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ABSTRACT
Osteoclast formation is controlled by stromal cells/osteoblasts expressing macrophage colony-stimulating factor (M-CSF) and receptor

activator of NF-kB ligand (RANKL), crucial for osteoclast progenitor cell proliferation, survival and differentiation, and osteoprotegerin (OPG)

that inhibits the interaction between RANKL and its receptor RANK. Recent data have strongly indicated that the nervous system plays an

important role in bone biology. In the present study, the effects of the neuropeptide vasoactive intestinal peptide (VIP), present in peptidergic

skeletal nerve fibers, on the expression of RANKL, OPG, and M-CSF in osteoblasts and stromal cells have been investigated. VIP and pituitary

adenylate cyclase-activating polypeptide 38 (PACAP-38), but not secretin, stimulated ranklmRNA expression in mouse calvarial osteoblasts.

In contrast, VIP inhibited the mRNA expressions of opg and m-csf, effects shared by PACAP-38, but not by secretin. VIP did not affect rankl,

opg, or m-csf mRNA expression in mouse bone marrow stromal cells (BMSCs). The effects by VIP on the mRNA expression of rankl, opg, and

m-csfwere all potentiated by the cyclic AMP phosphodiesterase inhibitor rolipram. In addition, VIP robustly enhanced the phosphorylation of

ERK and the stimulatory effect by VIP on ranklmRNA was inhibited by the MEK1/2 inhibitor PD98059. These observations demonstrate that

activation of VPAC2 receptors in osteoblasts enhances the RANKL/OPG ratio by mechanisms mediated by cyclic AMP and ERK pathways

suggesting an important role for VIP in bone remodeling. J. Cell. Biochem. 112: 3732–3741, 2011. � 2011 Wiley Periodicals, Inc.
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I mmunohistochemical studies have demonstrated a network of

peptidergic nerve fibers in the skeleton [Bjurholm et al., 1989;

Hill and Elde, 1990]. The close proximity between nerve endings and

bone cells [Imai et al., 1997], and the increased density of skeletal

nerve fibers in areas with high metabolic activity such as the growth

plate [Hukkanen et al., 1993], growing antlers [Gray et al., 1992],

and the callus of healing skeletal fractures [Madsen et al., 1998] have

suggested that the signaling molecules in skeletal nerve fibers not

only have sensory functions but may also participate in the control

of bone cell activities [reviewed in Lerner et al., 2008]. Such a

possibility is supported by findings demonstrating that nerve

deletions result in changes in osteoblast and osteoclast activities

[Hill and Elde, 1991; Cherruau et al., 1999]. Recently, the importance

of the central nervous system for skeletal remodeling has been

elegantly demonstrated by the observations that brain stem

receptors for leptin are linked to regulation of bone formation

and resorption by serotonergic signaling to hypothalamus and

downstream sympathetic control of b-adrenergic receptors on

osteoblasts [Yadav et al., 2009; Ducy and Karsenty, 2010]. Also

hypothalamic NPY receptors have been demonstrated to regulate

bone mass [reviewed in Wong et al., 2008].

Vasoactive intestinal peptide (VIP) is a neuropeptide expressed in

peptidergic skeletal nerve fibers [Hohmann et al., 1986; Bjurholm et

al., 1988; Hill and Elde, 1991]. Our group and others have shown that

osteoblasts and osteoclasts are equipped with different functional

VIP receptor subtypes, as assessed by cyclic AMP formation, reverse

transcriptase polymerase chain reaction (RT-PCR), radioligand

binding, and atomic force microscopy [Hohmann et al., 1983;

Hohmann and Tashjian, 1984; Bjurholm et al., 1992; Lerner et al.,

1994; Togari et al., 1997; Lundberg et al., 2000, 2001; Ransjö et al.,

2000]. Mouse calvarial osteoblasts express VIP type 2 receptors

(VPAC2 receptors) and activation of these receptors causes increased

expression of alkaline phosphatase and enhanced mineralization of

osteoblastic bone nodules in vitro [Lundberg et al., 1999], without
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*Correspondence to: Prof. Ulf H. Lerner, Division of Molecular Periodontology, Umeå University, S-901 87 Umeå,
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affecting the expression of type I a1 collagen or osteocalcin

[Lundberg et al., unpublished data].

Osteoblasts, however, not only are important for bone matrix

biosynthesis and mineralization, but also secrete a variety of

cytokines, some of which are important for osteoclast proliferation,

survival, and differentiation. We have previously observed that VIP

enhances interleukin-6 (IL-6) expression and release from mouse

calvarial osteoblasts, without affecting those of IL-11, leukemia

inhibitory factor (LIF) or oncostatin M [Persson et al., 2005].

We also have shown that VIP potentiates the stimulatory effect of

several osteotropic, proinflammatory cytokines on IL-6 expression

in mouse calvarial osteoblasts [Persson and Lerner, 2005].

Macrophage colony-stimulating factor (M-CSF) is a cytokine

released by osteoblasts which by activation of its cognate receptor

c-Fms is important for osteoclast proliferation and survival

[reviewed in Ross and Teitelbaum, 2005; Lorenzo et al., 2008]. Its

prominent role in bone metabolism is demonstrated in the op/op

mouse in which absence of functional M-CSF due to a thymidine

insertion in the M-CSF gene results in osteopetrosis as a

consequence of severe deficiency of osteoclasts [Yoshida et al.,

1990] and by the fact that lack of c-Fms due to gene deletion results

in an osteopetrotic phenotype in mice [Dai et al., 2002].

Receptor activator of NF-kB ligand (RANKL) is a type II

transmembrane cytokine in the tumor necrosis factor (TNF) ligand

superfamily that is expressed by osteoblasts in periosteum and

stromal cells in bone marrow. RANKL activates the cognate receptor

RANK on osteoclast progenitor cells and thereby stimulates the

differentiation of the progenitor cells to cells that can fuse to

multinucleated osteoclasts [reviewed in Lerner, 2004; Lorenzo et al.,

2008; Nakashima and Takayanagi, 2009]. Osteoprotegerin (OPG),

which similar to RANK is a member of the TNF receptor superfamily,

functions as a soluble decoy receptor, which due to its affinity to

RANKL inhibits RANK activation and osteoclast formation. Deletion

of the genes for RANKL and RANK results in a lack of osteoclasts and

an osteopetrotic phenotype in mice [Dougall et al., 1999; Kong et al.,

1999], whereas opg�/�mice exhibit an abundance of osteoclasts and

an osteoporotic phenotype [Bucay et al., 1998]. In humans, gain-of-

function mutation in the rank gene has been linked to two diseases

with increased osteoclastic bone resorption; familial expansive

osteolysis and expansive skeletal hyperphosphatasia [Hughes et al.,

2000; Whyte and Hughes, 2002; Johnson-Pais et al., 2003]. Deletion

of the gene encoding opg has been associated with increased number

of osteoclasts observed in patients with hyperostosis corticalis

deformans juvenilis [Whyte et al., 2002].

In the present investigation, we have studied the effect of VIP and

related peptides in the VIP/secretin/glucagon family of peptides, on

the expression of RANKL, OPG, and M-CSF in mouse calvarial

osteoblasts and bone marrow stromal cells (BMSCs), as well as in

the mouse, rat, and human osteoblastic cell lines MC3T3-E1, ROS

17/2.8, UMR-106, MG-63, and SaOS-2.

MATERIALS AND METHODS

MATERIALS

Synthetic VIP was purchased from Bachem, Bubendorf,

Switzerland; pituitary adenylate cyclase-activating polypeptide

38 (PACAP-38) and secretin from Peninsula, St. Helens, Merseyside,

UK; a modification of minimum essential medium (a-MEM), fetal

bovine serum (FBS), L-glutamine, and oligonucleotide primers from

Invitrogen, Stockholm, Sweden; mouse RANKL ELISA kit from R&D

Systems, Abingdon, UK; prostaglandin E2 (PGE2), cAMP RIA kit

from Perkin Elmer, Boston, MA; 1st strand cDNA synthesis Kit and

PCR Core Kit from Roche, Mannheim, Germany; RNAqueous 4-PCR

kit from Ambion Inc., Austin, TX; DYEnamic ET terminator cycle

sequencing kit from Amersham Biosciences, Uppsala, Sweden;

TaqMan Universal PCR Master Mix and TaqMan probes from

Applied Biosystems, Foster City, CA; anti-Actin (I-19) and anti-P-

ERK1/2 (E-4) primary antibodies were from Santa Cruz Biotechnol-

ogy, Inc., Santa Cruz, CA; anti-IgG-HRP secondary antibodies used

for Western blot were from Dakopatts, Glostrup, Denmark; PD98059

from Sigma–Aldrich, Stockholm, Sweden; culture dishes and multi-

well plates from Costar, Cambridge, MA; 1,25-dihydroxyvitamin D3

(D3) from Hoffmann-LaRoche, Basel, Switzerland. Rolipram was

kindly supplied by Dr. Sprzgala from Schering AG, Berlin, Germany.

ANIMALS

CsAmice from our own inbred colony were used for all experiments.

Animal care and experiments were approved and conducted in

accordance with accepted standards of humane animal care and use

as deemed appropriate by the Animal Care and Use Committee of

Umeå University, Umeå, Sweden.

MOUSE CALVARIAL OSTEOBLAST ISOLATION

Bone cells were isolated from calvariae from 2 to 3 day-old CsAmice

using a modified time sequential enzyme-digestion technique

[Boonekamp et al., 1984]. Cells from populations 6–10, showing an

osteoblastic phenotype as assessed by their cyclic AMP-responsive-

ness to PTH, expression of alkaline phosphatase, osteocalcin, and

bone sialoprotein, as well as the capacity to form mineralized bone

nodules (data not shown), were used. The cells were seeded in culture

flasks containing a-MEM supplemented with 10% FBS, L-glutamine

and antibiotics at 378C in humidified air containing 5% CO2. After

4 days in flasks, the cells were detached and seeded in multi-well

plates for the different experiments. For gene expression analyses,

osteoblasts were plated at a density of 3–5� 104 cells/cm2, and after

attachment overnight, cells were cultured in a-MEM containing

10% FBS, L-glutamine, and antibiotics, with or without test

substances for 12–120 h. For semi-quantitative PCR, cells were

seeded in 9 cm2 culture wells and two culture wells per treatment

group were used from which RNA was pooled. For quantitative real-

time PCR, cells were seeded in 4.5 cm2 culture wells and 3–4 wells

per treatment group were used. For cyclic AMP experiments,

osteoblasts were seeded at a density of 6–8� 104/cm2 in 2 cm2 wells

and four wells per treatment groups were used.

CULTURE OF OSTEOBLASTIC CELL LINES MC3T3-E1, ROS 17/2.8,

UMR 106-01, MG-63, AND SaOS-2

The mouse, non-transformed cell line MC3T3-E1, the rat osteosar-

coma cell lines ROS 17/2.8 and UMR 106-01, and the human

osteosarcoma cell lines MG-63 and SaOS-2 were cultured in a-MEM

supplemented with 10% FBS, L-glutamine and antibiotics at 378C in

humidified air containing 5% CO2. Following an initial growth
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period with media change every 2 days, cells were seeded at a

density of 3–5� 104 cells/cm2 in 9 cm2 wells. After attachment

overnight, cells were incubated for gene expression analysis in a-

MEM containing 10% FBS, L-glutamine and antibiotics with or

without (control) test substances for 48 h. Three culture wells per

treatment group were used from which RNA were pooled.

ISOLATION OF MOUSE BONE MARROW STROMAL CELLS

The femurs and tibiae from 5 to 7 weeks old male mice were

dissected and cleaned from adhering tissues. The cartilage ends were

cut off and the cells in the marrow cavity were flushed out by

a-MEM in a syringe with a sterile needle. The marrow cells were

collected in a-MEM/10% FBS and the erythrocytes lysed in red

blood cell lysis buffer (0.16M NH4Cl, 0.17M Tris, pH 7.65). Cells

from 4 to 8 bones were seeded in one 60 cm2 culture dish and

incubated in a-MEM/10% FBS with no hormones or cytokines

added. After 4–8 days, with a change of medium after 2 and 4 days,

the adherent cells were carefully washed and then detached

and seeded at a density of 104 cells/cm2 in a-MEM containing 10%

FBS, L-glutamine and antibiotics, with or without (control) test

substances for 12–120 h for gene expression studies. The BMSCs

obtained expressed mRNA for akp1, ocn, rankl, opg, but not for rank,

ctsk, acp5, or calcr (data not shown). The BMSC formed mineralized

bone noduli when cultured in the presence of b-glycerophosphate

(data not shown). In addition, BMSC were seeded at a density of

6–8� 104 cells/cm2 in 2 cm2 wells and used for assessment of cyclic

AMP formation as described below.

CYCLIC AMP ACCUMULATION IN CALVARIAL OSTEOBLASTS AND

BONE MARROW STROMAL CELLS

Calvarial osteoblasts or BMSC isolated and seeded as described

above were grown to 80–90% confluency. Then, the cells were

washed in serum-free medium and pre-incubated at 378C for 30min

in serum-free HEPES-buffered a-MEM added the cyclic AMP

phosphodieserase inhibitor rolipram (10�5M). Subsequently, medi-

um without (controls) or with PGE2 (10
�5M), VIP (10�6M), PACAP-

38 (10�6M), or secretin (10�6M) was added and cells incubated for

2, 5, or 15min. At the end of the experiments, the media were

withdrawn and cellular cyclic AMP extracted with 90% n-propanol.

The samples were then evaporated under vacuum, reconstituted in

assay buffer and cyclic AMP quantified using a commercially

available RIA kit.

RNA ISOLATION AND cDNA SYNTHESIS

Total RNA was extracted from calvarial osteoblasts, BMSC, or

osteoblastic cells lines by using the RNAqueous 4-PCR kit by

following the manufacturer’s protocol. The RNA was quantified

spectrophotometrically and the integrity of the RNA preparations

was examined by agarose gel electrophoresis. Only RNA from intact

preparations were used for subsequent analysis. One microgram of

total RNA was reverse transcribed into single-stranded cDNA with a

1st Strand cDNA Synthesis Kit using oligo-p(dT)15 primers. After

incubation at 258C for 10min and at 428C for 60min, the AMV

reverse transcriptase was denaturated at 998C for 5min. The cDNA

was kept at �208C until used for PCR.

SEMI-QUANTITATIVE RT-PCR

Synthesized cDNA was amplified by RT-PCR using a PCR Core Kit

and PC-960G Gradient Thermal Cycler (Corbett Research, Australia),

and the PCRs for mouse, rat, and human rankl, opg, and m-csf were

performed using standard protocol. For all primers except mouse

rankl and opg, the reaction conditions were: denaturing at 948C for

2min, annealing for 40 s followed by elongation at 728C for 90 s; in

subsequent cycles denaturing was performed at 948C for 40 s. For

mouse rankl and opg, the annealing temperature started at 658C for

10 cycles, followed by stepwise decrease 58C every five cycles from

65 to 458C. The sequences of primers used, the GenBank accession

numbers, annealing temperature, and estimated sizes of the PCR

products are given in supplemental material. The expression of these

factors was compared at the logarithmic phase of the PCR reaction.

No amplification was detected in samples where the RT reaction had

been omitted (data not shown). The PCR products were electropho-

retically size fractionated in 1.5% agarose gel and visualized using

ethidium bromide. The identity of the PCR products was confirmed

using a DYEnamic ETTM terminator cycle sequencing kit with

sequences analyzed on an ABI 377 XL DNA Sequencer (PE Applied

Biosystems, Foster City, CA).

QUANTITATIVE REAL-TIME PCR

Quantitative real-time PCR analyses of rankl, opg, m-csf, 36b4, and

b-actin mRNA were performed using TaqMan kinetics and cDNA

diluted 1:20 in nuclease free water. For all except m-csf, TaqMan

Universal PCR Master Mix kit, 300 nM of each primer and 100 nM of

probe were used. For m-csf, an assay-on-demand mix with both

primers and probe was used (Applied Biosystems, Foster City, CA).

All analyses were performed using an ABI PRISM 7900 HT Sequence

Detections System and software (Applied Biosystems, Foster City,

CA). The reaction conditions were an initial step of 2min at 508C and

10min at 958C for 15 s, followed by 40 cycles of denaturation

at 958C for 15 s and annealing/extension at 608C for 1min. The

sequences of primers and probes and the GenBank accession

numbers are shown in supplemental material. To control for

variability in amplification due to differences in starting mRNA

concentrations, b-actin, or the ribosomal phosphoprotein 36B4 was

used as an internal standard. The relative expression of target mRNA

was computed from the target Ct values and b-actin or 36B4 Ct

values using the standard curve method.

PREPARATION OF TOTAL CELL LYSATES

Calvarial osteoblasts were seeded in 60 cm2 dishes at a density of

2� 104 cells/cm2. After 3 days of culture with one media change, the

cells were incubated in the absence (control) or presence of test

substances for different time periods. Following incubation, the cells

were washed twice in PBS before addition of lysis buffer (1% Igepal

CA-630, 0.1% SDS, 2mM EDTA, 50mM NaF, 0.1mg/ml PMSF,

10mg/ml leupeptin, 10mg/ml pepstatin A in PBS). The dishes were

kept on ice for 15min followed by scraping and collection of cell

lysates. Before use in Western blot, cell lysates were concentrated

using Microcon centrifugal filter devices according to manufac-

turer’s recommendations. Protein concentration of the cell lysates

was measured using the BCA method with bovine albumin as

standard.
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WESTERN BLOT ANALYSIS

For Western blot analysis, cell lysates were mixed with

sample buffer (200mM Tris-HCl, pH 6.7, 20% glycerol, 10%

b-mercaptoethanol, 5% SDS, 0.01% Pyronin Y) and boiled for 3min.

Protein samples were then loaded on 12% Tris-HCl polyacrylamide

gels and electrophoresis was performed according to the Laemmli

method. Electrophoresed proteins were then blotted onto a

polyvinylidene fluoride (PVDF) membrane which was blocked

(1% milk, 1% BSA in TBS) overnight. For detection, the membrane

was incubated with primary antibody (1:200 in 1% milk, 1% BSA,

0.05% Tween-20 in TBS) for 60min at room temperature. Three

times 10min of wash in TBS with 0.05% Tween-20 (TBST) was

followed by incubation with HRP-conjugated secondary antibody

(1:1,000 in 1%milk, 1% BSA, 0.05% Tween-20 in TBS) for 60min at

room temperature. Finally, the membrane was washed extensively

with TBST and TBS followed by development using a chemilumi-

nescence detection kit according to manufacturer’s protocol.

STATISTICAL ANALYSIS

Statistical significance was determined by ANOVA including

Dunnett’s two-sided or Dunnett’s T3 post hoc test. Numerical

values are expressed as percent of unstimulated control, controls

presented as 100% if not otherwise stated. Data are expressed as

mean� SEM and SEM is shown when the height of the error bar is

larger than the height of the symbol.

RESULTS

VIP STIMULATES RANKL mRNA AND INHIBITS OPG AND M-CSF

mRNA IN MOUSE CALVARIAL OSTEOBLASTS BY A CYCLIC AMP

DEPENDENT PATHWAY

Quantitative real-time PCR analysis showed that treatment of mouse

calvarial osteoblasts for 48 h with VIP (10�6M) significantly

increased rankl mRNA expression (Fig. 1A) and decreased mRNA

expression of opg (Fig. 1B). The mRNA expression of m-csf was

reduced by VIP, but did not reach statistical significance (Fig. 1C).

The reduction was, however, reproducibly seen in several individual

experiments (see also Figs. 1F, 2A, and 3). The concentration of

VIP used (10�6M), was based upon previous studies showing

that mouse calvarial osteoblasts respond to VIP in terms of cyclic

AMP formation at and above 10�9M, and that 10�6M is near

the maximally effective concentration [Lundberg et al., 2001].

Fig. 1. VIP regulates mRNA expressions of both osteoclastogenic and anti-osteoclastogenic factors by a mechanism mediated by the cyclic AMP/protein kinase A pathway.

Calvarial osteoblasts were cultured in the absence (control) or presence of either VIP (10�6M) or D3 (10�9M)(A–C) or with VIP (10�6M) without or with the phosphodiesterase

inhibitor rolipram (10�5M) for 48 h before RNA isolation and quantitative real-time PCR analysis of rankl (A, D), opg (B, E), and m-csf (C, F) mRNA expressions. The values for

untreated cells are defined as controls and presented as 100%. Samples were analyzed in triplicates and normalized with 36B4. � and ���, indicates significant difference
compared to untreated cells, P< 0.05 and P< 0.001, respectively. 888, indicates significant difference of VIP in combination with rolipram compared to VIP alone, P< 0.001.
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Fig. 2. VIP and PACAP-38 stimulates rankl mRNA and inhibits opg and m-csf mRNA expression through a mechanism mediated by VPAC2 receptors. Isolated calvarial

osteoblasts were incubated in the absence (control) or presence of VIP, PACAP-38, secretin, and the phosphodiesterase inhibitor rolipram. A: Semiquantitative RT-PCR analysis

after incubation without (control) or with VIP, PACAP-38 and secretin (all at 10�6M) in the absence or presence of rolipram (10�5M) for 48 h. The RT-PCR expressions were

normalized with GAPDH. Numbers indicates number of PCR cycles. B: Quantitative real-time PCR analysis of rankl mRNA expression in osteoblasts cultured in the absence

(control) or presence of VIP (10�6M) for 12–120 h. The values for untreated cells are defined as controls and are presented as 100%. C: Quantitative real-time PCR analysis of

rankl mRNA from calvarial osteoblasts treated with rolipram (10�5M) or rolipram together with different concentrations of VIP or PACAP-38. In quantitative PCR reactions,

samples were analyzed in triplicates and normalized with 36B4. The values for untreated cells are defined as controls, the values for cells treated with rolipram are presented as

100%. � and ���, indicates significant difference of VIP/PACAP-38 in combination with rolipram compared to rolipram alone, P< 0.05 and P< 0.001, respectively.

Fig. 3. Regulation of rankl, opg, and m-csf mRNA expression by VIP in mouse, rat, and human osteoblastic cell lines. Cells from the murine osteoblastic cell line MC3T3-E1, the

human osteosarcoma cell lines MG-63 and SaOS-2, and the rat osteosarcoma cell lines ROS 17/2.8 and UMR 106-01 were incubated without (control) or with VIP (10�6M) for

48 h before semi-quantitative RT-PCR analyses of rankl, opg, and m-csf mRNA expressions were performed. The RT-PCR expressions were normalized with GAPDH.
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1,25-dihydroxyvitamin D3 (D3; 10
�9M), used as a positive control,

increased rankl mRNA and inhibited opg mRNA (Fig. 1A, B), as

expected. 1,25-dihydroxyvitamin D3 did not affect m-csf mRNA

after 48 h of incubation (Fig. 1C). However, at earlier time points

(12–24 h), D3 caused a significant (P< 0.05), 1.5- to 3-fold

enhancement of m-csf mRNA (unpublished data). Attempts were

made to perform RANKL protein analysis using ELISA, but the

amounts of RANKL protein in cell lysates and conditioned media

were below the detection limit.

Stimulation of rankl mRNA and inhibition of opg and m-csf

mRNA by VIP (10�6M) were all potentiated by the cyclic AMP

phosphodiesterase inhibitor rolipram (10�5M; Fig. 1D–F).

THE EFFECTS OF VIP ON RANKL, OPG, AND M-CSF mRNA IN MOUSE

CALVARIAL OSTEOBLASTS ARE MEDIATED BY VIP

TYPE 2 RECEPTORS

Stimulation of mouse calvarial osteoblasts for 48 h with either VIP

or PACAP-38, at concentrations of 10�6M, increased mRNA

expression of rankl as assessed by semi-quantitative RT-PCR, an

effect that was potentiated by the cyclic AMP phosphodiesterase

inhibitor rolipram (10�5M; Fig. 2A). Secretin (10�6M), however, did

not affect ranklmRNA, neither in the absence nor in the presence of

rolipram (Fig. 2A). The mRNA expression of opg was decreased by

VIP and PACAP-38, effects that were potentiated by rolipram

(Fig. 2A), whereas secretin did not have any effect, neither in the

absence nor presence of rolipram (Fig. 2A). Furthermore, treatment

with VIP or PACAP-38, but not secretin, resulted in a slight decrease

of m-csf mRNA levels, and the effects were further potentiated by

rolipram (Fig. 2A).

Stimulation of rankl mRNA by VIP (10�6M) was dependent on

time with enhancement observed at 12 h, an effect which gradually

increased with time for 72 h and remained elevated at least for 120 h

(Fig. 2B). The effects of VIP and PACAP-38 on rankl mRNA were

concentration dependent with PACAP-38 slightly (10-fold) more

potent than VIP and, in addition, also slightly more effective at

optimal concentrations (Fig. 2C). The fact that secretin did not have

any effect on the transcription of neither of the genes studied, and

that VIP and PACAP-38 had effects with similar potency, indicates

that the effects are mediated by VPAC2 receptors. These observations

are in agreement with our previous findings showing that mouse

calvarial osteoblasts express VPAC2 receptors as assessed by

radioligand binding, atomic force microscopy, and cyclic AMP

response to peptides preferring VPAC2 but not VPAC1 or PAC1
receptors [Lundberg et al., 2001]. We also showed that these cells

expressed mRNA for VPAC2, but not for VPAC1 or PAC1 receptors.

EFFECT OF VIP ON RANKL, OPG, AND M-CSF mRNA EXPRESSIONS

IN THE OSTEOBLASTIC CELL LINES MC3T3-E1, ROS 17/2.8, UMR

106-01, MG-63, AND SaOS-2

To further evaluate the role of VIP as a regulator of RANKL, OPG,

and M-CSF expressions in osteoblasts we studied the effects in the

mouse osteoblastic cell lines MC3T3-E1, the rat osteoblastic cell

lines ROS 17/2.8 and UMR 106-01 and in the human osteoblastic cell

linesMG-63 and SaOS-2 after incubation of the cells without or with

VIP (10�6M) for 48 h. In MC3T3-E1 cells, incubation with VIP

resulted in increased rankl mRNA expression, whereas the levels of

opg andm-csfmRNA were decreased (Fig. 3), results similar to those

obtained in primary calvarial osteoblasts (Fig. 1A–C). In the human

osteosarcoma cell line SaOS-2, incubation with VIP increased the

mRNA expression of RANKL (Fig. 3), similar to the results in mouse

calvarial osteoblasts and the cell line MC3T3-E1. At variance,

incubation with VIP caused a decrease in RANKLmRNA levels in the

human osteoblastic cell line MG-63 (Fig. 3). In contrast to the

regulation of RANKL mRNA, expression of OPG and M-CSF mRNA

were not regulated by VIP in SaOS-2 or MG-63 cells (Fig. 3). In

addition, neither rankl, nor opg, or m-csf mRNA were regulated by

VIP in the rat osteosarcoma cell lines ROS 17/2.4 and UMR 106-01

(Fig. 3).

VIP DOES NOT REGULATE RANKL, OPG, OR M-CSF IN MOUSE BONE

MARROW STROMAL CELLS (BMSC)

VIP (10�6M) did not affect rankl (Fig. 4A), opg (Fig. 4B), or m-csf

(Fig. 4C) mRNA in mouse BMSC over a time period of 12–120 h. In

contrast, D3 (10�9M) increased rankl mRNA and decreased opg

mRNA, as expected (Fig. 4A, B). The lack of effect by VIP (10�6M)

on rankl and opg mRNA were seen also in three additional 48 h

experiments in which D3 caused the anticipated stimulation of rankl

and inhibition of opgmRNA (unpublished data). Surprisingly,m-csf

mRNA was not increased by D3 in the BMSC, but rather decreased

after a delay of 48 h (Fig. 4C).

EFFECTS OF VIP, PACAP-38, AND SECRETIN ON CYCLIC AMP

ACCUMULATION IN MOUSE CALVARIAL OSTEOBLASTS AND

BONE MARROW STROMAL CELLS

VIP (10�6M) and PACAP-38 (10�6M), but not secretin (10�6M),

stimulated cyclic AMP accumulation in calvarial osteoblasts

(Fig. 5A). In contrast, VIP, PACAP-38, and secretin did not affect

cyclic AMP accumulation in BMSC (Fig. 5B). PGE2 (10�5M), used

as a positive control, enhanced cyclic AMP accumulation in both

calvarial osteoblasts and BMSC, although to a lesser degree in the

BMSC (Fig. 5A, B).

THE EFFECT BY VIP ON RANKL EXPRESSION IS MEDIATED BY ERK

We have in a previous publication reported that the stimulatory

effect by VIP on IL-6 expression in calvarial osteoblasts is mediated

by several signaling pathways, including cyclic AMP/CREB, AP-1

and C/EBP [Persson et al., 2005]. In addition, Natsume et al.

[2010] demonstrated that VIP in synergy with TNF-a increased IL-6

expression in osteoblastic MC3T3-E1 cells, an effect that was

mediated by the ERK pathway. To further elucidate the mechanisms,

besides cyclic AMP, that may be involved in regulation by VIP of

RANKL expression, we also studied the possible activation of the

ERK pathway. Indeed, incubation of calvarial osteoblasts in the

presence of VIP for 15–30min strongly induced phosphorylation of

p42/p44 ERK proteins (Fig. 6A). In addition, calvarial osteoblasts

were incubated for 48 h in the absence (control) or presence of

VIP (10�6M) or VIPþ PD98059 (30mM), a MEK1/2 inhibitor. The

stimulatory effect by VIP on rankl mRNA expression was reversed

by 60% in the presence of PD98059 (Fig. 6B). These findings,

together, indicate that the stimulatory effect by VIP on rankl

expression is, at least partly, mediated by the MEK/ERK pathway.
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DISCUSSION

In order to assess whether activation of the VIP receptors present

on osteoblasts [Lerner et al., 2008] may lead to regulation of the

osteoclastogenic properties of osteoblasts, we have studied the effect

of VIP on RANKL, OPG, and M-CSF in mouse calvarial osteoblasts,

in several mouse, rat, and human osteoblastic cell lines, as well as in

mouse BMSCs.

In primary cultures of mouse periosteal osteoblasts, and in the

mouse osteoblastic cell line MC3T3-E1 (derived from mouse

periosteal osteoblasts), VIP enhanced rankl and decreased opg

and m-csf mRNA expression. In the human osteosarcoma cell line

SaOS-2, VIP also enhanced RANKL mRNA, whereas in the human

osteosarcoma cell line MG-63 RANKL mRNA expression was

decreased by VIP. These observations indicate that SaOS-2 and MG-

63 express functional VIP receptors, in line with our previous

observations using cyclic AMP as a parameter of VIP receptor

function [Bjurholm et al., 1992]. Surprisingly the RANKL gene was

regulated differently in the two cell lines. At variance from the

mouse periosteal osteoblasts, VIP did not affect OPG or M-CSF

mRNA expression in MG-63 or SaOS-2 cells, nor did VIP affect

rankl, opg, or m-csf mRNA expression in the rat osteosarcoma cell

lines ROS 17/2.8 and UMR 106-01, although we previously have

shown that UMR 106-01, but not ROS 17/2.8, express VIP receptors

linked to cyclic AMP formation [Bjurholm et al., 1992]. To some

extent, the differences in the responses to VIP in the different

primary cells and cell lines may be due to species differences, but the

heterogeneity may also be due to differences between primary cells

and cell lines derived from tumor cells.

The effects of VIP on RANKL, OPG, and M-CSF in mouse

periosteal osteoblasts were mediated by cyclic AMP as assessed by

the finding that the effect on the expression of all these cytokines

were potentiated by the cyclic AMP phosphodiesterase inhibitor

rolipram. Unpublished data show that the effects of VIP were also

mimicked by forskolin, stimulating adenylate cyclase, and by

several cyclic AMP analogs activating protein kinase A (PKA). These

observations are in line with the observation that VIP stimulates the

PKA/CREB pathway in mouse calvarial osteoblasts [Persson et al.,

2005]. Similarly, it has previously been reported that the stimulatory

effect of parathyroid hormone (PTH) on RANKL and the inhibitory

effect by the same hormone on OPG in murine stromal cells/

osteoblastic cells and mouse bone marrow cells are mediated by the

cyclic AMP/PKA/CREB pathway [Fu et al., 2002; Kondo et al., 2002;

Lee and Lorenzo, 2002]. Previously, it has also been shown that

isoproterenol stimulates RANKL expression in mouse calvarial

osteoblasts and that this effect can be inhibited by the PKA inhibitor

Fig. 4. Effects of VIP and D3 on rankl, opg and m-csf mRNA expression in

mouse bone marrow stromal cells. Bone marrow stromal cells (BMSC) were

cultured in the absence (control) or presence of VIP (10�6M) and D3 (10�9M)

for 12–120 h before RNA isolation and quantitative real-time PCR analyses of

rankl (A), opg (B), and m-csf (C) mRNA expressions. The values for untreated

cells are defined as controls and presented as 100%. Samples were analyzed in

triplicates and normalized with b-actin, SEMs are shown as vertical bars when

larger than the radius of the symbol.
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H89 [Elefteriou et al., 2005]. However, in contrast to VIP and PTH,

isoproterenol does not affect OPG expression.

Besides the involvement of cyclic AMP in the regulation by VIP of

RANKL and OPG, the findings reported here indicate that the

increased rankl mRNA expression induced by VIP is also mediated

by the MEK/ERK pathway. Several previous publications have

demonstrated the involvement of the MEK/ERK pathway in

intracellular signaling induced by VIP. As mentioned previously,

VIP has been shown to synergistically stimulate the TNF-a-induced

expression of IL-6 in osteoblastic MC3T3-E1 cells [Natsume et al.,

2010]. In addition, the MEK/ERK pathway has also been shown to be

involved in several activities exerted by VIP in different cell types,

including regulation of VEGF expression in human keratinocytes

[Yu et al., 2010], and wound healing in human bronchial epithelial

cells [Guan et al., 2007].

Three different subtypes of VIP receptors have been found

[Vaudry et al., 2000]. VIP type 1 (VPAC1) receptors recognize VIP,

PACAP-38 as well as secretin, whereas VPAC2 receptors show

affinity to VIP and PACAP-38, but not to secretin. The third type of

VIP receptors, PAC1 receptors, has considerably higher affinity to

PACAP-38 than to VIP. The fact that PACAP-38 was only 10-fold

more potent than VIP as stimulator of ranklmRNA, and that secretin

did not affect rankl, opg, or m-csf mRNA, indicate that the

effects were mediated by PACAP preferring VPAC2 receptors. This

observation is in line with our previous findings using a wide variety

of peptides in the VIP/secretin/glucagon family and analyzing cyclic

AMP formation and radioligand binding to assess the relative

potency of the different analogs [Lundberg et al., 2001]. The data

also are in agreement with the finding that primary cultures of

Fig. 6. The stimulatory effect by VIP on rankl expression in mouse calvarial

osteoblasts is mediated by the MAPK/ERK pathway. Isolated calvarial osteo-

blasts were cultured in the absence (control) or presence of VIP (10�6M) alone

or in combination with the MEK1/2 inhibitor PD98059 (30mM). A: Western

blot analysis of activation through phosphorylation of ERK p42/p44 proteins.

Cells were incubated for 15–30min in the absence (control) or presence of VIP

before cell lysis and subsequent Western blot analysis. The analysis was

normalized through detection of actin. B: Calvarial osteoblasts were cultured

in the absence (control) or presence of test substances for 48 h before RNA

isolation and quantitative real-time PCR analysis of rankl mRNA expression.

The values for untreated cells are defined as controls and presented as 100%.

Samples were analyzed in triplicates and normalized with 36B4. �, indicates
significant difference compared to untreated cells, P< 0.05. 8, indicates

significant difference of VIP in combination with PD98059 compared to

VIP alone, P< 0.05.

Fig. 5. Effects of VIP, PACAP-38, secretin, and PGE2 on cyclic AMP accu-

mulation in mouse calvarial osteoblasts (A) and mouse bone marrow stromal

cells (B). Cells were incubated for 2–15min in the absence (control) or

presence of VIP, PACAP-38, secretin (all at 10�6M), or PGE2 (10�5M). All

cells were additionally treated with the cyclic AMP phosphodiesterase inhibitor

rolipram (10�5M). Values represent means for four well per group and SEMs

are shown as vertical bars when larger than the height of the symbol. The values

for cells treated with rolipram are defined as controls and presented as 100%.
�, indicate significant difference compared to cells treated with rolipram alone,

P< 0.001.
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mouse calvarial osteoblasts express VPAC2, but not VPAC1 or PAC1,

mRNA as assessed by semi-quantitative RT-PCR [Lundberg et al.,

2001].

As expected, mouse periosteal osteoblasts responded to D3 with

increased rankl mRNA and decreased opg mRNA, which is in line

with the observation that D3 stimulated periosteal osteoblasts can

serve as supporter cells for osteoclast formation in co-cultures with

osteoclast progenitor cells [Lerner, 2004; Lorenzo et al., 2008].

In such co-cultures, BMSC can also be used as supporter cells for

osteoclastogenesis and in line with this finding D3 enhanced rankl

mRNA and decreased opg mRNA in mouse BMSC. In these BMSC,

incubation with VIP for 12–72 h did not affect the mRNA expression

of rankl, opg, or m-csf. The lack of effect by VIP is most likely

explained by the absence of VIP receptors in BMSC as indicated by

the observations that VIP and PACAP-38 did not enhance cyclic

AMP accumulation in BMSC, whereas VIP and PACAP-38, but

not secretin, as expected, stimulated cyclic AMP accumulation in

calvarial osteoblasts.

We have previously demonstrated that VIP is a potent inhibitor of

osteoclast formation in mouse bone marrow cell cultures stimulated

by D3 [Mukohyama et al., 2000]. In these crude cultures, containing

both mesenchymal stromal cells and hematopoetic cells, VIP

reduced the stimulatory effect on rankl mRNA and the inhibitory

effect on opgmRNA induced by D3. The findings in the present study

indicate that these effects may be mediated by non-stromal cells

present in the bone marrow.

Taken together, the observations in the present study show that

VIP enhances the osteoclastogenic properties of mouse calvarial

osteoblasts by increasing the RANKL/OPG ratio with no such

response seen in BMSC. These data most likely explain the

stimulatory effect by VIP on bone resorption reported by Hohmann

et al. [1983], as demonstrated by increased release of calcium from

organ cultured mouse calvarial bones.
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