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Abstract
Immunohistochemical phenotypic characterization of skeletal nerve fibers has demonstrated the expression of a restricted
number of neuropeptides, including calcitonin gene-related peptide (CGRP), substance P (SP) and vasoactive intestinal peptide (VIP). According to the neuro-osteological hypothesis, such neuropeptides can be released and exert paracrine biological effects on bone cells present close to the nerve endings expressing these signaling molecules. The existence of such interplay is most convincingly shown by the hypothalamic control of bone formation, in the case of leptin stimulation of hypothalamic nuclei mediated by the sympathetic nervous system and inhibitory ‚-adrenergic receptors on osteoblasts. In addition to
these receptors, osteoblasts and osteoclasts express functional receptors for CGRP, SP and VIP, which can regulate both bone
formation and bone resorption. The evidence for these observations is summarized in the present paper.
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Introduction
The skeleton is not only a hard framework to which muscles and tendons are attached as a basis for our mobility,
and a mineral reservoir susceptible to control by calciumregulating hormones, it is an organ whose activities are
influenced by many endocrine and paracrine signals, including sex hormones, glucocorticoids, cytokines and growth
factors. Recently, it has been shown that the adipocytederived hormone leptin affects bone formation through
hypothalamic and sympathetic nervous system relays1-3.
Even more sensational, the osteoblast-derived extracellular
matrix protein osteocalcin can act in a potential feedback
hormonal manner to control energy metabolism4. In addition, the hypothalamic neuropeptide Y2 receptors are
essential for control of bone metabolism by a peripheral
mechanism not yet known5.
The central nervous control of bone remodeling has been
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suggested by several authors given the reports during last
decades that chemical and surgical denervation results in
skeletal phenotypes, not only in loaded bones but also in
unloaded parts of the skeleton6. Immunohistochemical
analyses have shown that the skeleton is more widely innervated than previously thought and several neuropeptides and
other nerve signaling molecules have been shown to be
expressed by skeletal nerve fibers. Skeletal nerve fibers are
present in the periosteum, cortical bone and bone marrow
and are particularly rich at the osteochondral junction of the
growth plate7-9. Hierarchically organized pathways have been
described between femoral bone marrow and the brain and
the spinal cord by injecting green fluorescent protein and ‚galactosidase expressing pseudorabies virus10. Further evidence pointing to a role of the nervous system in bone
remodeling are the findings that both osteoblasts and osteoclasts express functional receptors for a wide variety of signaling molecules in the peripheral nervous system6. During
skeletal development, skeletal nerve fibers are particularly
abundant in areas of bone formation, and in agreement with
this observation, sprouting of nerve fibers has been observed
during fracture healing11. Using an elegant model of angulated fracture healing, Li et al.12 have shown that the presence of newly formed nerve fibers is particularly abundant in
areas with a high rate of new bone formation. In some areas
of the skeleton, certain skeletal nerve fibers are associated
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Neuropeptide
CGRP

Osteoblast receptorsa

Osteoclast receptorsa

Bone formation

Osteoclast activity

Osteoclast formation

+

b

↑

↓

↓d

↑

+

SP

+

+

↑↓

VIP

+

+

↑h

e

c
f

↑g

↓i

↓j

a

The presence of receptors has been indicated by mRNA expression, a rise of cyclic AMP/Ca2+i in individual cells, or immunohistochemistry.
b
CGRP stimulates osteoblast proliferation and increases bone mass in vivo.
c
CGRP inhibits bone resorption in vitro and causes hypocalcemia in vivo.
d
CGRP inhibits osteoclast formation in bone marrow cultures.
e
SP has been reported to both inhibit and stimulate bone formation in vitro.
f
SP stimulates rabbit osteoclast pit resorption area.
g
SP potentiates RANKL-induced osteoclast formation in bone marrow macrophages.
h
VIP stimulates ALP; VIP increases calcium accumulation in bone nodules.
i
VIP causes an initial, transient, "calcitonin-like" inhibition followed by delayed stimulation of rat osteoclasts; VIP stimulates calcium
release from mouse calvariae.
j
VIP inhibits osteoclast formation in mouse bone marrow cultures.

Table 1. Receptors for CGRP, SP and VIP on bone cells and their effects on osteoblasts and osteoclasts.

with blood vessels but in other areas no such association can
be seen. Associations with blood vessels have been shown to
be dependent on the phenotype of the nerve fibers. Skeletal
pain is a common clinical finding in several conditions, which
severely affects mobility, rehabilitation and quality of life for
many patients. The presence of sensory nerve fibers expressing calcitonin gene-related peptide (CGRP) and substance P
(SP) in the skeleton provides one explanation to the clinical
observations, but how these nerve fibers are activated and
how the network of such nerve fibers are distributed and regulated in diseases such as osteoporosis, osteoarthritis,
rheumatoid arthritis, cancer and fracture healing is essentially unknown.
Besides the possibility that skeletal nerve fibers have
important roles in skeletal pain, accumulating evidence suggests that signaling molecules present in skeletal nerve fibers
may also have a role in bone remodeling. In the present
review, the osteotropic effects by CGRP, SP and vasoactive
intestinal peptide (VIP), three neuropeptides expressed in
skeletal nerve fibers, are summarized.

Calcitonin gene-related peptide (CGRP)
CGRPs belong to the calcitonin (CT) superfamily of peptides including also CT, amylin, adrenomedullin and the two
recently discovered peptides intermedin and calcitonin
receptor-stimulating peptide (CRSP)13. CGRP exists in two
different forms, ·-CGRP and ‚-CGRP. Both peptides consist of 37 amino acids and differ only by three amino acid
residues in humans. ·-CGRP is encoded by the same gene as
calcitonin (CT) and alternate processing of the CT/·-CGRP
transcript is the mechanism regulating the cell specific formation of either ·-CGRP or CT. ·-CGRP, which only has

some few amino acid homologies with CT in the amino terminal moiety, is widely expressed in nerves in both the
peripheral and central nervous system, including skeletal
nerve fibers. CT is almost exclusively expressed in parafollicular C-cells in thyroid glands. ‚-CGRP is encoded by a gene
distinct from the CT/·-CGRP gene and is expressed in nerve
fibers in numerous different tissues. It is not known which is
the physiological role of ·-CGRP versus ‚-CGRP expression.
Amylin is a 37 amino acid peptide expressed in pancreatic ‚-cells and is almost identical with CGRP in the amino terminal end. Adrenomedullin is a 52 amino acid peptide
expressed in many different cells and tissues, including
osteoblasts and macrophages. In contrast to other peptides
in the CT family, adrenomedullin does not have a disulphide
bridged amino terminal loop but instead an amino terminal
linear extension. Intermedin was identified as a peptide with
amino acid homologies to the peptides in the CT family
using a phylogenetic profiling approach to analyze the
GenBank/EBI DataBank. Intermedin has approximately
20% homology with CGRP and is expressed in the gastrointestinal tract and in the pituitary gland. CRSP was identified
in porcine brain and thyroid glands and was found to have
60% homology with CGRP although having several structural and pharmacological features distinct from CGRP. So
far, three CRSPs have been identified and the expression has
been found in porcine, bovine and canine species, but not in
humans and rats.
The peptides in the CT superfamily can activate target
cells through a complex family of receptor proteins made up
by the calcitonin receptor (CTR), calcitonin receptor-like
receptor (CRLR) and three receptor activity-modifying proteins (RAMPs)14. CTR is a seven transmembrane G-protein
coupled receptor, which acts as a ligand binding and signal155
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ing transducing receptor when activated by CT or CRSP-1.
CTR dimerized with RAMP1-3 can function as a receptor
for amylin. CTR is not expressed by macrophages/early
osteoclast progenitor cells but is induced during osteoclastogenesis by activation of receptor activator of NF-ÎB
(RANK) by its ligand RANKL and is abundantly expressed
in terminally differentiated multinucleated osteoclasts. CTR
is not expressed in osteoblasts.
CRLR also belongs to the type II family of G protein-coupled receptors and has, overall, 55% homology with CTR
and 80% homology in the transmembrane moiety. It functions as a receptor for either CGRP or adrenomedullin, ligand specificity depending on to which of the RAMPs CRLR
heterodimerizes. CRLR mRNA is expressed in primary
osteoblasts and osteoblastic cell lines. CRLR mRNA has
also been detected in multinucleated osteoclasts13. We have
found CRLR mRNA and protein to be expressed also in
mononucleated osteoclast progenitor cells15. Activation of
RANK results in a transient enhancement of CRLR mRNA
but not of CRLR protein in the osteoclast progenitor cells.
RAMPs are type I single transmembrane proteins with a
large extracellular amino terminal domain and a short cytoplasmic moiety13. RAMP1 is a 148 amino acid peptide and
the three RAMPs have approximately 30% amino acid
homology. RAMPs are important for post-translational glycosylation of CRLR and its translocation to the cell membrane. RAMPs were initially found to be able to heterodimerize with CRLR, but later also to CTR and some
other cell membrane receptors, including VIP receptors.
CRLR/RAMP1 makes up the receptor for CGRP and
CRLR/RAMP2 or RAMP3 acts as a receptor for
adrenomedullin. CTR can dimerize with all three RAMPs,
thus making up receptors for amylin. CRSP1 can activate
CTR but CRSP2 and 3 cannot activate CTR, nor
CRLR/RAMPs. Intermedin can activate CRLR/RAMP.
Primary osteoblasts and osteoblastic cell lines express all the
RAMP mRNAs13. Multinucleated osteoclasts have been
reported to express not only mRNA for CTR and CRLR but
also RAMP2 mRNA, but not RAMP 1 or 3 mRNA16, a finding hard to reconcile with the observation that multinucleated osteoclasts are responsive to CGRP. At variance, we have
found all three RAMPs, both at mRNA and protein level, to
be expressed in mononucleated osteoclast precursor cells15.
Stimulation by RANKL transiently decreases RAMP1
mRNA, but does not affect any of the RAMP proteins all of
which could be detected also late during osteoclastogenesis
in mouse bone marrow macrophages stimulated by M-CSF
and RANKL when very many multinucleated osteoclasts
were present.
The first evidence that CGRP can affect bone cells was
the finding that injection of CGRP into either rats or rabbits
resulted in a hypocalcemic response, similar to that caused
by CT, studies prompted by the amino terminal homologies
between CGRP and CT17,18. The observations that CGRP,
also similarly to CT, inhibits bone resorption in organ cul156

tured fetal rat long bones and in neonatal mouse calvariae1921
supported the view proposed in the initial reports that the
hypocalcemic response was due to CGRP-induced inhibition
of bone resorption. The inhibitory effect by CGRP on bone
resorption is transient, also similar to that caused by CT, a
phenomenon called "escape from calcitonin-induced inhibition of bone resorption". This phenomenon is associated
with a disappearance of CTR mRNA, which could be the
reason for the escape phenomenon. If a similar disappearance of CGRP receptors on osteoclasts is the reason for the
"escape from CGRP-induced inhibition of bone resorption"
is not known. We have, however, been unable to observe any
effects by CGRP on the mRNA expression of CRLR nor
RAMP1-3 during M-CSF/RANKL stimulated osteoclastogenesis in mouse bone marrow macrophage cultures, neither
in the absence nor in the presence of CGRP, in contrast to
the complete inhibition by CT of RANKL-induced expression of CTR mRNA15. Interestingly, inhibition of bone
resorption in neonatal mouse calvarial bone by cyclic AMP
analogues and forskolin is also associated with "escape from
inhibition", which suggests that down-regulation of receptors
is not the mechanism explaining the escape phenomenon to
CT and CGRP. Also amylin can inhibit bone resorption in
organ cultures and isolated osteoclasts and also these
responses are transient6. In contrast, adrenomedullin does
not affect bone resorption in organ cultures. The reason for
the lack of effect by adrenomedullin is not known, but seems
not to be explained by the absence of receptors
(CRLR/RAMP2 or 3). Recently we have observed that also
intermedin and CRSP inhibit PTH-stimulated bone resorption in neonatal mouse calvariae, a response also associated
with the escape phenomenon22. The effect on 45Ca release in
mouse calvariae by CGRP and by CT, amylin, intermedin
and CRSP, can be observed at very early time points (1-3
hours) in bone pre-stimulated by PTH for 24 hours, which
indicates that the escape phenomenon is primarily due to
effects on multinucleated osteoclasts (Granholm et al. in
preparation).
CGRP, similar to CT and amylin, inhibits the bone
resorbing activity of isolated rat osteoclasts, effects associated with ceased motility of the osteoclasts. In contrast to CT,
however, CGRP does not affect osteoclast retraction, nor
does CGRP cause a rise of intracellular Ca2+ 23-25. These
observations indicate that CGRP and CT act on different
receptors, in agreement with the view that CT acts via CTR
and CGRP via CRLR/RAMP1. The effects by CGRP on
bone resorption and osteoclast activity are observed at considerably larger concentrations than CT which has led some
authors to speculate that CGRP, at high concentrations, also
may have an affinity to CTR.
Most studies on the effect by CGRP and CT on hypocalcemia and bone resorption have been directed to studies on
their effects on terminally differentiated multinucleated
osteoclasts. However, the rate of bone resorption is dependent also on the formation of osteoclasts. Interestingly, it has
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been shown that CGRP can inhibit osteoclast formation in
co-cultures of mouse alveolar macrophages and mouse calvarial osteoblasts stimulated by 1,25(OH)2-vitamin D326 and
in mouse bone marrow cultures stimulated by 1,25(OH)2vitamin D327,28. Some earlier studies have reported that CT
also has a similar action29,30. We have recently reported that
the inhibitory effect by CT and CGRP on osteoclastogenesis
can be seen in highly purified osteoclast progenitor cells stimulated by M-CSF and RANKL22,31. These observations are in
line with the finding that mononucleated osteoclast progenitor cells stimulated by RANKL express CTR, CRLR and
RAMP1 mRNA and protein15. Interestingly, the inhibitory
effect on osteoclast formation was not associated with any
effects on the expression of a wide variety of molecules
known to be induced by M-CSF and RANKL and found to be
important for osteoclast differentiation, fusion and activity31.
Although CGRP and CT have well-established inhibitory
effects on bone resorption in vitro and in vivo, their physiological roles in bone remodeling have been questioned. This
has particularly been the case for CT, since thyroidectomy
seems to have no effect on mineral metabolism or on bone
remodeling. The uncertainty of the role of CT and ·-CGRP
on bone resorption in vivo became even larger when it was
found that homozygous knockout of the CT/·-CGRP gene
did not result in any obvious effects on bone resorption,
besides the fact that the CT/·-CGRP deleted animals were
slightly more responsive to an injection of PTH in terms of
hypocalcemia and increased excretion of deoxypyridinoline32. Surprisingly, the CT/·-CGRP-/- mice did not have any
osteoporotic phenotype, as expected, but exhibited
enhanced bone mass, because of a robust stimulation of
bone formation rate. There is very little evidence to indicate
that osteoblasts express CTR and, therefore, the effect by
CT on bone formation is not likely due to an effect by the
hormone directly on osteoblasts, but by CTR expressing cells
outside the skeleton. Since the CT/·-CGRP null mice are
deficient not only in CT but also in ·-CGRP, the possibility
exists that the skeletal phenotype is due to lack of ·-CGRP
rather than CT, a possibility not unlikely since osteoblasts
respond to CGRP (see below). However, since in vitro and in
vivo studies have shown CGRP to be a stimulator of bone
formation13, ·-CGRP deficiency is not likely to be the cause
of the enhanced bone formation rate in CT/·-CGRP null
mice. The subsequent selective deletion of the ·-CGRP gene
has also further supported this view since these mice display
the expected osteopenic phenotype caused by the decreased
rate of bone formation33.
The fact that mice with heterozygous deletion of the CTR
gene (CTR-/- mice die as embryos before skeletogenesis) also
display enhanced bone mass due to an increased rate of bone
formation34, further supports the view that CT is not primarily a physiological regulator of bone resorption but rather a
hormone controling bone formation. Recently, however, it
was shown that the excessive loss of bone mass (24%)
observed during lactation in wild-type mice was considerably

larger (54%) in CT/·-CGRP null mice, indicating that one
important physiological role of CT is to protect the maternal
skeleton against enhanced bone resorption during lactation35. In summary, the role of CGRP and the other members of the CT superfamily peptides on bone resorption is
complex and to a large extent still elusive.
Interestingly, inactivation of the amylin gene results in
mice which display an osteoporotic phenotype due to
enhanced bone resorption34, which is in line with the in vitro
observations showing that amylin is an inhibitor of osteoclastic activity and formation. It was, however, not anticipated that amylin, which is co-stored with insulin in pancreatic
‚-cells, could be a physiological regulator or bone resorption. The fact that an identical phenotype could be observed
in compound heterozygote mice for CTR and amylin-deficiency demonstrates that amylin does not act via the CTR,
an observation in line with our finding that amylin can
enhance cyclic AMP formation in mononucleated osteoclast
progenitor cells not expressing the CTR15. The amylin deficient mice did not display any osteoblastic or bone formation
phenotype, in contrast to the in vivo and in vitro studies
showing that amylin is a stimulator of bone formation.
Osteoblastic cell lines and primary osteoblasts from humans,
rats and mice have been shown to exhibit functional CGRP
receptors linked to enhanced cyclic AMP formation36-39. In line
with this observation, the rat osteoblastic cell line UMR 106-01,
the mouse osteoblastic cell line MC3T3-E1, as well as rat and
mouse calvarial osteoblasts have been found to express CRLR
mRNA and protein33,40,41 (Granholm and Lerner, in preparation). Mouse calvarial osteoblasts not only express CRLR
mRNA, but also RAMP1, RAMP2 and RAMP3 mRNA. It is
not known if CRLR and RAMPs are regulated during
osteoblastic differentiation, but the fact that CGRP-induced
cyclic AMP formation is related to enhanced expression of
alkaline phosphatase37 suggests such a possibility.
Activation of osteoblastic CGRP receptors results in
enhanced osteoblast proliferation in vitro42. Transgenic mice
expressing CGRP under control of the osteocalcin promoter
display enhanced bone mass due to increased bone formation43. These observations, together with the finding that
selective ·-CGRP null mice exhibit decreased bone mass due
to reduced bone formation rate33, suggest that ·-CGRP has
a physiological role as a stimulator of bone formation. It is
likely that it is ·-CGRP expressed in skeletal nerve fibers,
which are crucial for its role in bone formation, although this
remains to be proven. Sprouting of CGRP-expressing nerve
fibers have been demonstrated during fracture healing and
suggested to be involved in the anabolic response12, a view
supported by the observation that capsaicin treatment,
destroying CGRP-expressing nerve fibers, is associated with
decreased bone mass44. Mice with deletion of the ·-CGRP
gene still express ‚-CGRP and it will be important to know
the skeletal phenotype of ‚-CGRP knockout mice and also
that of ·-CGRP-/-/‚-CGRP-/- mice to gain more insight into
the role of CGRP in bone remodeling.
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Substance P
SP is an 11 amino acid peptide which is widely distributed
in the peripheral and central nervous system45,46. SP belongs
to the tachykinin family also including neurokinin A (NKA),
NKB, neuropeptide K and neuropeptide Á. The tachykinins
act via three distinct receptor subtypes, the neurokinin-1
receptor (NK1-R), NK2-R and NK3-R and SP has the largest
affinity for the NK1-R. SP is synthesized in dorsal root ganglions and is expressed in terminal nerve endings where it is
released through axon reflexes. Interestingly, SP is often coexpressed with CGRP in sensory nerves. SP is known to be
involved in many physiological and pathophysiological
processes including vasodilation, extravasation, smooth muscle contraction, pain transmission and angiogenesis. Release
of SP can result in neurogenic inflammation and, as summarized here, SP has also been suggested to be involved in bone
remodeling.
SP-positive nerve fibers have been demonstrated in various locations in the skeleton, including the periosteum,
bone marrow, epiphyseal growth plate, subchondral bone,
ligaments and the synovium, using immunohistochemical
analysis47. The expression of receptors for SP in osteoblasts
is controversial since NK1-R has been immunolocalized in
rat bone osteoblasts48, but it was not possible to demonstrate NK1-R in primary human osteoblasts or osteosarcoma cell lines using RT-PCR49. Functional receptors for SP
have, however, been demonstrated as assessed by enhanced
bone colony formation50. Interestingly, Goto et al.51, recently reported that rat calvarial osteoblasts, at an early stage of
differentiation, do not express NK1-R, but that NK1-R
mRNA and protein could be demonstrated when the
osteoblasts were more differentiated along the osteoblastic
cell line, similar to what has been shown for the VPAC1
receptors52. The addition of SP to the rat calvarial
osteoblasts enhanced mineralized bone noduli formation
and the expression of cbfa1, osteocalcin and type I collagen,
effects inhibited by two different NK1-R antagonists (spantide, FK888). In contrast, Azuma et al.53 have reported that
SP inhibits bone noduli formation in rat calvarial osteoblast
cultures and the expression of bone sialoprotein and osteocalcin. Using rat bone marrow stromal cells, it has been
shown that SP causes a small stimulation of thymidine
incorporation and a strong inhibition of calcium accumulation in bone noduli, associated with a small decrease of
alkaline phosphatase activity54. Thus, osteoblasts, at least
more terminally differentiated cells, seem to express functional receptors for SP, although it is still controversial if
activation of these leads to enhanced or decreased bone formation.
In multinucleated rat osteoclasts, NK1-R has been demonstrated both on the cell membrane and in the cytoplasm48.
The fact that SP causes an acute rise of intracellular calcium
in isolated rabbit osteoclasts shows that functional SP receptors are expressed by terminally differentiated osteoclasts55.
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This view is further supported by the finding that SP
enhances the bone resorbing activity of such isolated osteoclasts. SP can also stimulate bone resorption in cultured
neonatal mouse calvarial bones56, which may be due either to
enhanced osteoclast formation and/or increased osteoclast
activity. If the expression of NK1-R is regulated during osteoclastogenesis is not known but the fact that SP has been
shown to potentiate the osteoclastogenic response to
RANKL57, an effect associated with increased translocation
of the NF-ÎB subunit p65 from the cytosol to the nuclei in
osteoclast progenitor cells57, indicate that also mononuclear
osteoclast precursor cells express receptors for SP. If SP also
may be involved in osteoclast formation by affecting the
RANKL/OPG ratio in bone marrow stromal cells or
periosteal osteoblasts is not known, but not unlikely since SP
can enhance RANKL and decrease OPG expression in rat
synovial cells58. Interestingly, experimental spinal cord injury
in rats results in an osteoporotic phenotype in proximal tibiae due to enhanced osteoclastic resorption which is associated with a significant increase of SP-immunoreactive nerve
fibers59, in line with the in vitro observations that SP can
enhance osteoclast activity.
Polyethylene particle-induced local osteolysis in mouse
calvarial bones in vivo, used as an experimental model of
aseptic loosening of joint replacements, results in an
increased number of osteoclasts and decreased bone volume. Interestingly, the responses were significantly reduced
in SP null mice60, suggesting the possibility that SP may have
a role in particle-induced inflammatory bone loss in patients
with loose joint prosthesis. The presence of SP immunoreactive nerve fibers in the interface membrane present in aspetically loosened prosthesis in humans61 is in line with this
hypothesis.

Vasoactive intestinal peptide
Vasoactive intestinal peptide (VIP) is a member of the
VIP/secretin/glucagon family of neuropeptides, which
besides VIP currently also includes pituitary adenylate
cyclase-activating peptide (PACAP)-27 and PACAP-38,
secretin, glucagon, glucagon-like peptide-1 (GLP-1),
glucagon-like peptide-2 (GLP-2), growth hormone-releasing
hormone (GHRH), glucose-dependent insulinotropic
polypeptide (GIP), and peptide histidine isoleucine amide
(PHI; mouse)/peptide histidine methionine (PHM; human).
All members are structurally related through a highly conserved amino terminal end and are products of six different
genes. Although GIP has not been identified as a neuropeptide, the family is referred to as a family of neuropeptides. It
can also, however, be considered a family of hormones
because of the presence and hormonal effects of all family
members in the gut and other tissues.
In 1969, the presence of an unidentified, potent vasodilator was demonstrated in porcine lung tissue62. It was also
found in porcine gut, from where it was isolated as a vasore-
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laxant peptide63. The isolated peptide was named vasoactive
intestinal polypeptide and was later shown to be a 28 amino
acid protein related to both secretin and glucagon64-66. After
the first discovery as a vasodilator, the presence of VIP was
demonstrated in the central and peripheral nervous systems, as well as several neural cell lines67, and it has thereafter been identified as a neurotransmitter and neuromodulator in many tissues. In the brain, VIP is predominantly
found in the cerebral cortex but also to a lesser extent in
other structures, and it has been shown to regulate neuronal
differentiation and survival in an indirect manner primarily
mediated by glial cells68,69. VIP also affects the function of
several other systems, comprising the pulmonary, cardiovascular, gastrointestinal, reproductive, immune, and
endocrine systems70-77. Besides the neuromodulatory functions in the brain, additional physiological effects of VIP are
broncho- and smooth muscle dilation, hormonal secretion,
increase of gastric motility, regulation of differentiation and
activity of many cell types, and anti-inflammatory and
immunosuppressive actions through regulation of immune
cell function.
After the first pioneering study demonstrating the presence of the neuropeptide SP in bone by Grönblad and coworkers in 1984, many reports followed on detection in different skeletal sites in several species of several neuropeptides, including VIP. Hohmann and colleagues reported
that VIP-containing nerve fibers of post-ganglionic sympathetic origin were localized in the periosteum, associated
with vascular elements of bones from different species78. In
a study of neuropeptide expression in rat bone nerve fibers,
Bjurholm et al. detected VIP preferentially in the periosteum and the epiphysis. These VIP-containing nerve fibers
of uncertain origin were only occasionally associated with
blood vessels79. In line with these data, Hill and Elde also
demonstrated VIP-containing nerve fibers in rat periosteum. Treatment of rats with guanethidine resulted in a dramatically decreased presence of VIP-containing nerves in
the bone tissue, indicating a sympathetic origin of these
nerves8.
During the 1990s, three different subtypes of VIP receptors were cloned. The receptors for VIP belong to the type II
family of G protein-coupled receptors denoted the
VIP/secretin/PTH receptor family, which also includes
receptors for the related proteins secretin, GHRH, GIP, and
glucagon, as well as PTH/PTHrP, calcitonin, and CGRP80.
All receptor family members have a serpentine, seven transmembrane structure with a long N-terminal extracellular
domain with conserved cysteine residues and a cytoplasmic
tail that activates G proteins as a result of ligand binding.
VIP and the related peptide PACAP share many biological functions, which can be explained by the fact that they
largely use the same receptors. The three receptors are designated VPAC1, VPAC2, binding both VIP and PACAP, and
the PACAP-preferring PAC1 receptor81. All three receptors
are present both in the central and peripheral nervous sys-

tems and can be pharmacologically characterized by their
affinity for VIP, PACAP, and secretin. PAC1 preferentially
binds PACAP but also VIP, although with a 100-1,000 times
lower affinity. Both VPAC1 and VPAC2 bind VIP and
PACAP with equal affinity, which is a reason for the comparable effects of VIP and PACAP in many tissues and cell
types. However, the VPAC1 receptor also binds secretin, a
fact that can be used to distinguish between the involvement
of the different receptor subtypes in signaling81,82.
In 1983, three years before the discovery of VIP-containing nerves in bone, Hohmann et al. provided the first in vitro
evidence for the presence of functional neuropeptide receptors on bone cells, demonstrating that VIP stimulates calcium release in neonatal mouse calvariae83. In osteoblasts, the
presence of functional receptors for VIP, linked to enhanced
formation of cyclic AMP, has been demonstrated in cells
from the human osteosarcoma cell line Saos-2 and the rat
osteosarcoma cell line UMR 106-0137,84,85. In addition, VIP
has been found to stimulate cyclic AMP formation in isolated mouse calvarial osteoblasts and in the cloned, non-transformed osteoblastic cell line MC3T3-E137,85. Our group has
characterized the VIP-binding receptors subtypes in mouse
calvarial osteoblasts. By comparing the rank order of
response of peptides in the VIP/secretin/glucagon family on
cyclic AMP formation, we found that PACAP-38 was 10-fold
more potent than VIP52. A similar 10-fold difference in
potency between PACAP and VIP has also been detected in
the rat osteoblast-like tumor cell line UMR 106-0186 and in
the murine osteoblastic cell line MC3T3-E187. By using
atomic force microscopy (AFM), we have demonstrated specific binding of VIP, but not secretin, on neonatal mouse calvarial osteoblasts88. Furthermore, mRNA for VPAC2, but
not for VPAC1 or PAC1, was also detected in these undifferentiated osteoblasts. Interestingly, the expression of VPAC1
mRNA was shown to be differentiation-induced after 12
days of culture52. In contrast to our results, Togari and coworkers demonstrated that human periosteum-derived
osteoblastic cells and cells from several human osteosarcoma
cell lines express VPAC1, but not VPAC2 or PAC149. The
observed differences in VIP receptor expression in mouse
and human osteoblasts may be a matter of species variations
or related to phenotypic differences between tumour cell
lines and primary osteoblasts.
In addition to studies on osteoblasts, the presence of
receptors for VIP and related neuropeptides on osteoclasts
has also been reported. By using AFM and measurements of
intracellular calcium, specific VIP-binding sites on osteoclasts were found52. Further evidence for the presence of
VIP receptors in osteoclasts is our finding of mRNA for
VPAC1 and PAC1, but not VPAC2, in mouse bone marrow
osteoclasts isolated by micromanipulation89.
The presence of functional receptors for VIP on both
osteoblasts and osteoclasts suggests that this neuropeptide,
localized in nerves in the bone microenvironment, may play
an important role as a local mediator regulating bone cell
159
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function. In osteoblasts, VIP was found to stimulate both the
activity and mRNA expression of the bone mineralizationassociated enzyme alkaline phosphatase (ALP)90. This effect
was seen in osteoblasts after 6 days of culture, and this observation, together with the absent effect by secretin, indicated
that the increased differentiation of committed osteoblasts
and the anabolic effects by VIP in bone are mediated by the
VPAC2 receptor, which is in line with our finding that mouse
calvarial osteoblasts, at an early stage of differentiation,
express VPAC2 mRNA52.
The first documented effect by VIP on bone was that of
Tashjian and co-workers demonstrating a catabolic effect by
VIP on bone metabolism in calvarial bones in vitro83. This
stimulatory effect by VIP on calvarial bone resorption may
be due either to enhanced activity of osteoclasts or to stimulation of osteoclast formation. Our group has, using morphological studies of isolated rat bone marrow osteoclasts,
revealed that VIP treatment causes a rapid cytoplasmic contraction of osteoclasts along with an associated decrease in
motility88. Functional studies using an in vitro resorption
assay showed that VIP caused a transient inhibition of osteoclastic bone resorption in devitalized bone slices. When the
osteoclast incubations were extended over time and performed in the presence of marrow-derived stromal
cells/osteoblasts, the osteoclasts escaped from the initial
inhibition and VIP caused a delayed stimulation of osteoclastic pit formation in bone slices. At variance, CT also
causes a transient inhibition of osteoclastic bone resorption,
which, however, is not followed by a delayed stimulation.
The late stimulatory effect of VIP is probably the basis of the
first finding that VIP stimulates resorption in calvarial organ
culture83. When AFM was used to analyze the presence of
VIP receptors in stromal cells/osteoblasts, we found that
stromal cells/osteoblasts expressed specific binding sites for
VIP88. These receptors might mediate the indirect boneresorbing effect caused by VIP, both in the resorption pit
assay and in the calvariae. When osteoclastogenesis was
studied in mouse bone marrow cultures, VIP did not
enhance the number of osteoclasts91. In contrast, VIP caused
an inhibition of osteoclast formation induced either by
1,25(OH)2 vitamin D3 or by PTH. The anti-osteoclastogenic
effect of VIP is associated with inhibitory effects of these
peptides on the 1,25(OH)2 vitamin D3-induced upregulation
of receptor activator of NF-ÎB (RANK) and RANK ligand
(RANKL). In addition, VIP counteracts the decrease of
osteoprotegerin (OPG) caused by 1,25(OH)2 vitamin D391.
VIP is not only able to inhibit osteoclastogenesis through
VIP receptor expression on stromal cells/osteoblasts, but
also through a direct effect mediated by VIP receptors on
osteoclast progenitor cells. In ongoing studies, we have
found that VIP can inhibit osteoclast formation in M-CSF
and RANKL-stimulated purified bone marrow macrophage
(BMM) cultures (Mukohyama et al. in preparation).
Similarly, CT inhibits osteoclastogenesis in M-CSF and
RANKL-stimulated BMM cultures31. This effect is not asso160

ciated with any regulation of the mRNA expression of a wide
variety of M-CSF/RANKL-induced osteoclastic genes. If the
inhibitory effect by VIP on osteoclast formation is similarly
associated, without any effects on gene expression, is currently under investigation.
In addition to bone marrow cultures, we have also studied
the effects by VIP on the expression of osteoclastogenic factors in isolated calvarial osteoblasts. In previous reports, VIP
has been shown to stimulate IL-6 production in stromal
cells92 and in cells from the rat osteosarcoma cell line UMR
106-0193. We have confirmed these observations using mouse
calvarial osteoblast. VIP was shown to stimulate IL-6 mRNA
and protein expression in both a time- and concentrationdependent manner94. Furthermore, VIP caused enhanced
IL-6 promoter activity in cells from the osteoblastic cell line
MC3T3-E1 transfected with an IL-6 promoter construct coupled to a luciferase reporter gene. By using several techniques, including electrophoretic mobility shift assay
(EMSA), we also showed that treatment of osteoblasts with
VIP resulted in activation of the cAMP/PKA pathway and
increased DNA binding of the transcription factor C/EBP,
whereas the DNA binding of the AP-1 complex was
decreased by VIP. In contrast, the regulation by VIP of IL-6
synthesis did not require activation of the NF-ÎB pathway94.
In addition to the effects by VIP, PACAP-38 also increased
IL-6 synthesis whereas secretin did not have any effect, indicating that the effects by VIP and PACAP-38 are mediated
by the VPAC2 receptor94.
VIP is a well-known regulator of inflammatory cytokine
production in several cell types95. After our first study showing stimulatory effects by VIP on IL-6 production in murine
osteoblasts, we addressed the question whether VIP may
interact with known osteotropic cytokines to regulate the IL6 production in these cells. Indeed, VIP was found to
increase the stimulatory effect by IL-1‚, IL-11, IL-17, LIF,
OSM, and TGF-‚ on IL-6 production in a synergistic manner96. Furthermore, VIP also potentiated the IL-1‚-induced
stimulation of IL-6 promoter activity in osteoblastic MC3T3E1 cells transfected with the IL-6 promoter/luciferase construct96.
In addition to the effects by VIP on bone cell function,
recent studies have demonstrated that VIP also has a protective effect on bone destruction in experimentally-induced
arthritis. Treatment of mice exhibiting collagen-induced
arthritis (CIA) with VIP resulted in delayed onset, reduced
incidence and decreased severity of the arthritis, as well as a
dramatic decrease of cartilage damage and bone erosion in
arthritic joints97. Furthermore, VIP decreased levels of IL-1‚,
IL-6, IL-11, IL-17, and TNF-·, whereas the levels of IL-4 and
IL-10 were elevated. VIP also decreased the RANKL/OPG
ratio, mainly because of increased levels of circulating OPG98.
In contrast to the effects of VIP on bone cell function and
production of osteotropic cytokines by these cells, the effects
seen in the arthritis models are believed to be a result of a
neuroimmunomodulatory interaction, where VIP regulates
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the proliferation and differentiation of T lymphocytes, as well
as pro-inflammatory cytokine production by T lymphocytes,
macrophages, and fibroblasts in the synovial tissue. These
findings suggest that VIP, in addition to the effects on bone
cell function, may also have a possible role as a therapeutic
target for treatment of arthritis.
In summary, the findings by our group and others demonstrate that VIP affects both osteoblasts and osteoclasts
through regulation of cell activity and expression of osteotropic factors, including IL-6 and the RANK/RANKL/OPG system, suggesting that VIP may have a unique role in bone
metabolic processes by acting as a fine tuner of bone cell function through a neuro-osteological interplay.
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