein 2 (BMP2) in regulation of osteogenic differentiation has not been studied. 

Therefore, the aim of this study was to investigate the interaction between SP and CGRP on 

BMP2-induced bone differentiation using model progenitor cells.

Materials and methods: C2C12 myoblasts and MC3T3 pre-osteoblasts were treated with SP 

and CGRP, both individually and in combination, in the presence of BMP2. The effects of the 

neuropeptides on BMP2-induced osteogenic differentiation were assessed by measuring alkaline 

phosphatase (ALP) activity, mineralization and expression of osteogenic markers.

Results: Both SP and CGRP enhanced BMP2 signaling, Runx2 mRNA expression, as well as 

mineralization in vitro. Co-stimulation with SP and CGRP resulted in down-regulation of BMP2-

induced bone differentiation, suggesting potential crosstalk between the two neuropeptides in 

regulation of BMP2 signaling.

Conclusions: Based on the results shown here, CGRP can mitigate augmenting effects of SP on 

BMP2 signaling and the three pathways potentially converge on Runx2 to regulate BMP2-induced 

bone differentiation.
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INTRODUCTION

Bone tissue is highly innervated by sympathetic and sensory nerve fibers expressing 

neuropeptides. In addition to their regulatory roles in physiological processes within the 

#Corresponding Author: Phil Campbell, Ph.D., Engineering Research Accelerator, Carnegie Mellon University, 5000 Forbes Avenue, 
Scott Hall, Pittsburgh, PA 15213, USA, pcampbel@cs.cmu.edu. 

DECLARATION OF INTEREST
The authors report no conflicts of interest. The authors alone are responsible for the content and writing of the paper.

HHS Public Access
Author manuscript
Connect Tissue Res. Author manuscript; available in PMC 2019 December 01.

Published in final edited form as:
Connect Tissue Res. 2018 December ; 59(SUP1): 81–90. doi:10.1080/03008207.2017.1408604.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bone tissue, numerous clinical and animal studies have also associated these neuropeptides 

with bone pathologies. Therefore, there is recent interest in understanding the interaction 

between the neuropeptides and bone metabolism (1–3).

SP and CGRP are among these neuropeptides, which are associated with osteogenic changes 

inside the bone tissue. For instance, the numbers of SP- or CGRP-positive nerve fibers were 

increased in metabolically active bone tissues (1, 3). Depletion of SP and CGRP in the 

sensory nerves of bone, using capsaicin treatment reduced bone integrity and bone mass in 

animals, accompanied by high numbers of osteoclasts and delayed bone formation (4). 

Similarly, in patients who had spinal cord injuries, 50–70% bone loss was observed in tibia 

and femur, the most common fracture sites in these patients (5). Several groups published in 
vitro results demonstrating osteogenic potential of SP and CGRP, where they can induce 

osteogenic differentiation of progenitor cells that express receptors for these neuropeptides 

(6–18).

BMPs are signaling molecules that play crucial roles in bone formation throughout the 

development and during adulthood. They were first discovered as in the form of protein 

isolates from demineralized rabbit bone, with the ability to induce ectopic bone at non-

skeletal sites in vivo and calcification of shredded muscle tissue in vitro (19). One of the 

most studied BMPs, BMP2, signals through effector molecules called SMADs after binding 

to their cell surface receptors. Complexes of SMADs, which is formed by SMAD1/5/8, in 

the case of BMP2, are activated through site-specific phosphorylation and binding with 

SMAD4. This complex subsequently translocates to the nucleus to regulate transcription of 

target genes, including Runx2 and Osterix (Osx) (20). In SMAD-dependent, or canonical, 

pathways, BMP2 binds to their cell surface receptors and form a hetero-tetrameric complex 

comprised of two dimers of type I and type II serine/threonine kinase receptors. Non-

canonical, or SMAD-independent, BMP signaling goes through the mitogen-associated 

protein kinase (MAPK) pathways also regulate Runx2 expression to control osteoblast 

differentiation(20). SP and CGRP have also been associated with the pathophysiology of 

heterotopic ossification (HO) of soft tissues together with BMP up-regulation (21–24).

In one model of HO that involves exogenous BMP2 delivery, Salisbury et al. observed up-

regulation of SP and CGRP in animals with HO. HO volume was decreased by depletion of 

sensory nerves positive for SP and CGRP in the same model, suggesting regulation of HO 

formation by SP and CGRP (22). Similarly, Kan et al. showed increased levels of SP during 

the formation of HO, induced by BMP4-overexpression and trauma. Inhibition of SP 

signaling reduced the amount of HO with respect to the control levels in this model (21). 

Our data indicate that SP and CGRP delivery induces HO in murine Achilles, with SP 

having more significant effects than CGRP. Combination of SP and CGRP can reduce the 

HO volume, compared to individual treatments of SP and CGRP. In all these cases, we 

observed up-regulated levels of endogenous BMP2 with delivery of SP and CGRP into the 

murine Achilles. Therefore, we postulate that SP and CGRP interact with the BMP2 

signaling to regulate bone formation in tendon (manuscript in revision).

Building on these results, the study presented here demonstrates direct effects of both 

individual and combinatorial treatments of SP and CGRP on BMP2 signaling and BMP2-
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induced osteogenic differentiation of progenitor cells. Particularly, mouse C2C12 myoblasts 

and mouse calvarial MC3T3–E1 pre-osteoblasts were used since they both have been 

established as model systems to study osteoblast differentiation in vitro (25, 26). The work 

we present here adds to the understanding of the crosstalk between the components of the 

peripheral nervous system and bone tissue, as well as how they interact with each other to 

regulate bone differentiation in model cells.

MATERIALS AND METHODS

Treatment Preparation and Use

Recombinant human BMP2 (Medtronic, Minneapolis, MN), SP and CGRP (both from 

Bachem, Torrance, CA) were reconstituted according to manufacturer’s instructions to 1 

mg/ml, aliquoted and stored at −80°C. Prior to use, they were freshly diluted to the desired 

concentration in 100 mM sodium phosphate, pH 7.4. For cell culture experiments, they were 

further diluted to 100 ng/ml in media.

Cell culture

C2C12 myogenic cells (ATCC, Manassas, VA) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin 

and 100 μg/ml streptomycin (all from Gibco, Gaithersburg, MD) in 5% CO2 at 37°C. 

MC3T3–E1 subclone 4 pre-osteoblasts (ATCC, Manassas, VA) were cultured in Alpha 

Minimum Essential Medium (MEM; Gibco, Gaithersburg, MD), supplemented with 10% 

FBS, 100 U/ml penicillin and 100 μg/ml streptomycin in 5% CO2 at 37°C. C2C12 cells were 

seeded at an initial density of 1.3×104 cells/cm2 and cultured for 4 days for assessment of 

alkaline phosphatase (ALP) activity. The treatments (SP and/or CGRP ± BMP2) were 

replaced in growth medium after 48 hours. Cells were cultured for 18–20 days for 

assessment of mineralization, replacing the treatments (SP and/or CGRP ± BMP2) in 

osteogenic media every 72 hours. Osteogenic media includes 50 μg/mL ascorbic acid 

(Sigma-Aldrich, St Louis, MO) and 10mM β-glycerophosphate (Santa Cruz Biotechnology, 

Santa Cruz, CA) in growth medium. MC3T3–E1 cells were seeded at an initial density of 

5.2×104 cells/cm2 and same protocols were followed for measurement of ALP activity and 

mineralization. For real-time PCR experiments, C2C12 cells were treated with SP and/or 

CGRP ± BMP2 for 48 hours and total RNA was isolated as described below.

Osteogenic differentiation assays

Cells were incubated with treatments as described above, washed with 1X PBS to remove 

culture medium, and fixed for 30 seconds with 10% formalin. As a marker of osteoblastic 

differentiation, ALP activity was detected after 4 days in culture using the Alkaline 

Phosphatase, Leukocyte Kit according to the manufacturer’s instructions (Sigma-Aldrich, St. 

Louis, MO). DIC images were taken using a Zeiss Axiovert 200M microscope (Carl Zeiss 

Microimaging, Thornwood, NY). ALP staining (blue) on images was quantified on ImageJ 

(Golden, CO) by measuring % area of the black pixels upon conversion of the RGB images 

into binary images. Mineralization was assessed by Alizarin red staining (ARS) after 18–20 

days in culture. Cells were washed with 1X PBS and fixed for 15–20 min in 10% formalin at 

room temperature. ARS and quantification of the ARS were performed using an 
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osteogenesis assay kit (Millipore, Billerica, MA) according to the manufacturer’s 

instructions. Experiments were run in triplicates. Data shown is representative of three 

independent experiments.

RNA extraction and real-time PCR

Total RNA was extracted from trypsinized C2C12 cells, using an RNeasy total RNA kit 

(Qiagen, Chatsworth, CA) according to the manufacturers protocol. After DNase I (RNAse-

free; Invitrogen, Carlsbad, CA) treatment, cDNAs were synthesized with Super Script IV 

first-strand synthesis system (Invitrogen, Carlsbad, CA). Real-time quantitative PCRs were 

performed in 384-well plates, total cDNA 100 ng/well, using TaqMan gene expression 

assays (Applied Biosystems, Foster City, CA) listed on Table 1. Relative levels of mRNA 

were reported as mean fold change ± SEM over control mRNA expression (BMP2 

treatment), using the ΔΔCt model with Gapdh mRNA as the selected endogenous control. 

The reactions were run in a 7900HT Fast-time Real-Time PCR System (Applied 

Biosystems, Foster City, CA) in the Genomics Core at the University of Pittsburgh 

(Pittsburgh, PA). PCR cycling was performed as 95°C for 12 minutes for one cycle, 95°C for 

15 seconds, and 60°C for 60 seconds for 40 cycles. Data analysis was performed on SDS 

2.4.2 software (Applied Biosystems, Foster City, CA). Experiments were performed in 

triplicate. Data shown is representative of three independent experiments.

Cell Transfection Experiments

pGL3-Bre-Luc was a gift from Martine Roussel & Peter ten Dijke (Addgene plasmid # 

45126). C2C12 cells were plated in 96-well plates at an initial density of 3.5×104 cells/cm2 

in growth medium the day before transfection. The cells were transfected with >1 μg of the 

reporter plasmid pGL3-Bre-Luc using X-tremeGene 9 transfection reagent (Roche, 

Pleasanton, CA) according to manufacturer’s description. In each case, 1 μg of pRL-LUC 

was co-transfected to provide a means of normalizing the assays for transfection efficiency. 

Cells were treated with BMP2 in the presence or absence of SP and/or CGRP (each with a 

final concentration of 100 ng/ml), 4 hours after transfection. Cell lysates were collected 18–

24 hours after adding various treatments. Renilla and luciferase activities were measured 

with the use of a dual-reporter luciferase assay system (Promega, Madison, WI) in a Tecan 

Safire 2 plate reader (Männedorf, Switzerland).

Statistical analysis

For statistical analysis, all data was subjected to Analysis of Variance (ANOVA) followed by 

Tukey’s post hoc test for multiple comparison between each treatment group using 

MATLAB (Natick, MA). Data in figures is presented as mean ± SEM and is representative 

of 3 independent experiments. Statistical significance was defined at p ≤ 0.05.

RESULTS

Combination of SP and CGRP treatments suppresses BMP2-induced mineralization

In order to investigate the effects of the neuropeptides on BMP2-induced osteogenic 

differentiation, early and late markers, ALP activity and mineralization, were measured after 

treating the cells with SP and CGRP, both individually and in combination. C2C12 cells 
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exhibited a decrease in ALP activity with co-treatment of SP and CGRP (p≤0.01), although 

no difference was observed with individual treatments (Fig. 1 A–C). The trend observed in 

mineralization of C2C12 cells was similar, where the combination of SP and CGRP led to a 

reduction in mineralization compared to BMP2-only controls (p≤0.01). Therefore, 

combination of SP and CGRP suppressed BMP2 signaling in C2C12 cells (Fig. 1 D–F). As 

expected, the myoblasts underwent myogenic differentiation in the absence of BMP2 (Fig. 1 

F) and the neuropeptides did not have any osteogenic effects on these cells without BMP2.

MC3T3–E1 cells did not exhibit any changes in ALP activity across different treatment 

groups (Fig. 2 A–C). However, BMP2-induced mineralization was enhanced with SP 

(p≤0.01) and CGRP (p=0.06) in these cells (Fig. 2 D–F). Remarkably, addition of CGRP 

together with SP led to a complete inhibition of BMP2-induced mineralization in MC3T3–

E1 (p≤0.001) (Fig. 2 D–F). Therefore, there is potential crosstalk between SP and CGRP 

signaling to regulate BMP2-induced mineralization in both cell types but the ALP activity 

was only affected in M MC3T3–E1 pre-osteoblasts.

Combination of SP and CGRP treatments suppresses BMP2 signaling

Next, the direct and short-term effects of the neuropeptides on BMP2 signaling were 

investigated. A reporter construct, pGL3-Bre-LUC, that is specific to the BMP-responsive 

element (Bre) was used. Bre is found in the Id1 gene, which is directly activated by the 

SMAD complex upon BMP2 binding to its receptors. In the case of Bre-LUC, Bre activation 

turns on the luciferase expression in less than 24 hours. This was previously demonstrated in 

C2C12 cells (27). Consistent with these reports, we observed a dose-dependent effect on 

Bre-LUC activity with BMP2, starting as low doses as 10ng/ml. Maximal response was 

observed at 200 ng/ml (Fig. 3 A). Higher doses reduced the luciferase activity suggesting 

negative regulation of BMP2 signaling by itself in the case of over-activation. For the rest of 

the Bre-LUC experiments, BMP2 was added with a final concentration of 100 ng/ml. SP 

and/or CGRP (both 100 ng/ml as final concentration) were then added together with BMP2 

to determine their direct effects on BMP2 signaling in C2C12 cells. We observed an increase 

with SP, but not with CGRP (p≤0.05 and p=0.06, respectively) compared to BMP2-only 

controls (Fig. 3 B). Combination of SP and CGRP mitigated the effect of SP on BMP2 

signaling (p=0.06). Therefore, there is potential crosstalk between SP and CGRP to regulate 

BMP2 signaling.

SP enhanced BMP2-induced increase in Osx and Runx2 expression, while co-treatment of 
SP and CGRP led to a reduction

In order to elucidate where the three pathways converges, we then performed qRT-PCR 

experiments to measure changes in expression of osteogenic markers with neuropeptide 

stimulation in C2C12 cells. No significant changes were observed with individual and 

combinatorial treatments of the neuropeptides compared to BMP2-only controls at 24 hours 

(data not shown). However, there was an increase in Runx2 expression by SP or CGRP 

treatment alone (p ≤0.05 and p=0.060, respectively) and a reduction compared to SP-

treatment, by the combination of SP and CGRP treatments (p ≤0.01) at 48 hours (Fig. 4 A). 

Combination of SP and CGRP also led to a down-regulation of Alp expression, resulting in 

expression below the BMP2-only control levels (p ≤0.01), similar to the effect observed in 
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ALP activity in C2C12 cells (Fig. 4 A). Osx (Sp7) expression was also upregulated by SP 

(p=0.06) and down-regulated by the combinatorial treatment compared to SP-treated cells (p 

≤0.05) (Fig. 4 A). For collagen type I a (Col-Ia) and osteocalcin (Bglap), which are both 

controlled by the Runx2 protein (19), there was no effect of any treatment at 48 hours (Fig. 4 

A). However, it is possible that 48 hours is an early time-point for expression of these 

markers. Glyceraldehyde 3-phosphate dehydrogenase gene (Gapdh) was used as the internal 

control for all the qRT-PCR experiments as its expression was not altered by different 

treatments (Fig. 4 B).

DISCUSSION

The results reported here demonstrated regulatory effects of SP and CGRP on BMP2 

signaling and certain aspects of osteogenic differentiation, such as mineralization. CGRP did 

not have statistically significant effects compared to BMP2-only or SP and BMP2 co-treated 

cells. However, it could counteract the effect of SP on BMP2 signaling when delivered 

together with SP. The most remarkable finding of this study was down-regulation of BMP2 

signaling and bone differentiation by the combinatorial treatments of SP and CGRP, which 

potentially converges on Runx2 gene expression.

Runx2 expression and activation is considered as a crucial point incorporating many signals 

that regulate osteoblast differentiation. Runx2 modulates expression of many other target 

genes and works in concert with several molecular factors, which are involved in osteogenic 

differentiation (28, 29). Therefore, it was expected to see reductions in osteogenic markers, 

including ALP expression or mineralization with reduced Runx2 expression. Consistent with 

the mRNA expression; ALP staining was down-regulated with co-treatment of SP and 

CGRP in C2C12 myoblasts. MC3T3 pre-osteoblasts did not show any difference across 

different treatment groups. This is interesting since we observed marked effects in 

mineralization with different treatments. It is not clear whether the neuropeptides have any 

effect on ALP activity since the qRT-PCR analysis was not done with the MC3T3 cells. 

Therefore, it will be important to repeat similar assays with MC3T3 pre-osteoblasts to 

elucidate potential mechanisms that regulate the neuropeptide response observed in BMP2-

induced mineralization in these cells. Runx2 is potentially involved, as it is also required for 

proper bone matrix formation in osteoblasts (28, 29). However, it is still interesting to see 

complete inhibition of BMP2-induced mineralization with the combination of SP and CGRP 

in both cell types, since it suggests inhibition of BMP2 signaling with activation of SP- and 

CGRP-induced factors at the same time.

Many in vitro studies reported presence of SP and CGRP receptors in various stem cell 

populations and up-regulation of osteogenic markers with particularly SP treatment when 

cultured under conditions required to stimulate osteogenic differentiation (8, 11, 13, 18, 30). 

However, aside from a few in vivo studies (31, 32), combined effects of the neuropeptides 

with BMPs in regulation of osteogenic differentiation were not studied in detail. Ma et. al. 
reported down-regulation of ALP activity in pre-osteoblasts, compared to BMP2-only 

controls, when SP is combined with BMP2 (10). In this study, although we did not observe 

any inhibitory effects of SP on BMP2 signaling, we suspect that mitigating effects of CGRP 

on SP might be a result of a negative feedback mechanism. We observed down-regulation 
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with higher concentrations of BMP2 in Bre-activation-induced luciferase activity, which is 

potentially due to a similar kind of feedback response. Shorter time-point, i.e. 4–6 hour, 

stimulation of the C2C12s with the neuropeptides exhibited increased luciferase activity and 

no marked reduction with the combinatorial treatment, which could support this hypothesis 

(data not shown).

One potential convergence point between the two pathways and the BMP2 signaling could 

be the non-canonical BMP2 signaling cascades that involve MAPK activation. MAPK 

signaling was shown to have contrasting effects on BMP2 signaling, and therefore the 

interaction between the two pathways was suggested to correlate with the levels of MAPK 

activation (33). For instance, over-activation of MAPK due to tumor necrosis factor α or 

interleukin-1β stimulation had inhibitory effects on BMP2 signaling via inhibition of Runx2 
expression (34). SP was shown to activate MAPK signaling, particularly p38 and 

extracellular signal regulated kinase (ERK) 1/2, via protein kinase C (PKC) activation in 

various cell culture models with osteogenic potential, which could explain the effect of SP 

on BMP2 signaling (30, 35–37). Additionally, CGRP was shown to both activate (38) and 

attenuate MAPK signaling through protein kinase (PKA) activation (39). In fact, CGRP was 

shown to mitigate TGFβ signaling in the latter example (39). While p38 appears to have 

positive stimulation, which was consistent across many different studies including this one, 

ERK 1/2 signaling was shown have differential effects on BMP signaling (33). ERK 1/2 

phosphorylation was shown to be necessary for osteoblast differentiation in vitro and in 

skeletal development in vivo (40–42). It appears be involved in phosphorylation of Runx2, 

which increases its DNA binding capability, and therefore transcriptional activity to regulate 

osteogenic markers (43, 44). In contrast, ERK1/2 could also phosphorylate SMAD1 on 

specific sites to attenuate its nuclear translocation and inhibit BMP signaling (45, 46). These 

differential effects are possibly a result of diverse set of upstream signals that can activate 

ERK1/2, including the Ras/MEK pathway (33). Since we observed complete inhibition with 

SP and CGRP on BMP2-induced mineralization, this requires convergence of both pathways 

at a certain molecule that can suppress BMP2 signaling. This inhibition might also be due to 

another extracellular signal that has inhibitory effects on BMP2 signaling. More work is 

warranted to identify the actual mechanisms by which CGRP mitigates the effects of SP on 

BMP2 signaling. However, here we propose a model that involves potential convergence on 

MAPK activation, upon activation of SP and CGRP signaling pathways, which subsequently 

inhibits BMP2 (Fig. 5). Hence this model requires additive effects of SP and CGRP 

signaling, investigation of dose-dependent and/or temporal effects of SP and CGRP is the 

next step in elucidating the exact molecular mechanisms, by which the two neuropeptides 

crosstalk with the BMP2 signaling. Furthermore, since we observed a clear effect on a late 

marker of osteoblastic differentiation, it is required to study the effects on the neuropeptides 

on expression of other markers at a longer time course instead of 48 hours. For instance, 

osteocalcin was shown to be affected by ERK 1/2–induced Runx2 activation, which is an 

important factor involved BMP2-induced bone mineralization (33). We did not observe any 

changes across different treatment groups at 48 hours but it is possible that osteocalcin levels 

would change at a later time-point.

In conclusion, the results reported here illustrate regulatory effects of the neuropeptides SP 

and CGRP on BMP2-induced osteogenic differentiation in osteoprogenitor cells. In addition, 
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this study demonstrates an interaction between SP and CGRP, which when combined can 

have inhibitory effects on BMP2 signaling, and therefore osteogenic differentiation. These 

results contribute to the understanding of the interaction between the sensory neuropeptides 

and bone metabolism in both physiological and pathological conditions.
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Figure 1 –. 
Individual treatments of SP or CGRP did not have any direct effects but the combination of 

SP and CGRP partially suppressed BMP2-induced ALP activity and mineralization in 

C2C12 cells. A. Whole well images showing ALP staining (blue) of C2C12 cells upon 

treatment with SP and/or CGRP ± BMP2 (each 100 ng/ml) after 4 days in culture. B. 
Quantification of ALP staining using DIC images for each treatment group. Quantification 

was averaged from 4 independent sets of experiments, each performed in triplicates. 9 

regions of interest were quantified per experiment and normalized to BMP2-only treatments. 

Data is reported as % of control mean value ± SEM. No significant changes were observed 

across different treatment groups. C. DIC images of cells with respective treatments. Scale 

bars measure 200 μm. D. Whole well images showing Alizarin red staining (ARS) of C2C12 

cells treated with SP and/or CGRP ± BMP2 (100 ng/ml each in osteogenic differentiation 

medium) after 18 days. E. Quantification of ARS by solubilizing the stain according to 

manufacturer’s protocol. Data is reported as % of control mean value ± SEM. The 

neuropeptides did not have marked effects individually but the combination led to a 

reduction on BMP2-induced mineralization compared to other experimental groups and the 

controls (p<0.01). Experiments were performed in triplicates. Data is representative of 3 

independent experiments. F. DIC images of cells with respective treatments. Scale bars 

measure 500 μm. C2C12s fused to form myotubes when there is no BMP in culture medium. 

BMP2 suppressed myogenic differentiation and induced mineralization.
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Figure 2 –. 
Neither SP nor CGRP had direct effects on BMP2-induced ALP activity in MC3T3–E1 pre-

osteoblasts. Individual treatments of SP and CGRP enhanced and their combination blocked 

BMP2-induced mineralization in these cells. A. Whole well images showing ALP staining 

(blue) of MC3T3–E1 pre-osteoblasts upon treatment with SP and/or CGRP ± BMP2 (each 

100 ng/ml) after 4 days in culture. B. Quantification of ALP staining using DIC images for 

each treatment group. Quantification was averaged from 3 independent sets of experiments, 

each performed in triplicates. 9 regions of interest were quantified per experiment and 

normalized to BMP2-only treatments. Data is reported as % of control mean value ± SEM. 

No significant changes were observed across different treatment groups. C. DIC images of 

cells with respective treatments. Scale bars measure 200 μm. D. Whole well images showing 

Alizarin Red Staining (ARS) of MC3T3–E1 pre-osteoblasts treated with SP and/or CGRP ± 

BMP-2 (100 ng/ml each in osteogenic differentiation medium) after 18 days. E. 
Quantification of ARS by solubilizing the stain according to manufacturer’s protocol. Data 

is reported as % of control mean value ± SEM. SP enhanced (p<0.01) and the combination 

of SP and CGRP inhibited BMP2-induced mineralization compared to other experimental 

groups and the controls (p<0.001). Experiments were performed in triplicates. Data is 

representative of 3 independent experiments. F. DIC images of cells with respective 

treatments. Scale bars measure 200 μm.
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Figure 3 –. 
SP enhanced BMP2 signaling and CGRP modulated its effect when delivered together. 

C2C12 cells were transiently transfected with pGL3-(Bre)-LUC (Firefly) and pRL-LUC 

(Renilla) plasmids. After 4 hours, cells were treated with respective treatments. Luciferase 

activity was measured within 16–20 hours. A. Dose-dependent effects of BMP2 on pGL3-

(Bre)-LUC activation. Maximum response was observed at 100 ng/ml with saturation at 

200ng/ml. Higher concentrations than 200 ng/ml down-regulated pGL3-(Bre)-LUC 

activation. B. SP and/or CGRP were added in combination with BMP2 (100ng/each) after 

the transfection. SP enhanced BMP2 signaling (p<0.05), while there was a clear trend for 

CGRP to mitigate the effect of SP (p=0.063), when delivered together. The data shown 

represent 6 independent experiments.
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Figure 4 –. 
Combination of SP and CGRP treatment resulted in downregulation of BMP2-induced 

expression ostegenic markers in C2C12 cells A. qRT-PCR for expression of osteogenic 

differentiation markers Alp, Col-Ia, Sp7 (Osx), Bglap (Ocn) and Runx2. Cells were treated 

with growth medium (GM) that contains neuropeptides SP and/or CGRP with BMP2 (each 

100 ng/mL) for 2 days. Each column represents the fold change over the BMP2 control. * 

indicates p<0.05 and ** indicates p<0.01. Each column also shows average values of the 

biological replicates in each treatment. B. Gapdh was used as a reference gene since the CT 

value did not change across different treatment types. Combination of SP and CGRP with 

BMP2 induced down-regulation of Alp expression (p<0.01), while the individual treatments 

had no significant effect. Runx2 expression was upregulated by SP compared to BMP2-only 

control (p<0.05), where the combination mitigated this effect (p<0.01 compared to SP

+BMP2). Therefore, there is possible convergence on regulation of Runx2 expression 

between the two pathways and the BMP2 signaling.

Tuzmen and Campbell Page 14

Connect Tissue Res. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5 –. 
Hypothetical model that proposes the molecular interactions involved in the SP-CGRP-

BMP2 crosstalk. Orange circles represent intermediate components of the signaling 

cascades. Blue circle denotes an “AND gate”, which potentially turns on a repressor of a 

downstream target that is required for ALP expression or mineralization. Since the 

combination showed down-regulation below the baseline (i.e. in comparison to BMP2-only 

controls), and CGRP-only had no significant effect on BMP2 signaling, we propose down-

regulation of BMP2-induced osteogenic differentiation is due to an interaction between SP 

and CGRP. CGRP could also mitigate MAPK signaling, which suggests another possible 

interaction.
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Table 1 –

TaqMan gene expression assay IDs used for the RT-PCR reactions

Gene Assay ID

AlpI Mm00475834_m1

Col1a1 Mm00801666_g1

Sp7 (Osx) Mm04209856_m1

Bglap (Ocn) Mm03413826_mH

Runx2 Mm00501584_m1

Gapdh Mm99999915_g1
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