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ABSTRACT 
 

The Neuropeptide VIP and the IL-6 Family of Cytokines in Bone – Effects on Bone 
Resorption, Cytokine Expression and Receptor Signalling in Osteoblasts and Bone Marrow 

Stromal Cells 
 

Emma Persson, Department of Oral Cell Biology, Umeå University, SE-901 87 Umeå, Sweden 
 

Bone tissue is continuously degraded and rebuilt to respond to the needs of the body. Cells of 
the osteoblast lineage are responsible for the formation of bone, whereas the resorption of 
bone tissue is carried out by osteoclasts. To prevent imbalance between bone formation and 
resorption, these processes are delicately regulated by a complex network of both systemic 
factors and factors produced locally in the bone microenvironment, including members of the 
IL-6 family of cytokines. During the last decades, the presence of nerve fibers in skeletal tissue 
and presence of receptors for several neurotransmitters on both osteoblasts and osteoclasts, 
have suggested a possible role for neuropeptides in the regulation of skeletal metabolism. 
 

The overall aim of this study was to investigate the roles of cytokines in the IL-6 family and 
the neuropeptide VIP in regulation of osteotropic cytokine expression and bone metabolism 
in vitro.   
In Paper I, stimulation of bone resorption by the cytokine IL-6, in the presence of its soluble 
receptor sIL-6R, was demonstrated in mouse calvarial bones. OSM and LIF, other members 
of the IL-6 family of cytokines, were also shown to increase bone resorption. Furthermore, 
IL-6+sIL-6R, LIF, and OSM increased the expression of RANKL, which by binding to its 
receptor RANK functions as a crucial inducer of osteoclast formation and activation.     
In Paper II-IV, the effects of the neuropeptide VIP and related peptides on expression of 
osteotropic cytokines by osteoblasts and bone resorption in vitro have been studied. VIP and 
PACAP-38 both increased IL-6 production in osteoblasts in a time- and concentration-
dependent manner. In contrast, no effect was seen with the related peptide secretin, indicating 
that the effects were mediated by the VPAC2 receptor. VIP and PACAP, in contrast to 
secretin, also induced IL-6 promoter activity in osteoblastic MC3T3-E1 cells transfected with 
an IL-6 promoter/luciferase construct. The effects of VIP on IL-6 were shown to be 
mediated by several intracellular pathways, including cAMP/PKA/CREB, AP-1, and C/EBP, 
but not NF-κB or the cAMP-activated Epac pathway. The release of IL-6 from osteoblasts 
was increased by several pro-inflammatory osteotropic cytokines, including interleukin-1β, an 
effect that was further potentiated by VIP, indicating a possible neuro-immunomodulatory 
interaction in the regulation of bone metabolism. VIP and PACAP-38 also increased the 
osteoblastic expression of RANKL and decreased the expression of OPG and M-CSF, factors 
crucial in regulation of differentiation and activation of osteoclasts. Although this indicated a 
possible bone resorptive effect, VIP was found to decrease osteoclast formation and bone 
resorption by directly targeting osteoclast progenitor cells through an inhibitory mechanism.   
In conclusion, the results in this thesis indicate that several cytokines in the IL-6 family 
stimulate bone resorption in calvarial bones in vitro, most likely through the RANKL-RANK 
interaction. Furthermore, expression of the osteotropic cytokine IL-6 in osteoblasts is 
stimulated by the neuropeptide VIP through VPAC2 receptors via several intracellular 
pathways, further strengthening the role of neuropeptides as local regulators of bone 
metabolism.  
Key words: osteoblast, bone resorption, cytokines, IL-6, neuropeptides, VIP, transcription factor  
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PREFACE 

 
This thesis is based on the following papers, which will be referred to in the text by 
their Roman numerals: 
 
 
I     Palmqvist P*, Persson E*, Conaway HH, and Lerner UH (2002) Interleukin-6, 
       leukemia inhibitory factor, and oncostatin M stimulate bone resorption and  
       regulate the expression of RANKL, OPG and RANK in mouse calvariae. 
       J Immunol 169, 3353-3362     * contributed equally to this study 
 
 
 
II    Persson E, Voznesensky OS, Huang Y-F, and Lerner UH (2005) Increased  
       expression of interleukin-6 by vasoactive intestinal peptide is associated with  
       regulation of CREB, AP-1, and C/EBP, but not NF-κB, in mouse calvarial  
       osteoblasts. BONE, in press 
 
 
 
III   Persson E, and Lerner UH (2005) The neuropeptide VIP potentiates IL-6  
        production induced by pro-inflammatory osteotropic cytokines in calvarial 
        osteoblasts and the osteoblastic cell line MC3T3-E1. Biochem Biophys Res Commun  
        335, 705-711   
 
 
 
IV    Persson E, Lie A, and Lerner UH. The neuropeptide vasoactive intestinal  
        peptide enhances osteoclastogenic properties in mouse calvarial osteoblasts but  
        decreases osteoclastogenesis by directly targeting osteoclast progenitor cells in 
        co-cultures of osteoblasts and marrow macrophages. Manuscript.  
 
 
 
 
 
 
        Reprints were made with permission from the publishers. 
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ABBREVIATIONS 
 
α-MEM  α modification of Minimum Essential Medium  
AP-1  activator protein-1 
BCA  bicinchoninic acid 
BMD  bone mineral density 
BMM  bone marrow macrophage 
BMSC  bone marrow stromal cell 
BSA  bovine serum albumin 
C/EBP  CCAAT/enhancer binding protein 
cAMP  cyclic 3’, 5’ adenosine monophosphate 
cDNA  complementary deoxyribonucleic acid 
Cbfa1  core binding factor 1  
CGRP  calcitonin gene-related peptide 
CNS  central nervous system 
CNTF  ciliary neurotrophic factor 
cpm  counts per minute 
CRE  cAMP responsive element 
CREB  cAMP responsive element binding protein 
CT-1  cardiotrophin-1 
D3  1α,25-dihydroxy vitamin D3
D-MEM  Dulbecco’s Modified Eagle’s Medium 
DβH  dopamine-β-hydroxylase  
ELISA  enzyme-linked immunosorbent assay 
EMSA  electrophoretic mobility shift assay 
Epac  exchange protein directly activated by cAMP  
ERK  extracellular signal-regulated protein kinase  
FBS  fetal bovine serum 
G protein  guanine nucleotide-binding protein 
GAPDH  glyceraldehyde-3-phosphate dehydrogenase 
GPCR  G protein-coupled receptor 
IκB  inhibitor of NF-κB 
IFN  interferon  
IGF  insulin-like growth factor  
IKK  IκB kinase  
IL  interleukin 
JAK  Janus kinase 
JNK  c-Jun N-terminal kinase 
LIF  leukemia inhibitory factor 
M-CSF  macrophage colony-stimulating factor 
MAPK  mitogen-activated protein kinase 
MMP  matrix metalloproteinase 
NF-κB  nuclear factor κB 
NFAT  nuclear factor of activated T cells  
NNT-1/BSF-3  novel neutrophin-1/B cell stimulatory factor-3 
NPY  neuropeptide Y 
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OPG  osteoprotegerin 
OSM  oncostatin M 
PAC1  PACAP receptor  
PACAP  pituitary adenylate cyclase-activating polypeptide 
PBS  phosphate-buffered saline 
PCR  polymerase chain reaction 
PDE  phosphodiesterase 
PGE2  prostaglandin E2  
PIAS  protein inhibitor of activated STATs  
PI3K  phosphoinositide 3-kinase  
PKA  protein kinase A 
PNS  peripheral nervous system 
PTH  parathyroid hormone 
PTHrP  PTH-related protein 
RAMP  receptor activity modifying protein 
RANK  receptor activator of nuclear factor κB 
RANKL  RANK ligand 
RIA  radioimmunoassay  
SHP  SH2-containing phosphatase  
sIL-6R  soluble IL-6 receptor  
SOCS  suppressor of cytokine signalling 
SP  substance P 
STAT  signal transducer and activator of transcription 
TGF-β  transforming growth factor-β 
TNF  tumor necrosis factor 
TNFR  TNF receptor 
TRAF  TNF receptor-associated factor 
TRAP  tartrate-resistant acid phosphatase 
VIP  vasoactive intestinal peptide 
VPAC  VIP/PACAP receptor  
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INTRODUCTION 
 
 
    Skeleton (Gr. “a dried body, mummy”) The hard framework  
    of the animal body, especially the bony framework of the body  
    of the higher animals; the bones of the body collectively. 
 
   Dorland’s Medical Dictionary 
 
The evolutionary development of the skeleton provided the body of the higher 
animal with a rigid structure contributing to support of both body posture and vital 
organs. The skeleton is a large organ composed of bone and cartilage and divided 
into many elements spread throughout the body. Besides the supportive functions, 
the skeleton also serves as a site for hematopoiesis and plays an important role as 
storage compartment for minerals. 
 
 

Bone tissue – composition, structure, and embryonic development 
 

Bone is a specialised form of connective tissue composed of an extracellular matrix in 
which inorganic salt crystals are dispersed, contributing to a higher degree of rigidity 
but still enabling some elasticity in the structure. Approximately 25% of the bone 
tissue is organic matrix, of which the main component (90-95%) is type I collagen. 
The type I collagen is ordered into fibrils which in turn create networks contributing 
to tissue elasticity and strength not only in bone, but also in skin, tendons, and 
ligaments (reviewed by Rossert and de Crombrugghe, 2002). The remaining part of 
the organic matrix is composed of proteoglycans and other non-collagenous proteins, 
as well as bone cells. In addition to the organic matrix, bone tissue consists of 5% 
water and 70% inorganic mineral functioning as ion reservoir. The inorganic, 
crystalline portion of the bone tissue is mainly composed of calcium and phosphate 
in the form of plate-shaped hydroxyapatite crystals [Ca10(PO4)6(OH)2] that coat the 
fibrils in the collagen framework, thereby improving the rigidity of the tissue 
(reviewed by Weiner and Traub, 1992).  
 
The skeleton contains two morphologically different forms of bone, based on the 
relative solidity of the tissues: cortical (compact) and trabecular (cancellous or 
spongy) bone. The skeleton is composed of approximately 80% cortical bone, which 
includes the diaphysis of the long bones and the compact outer layer that covers all 
the bones in the body. Cortical bone is composed of concentric layers of matrix 
lamellae, making it more compact and organised in its structure compared to 
trabecular bone. In contrast, trabecular bone tissue forms a network in which the 
bone marrow is contained. The less solid structure of the trabecular bone results in 
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higher surface area per bone unit compared to cortical bone, which in turn 
contributes to a higher rate of remodelling, since the metabolic activity is surface-
dependent (reviewed by Buckwalter et al., 1996). The inner cortical bone surface and 
the trabecular bone surfaces are covered by the endosteum which separates the bone 
surfaces from the bone marrow. The outer surface of the cortical bone is covered by 
the periosteum, which separates the bone from the surrounding tissues. The 
periosteum is in turn composed of two layers, an outer tough layer of collagen 
containing fibroblastic cells and networks of both nerves and vascular tissue, and an 
inner layer with higher cellular density including bone cells, fibroblasts, and 
sympathetic nerve cells (reviewed by Allen et al., 2004).             
 
The embryonic development of the skeleton occurs through two different processes: 
the flat bones are formed through intramembranous ossification, whereas long bones 
develop through endochondral ossification. Both processes are initiated by the 
formation of mesenchymal condensations, which defines both position and basic 
shape of the forming bones. In intramembranous ossification, the embryonic mesenchyme 
is condensed at skeletogenic sites, and the pluripotent mesenchymal cells are 
transformed directly into bone-forming osteoblasts in the connective tissue. The 
osteoblasts produce extracellular matrix, resulting in formation of bone islands which 
increase in size and develop into flat bones without cartilage intermediate. Except for 
the flat bones, most skeletal bones are formed through endochondral ossification. In this 
process, the embryonic mesenchyme is condensed and transformed by chondrocytes 
into a cartilage template with the shape of the forming bone. The chondrocytes 
undergo a strictly regulated life cycle of proliferation, maturation, and apoptosis. 
Following chondrocytic mineralization of the cartilage template, the chondrocytes 
undergo apoptosis, and the cartilage is vascularized and finally degraded by 
chondroclasts to be replaced by bone. The embryonic development of the skeleton is 
orchestrated by a complex network of both extracellular and intracellular factors 
regulating the actions and life cycle of the cells involved, an area that is beyond the 
scope of this work (for extensive review, see Karaplis, 2002; Kronenberg, 2003; 
Provot and Schipani, 2005). 

 
 

Bone cells 
 

Bone is a physiologically dynamic tissue that is constantly remodelled to respond to 
the changing needs of the body. The remodelling process is governed by the three 
cell types present, the bone-forming osteoblasts, the bone-resorbing osteoclasts, and 
osteocytes. The osteocytes constitutes about 90% of the cells in bone, however, the 
function of these cells is not fully understood. For a schematic illustration of the cells 
in bone, see Figure 1. 
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Osteoblasts  
Osteoblasts are the cells responsible for the formation of non-mineralized 
extracellular matrix and subsequent mineralization to form the mineralized bone 
tissue. Osteoblasts are both morphologically and genotypically very similar to 
fibroblasts which, like osteoblasts, release extracellular matrix. However, one main 
difference is that osteoblasts release matrix in a polarized fashion towards the bone 
surface, whereas fibroblasts release matrix in a pericellular manner. Osteoblasts are 
derived from multipotent mesenchymal stem cells found in the bone marrow and 
periosteum. The mesenchymal stem cells also give rise to chondrocytes, myoblasts, 
adipocytes, and tendon cells. The fact that the stem cells are multipotent and are able 
to differentiate into several cell types demands the action of cell type-specific factors 
for development. Only two cell type-specific factors have been identified in 
osteoblasts; the transcription factor core binding factor 1/runt-related transcription 
factor 2 (Cbfa1/Runx2), and the secreted factor osteocalcin (reviewed by Ducy et al., 
2000b; Harada and Rodan, 2003). Osteoblast differentiation may occur through two 
different pathways, either by further differentiation of chondrocytes in endochondral 
ossification, or direct differentiation of pluripotent mesenchymal cells in the sites of 
intramembranous ossification. The question has been raised whether there are any 
differences in osteoblasts that are differentiated through intramembranous compared 
to endochondral ossification. Another fascinating characteristic of the osteoblasts is 
their ability to produce two morphologically different types of bone depending on 
localization, a fact to which there is no explanation so far. In addition to their ability 
to form bone, the role of the osteoblasts in regulation of development and activity of 
the bone-resorbing osteoclasts has been strengthened during the last decade, since it 
has been shown that the osteoblast often is the cell type responding to factors known 
to regulate osteoclast formation and activity.      
 
Osteocytes 
The osteocytes are osteoblasts that have been incorporated into the bone matrix 
during osteoblastic bone formation. During the incorporation process, the motile, 
matrix-producing osteoblast with a rounded shape is trapped in lacunae and 
transformed into an immobile, more dendritic-shaped cell, a process that takes about 
three days (Palumbo, 1986). The osteocyte extends long processes into canaliculi in 
the mineralized bone, thereby enhancing nutrition and obtaining contact with both 
other osteocytes and cells on the bone surface (Knothe Tate et al., 2004). The 
osteocyte is by far the most abundant cell type in mature bone tissue, and osteocytes 
are more numerous in trabecular than cortical bone (Noble and Reeve, 2000). The 
function of the osteocyte is not fully understood, but several suggestions have been 
made that these cells are mechanosensors responding to mechanical stimuli and 
thereby regulating the metabolism of the bone tissue in concert with osteoblasts and 
osteoclasts (reviewed by Knothe Tate, 2003). 
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Osteoclasts 
Osteoclasts are the cells responsible for resorption of the bone tissue, a characteristic 
that is unique for this cell type. The osteoclast was originally described by Kölliker in 
1873. It is a multinucleated, non-dividing giant cell with a relatively short lifespan. 
Mature osteoclasts are formed through the fusion of mononuclear precursor cells 
derived from the monocyte/macrophage hematopoietic stem cell lineage. After 
proliferation, mononuclear osteoclast precursor cells are recruited from the bone 
marrow, or other hematopoietic sites via the circulation. The precursors are guided to 
sites where resorption of the bone tissue is to take place, however, the mechanism 
and cell type responsible for the recruitment of precursors are still unknown. Fusion 
of the osteoclast precursors results in formation of mature osteoclasts, and this 
process only takes place at or near the bone surface (reviewed by Lerner, 2000; Boyle 
et. al., 2003). The molecular mechanisms behind the differentiation, fusion and 
activation of osteoclasts will be further described in the paragraph “Bone 
metabolism” below.   
 
 
 

BLOOD VESSEL 

OSTEOBLAST 
PROGENITOR 

OSTEOCLAST 
PROGENITOR 

OSTEOCLAST 
OSTEOBLASTS 

OSTEOID 

MINERALIZED BONE OSTEOCYTE  
 
  Figure 1. Schematic picture of the cell types in bone. 
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Bone metabolism 
 

Skeletal metabolism varies temporally throughout the lifespan of the vertebrate. The 
embryonic development is followed by a second anabolic growth phase during which 
the bones retrieve their final length and shape. In both these processes, bone 
formation exceeds bone resorption to obtain a larger bone mass. In the adult 
skeleton, however, skeletal architecture and bone mass are maintained through 
balance between the continuous osteoclastic bone resorption and osteoblastic bone 
formation. At any time throughout adulthood, remodelling of the bone is carried out 
in approximately 2 million microscopic sites in the skeleton (Harada and Rodan, 
2003). 
 
The remodelling cycle 
The bone tissue is continuously replaced to respond to the changing physiological 
needs of the body. This process, denoted the remodelling cycle, includes recruitment 
and activation of both osteoblasts and osteoclasts, and involves both bone resorption 
and bone formation. The events and signalling behind the determination of site 
location and initiation of the remodelling process are still unknown. All bone surfaces 
are covered by osteoblastic cells, which are in a quiescent state when bone 
remodelling does not take place. The remodelling cycle begins with activation of the 
quiescent osteoblasts, a process that is regulated by numerous factors including both 
systemic hormones and local factors. The activated osteoblasts degrade the osteoid, 
the non-mineralized matrix covering the mineralized bone, to enable for osteoclasts 
to reach the surface of the mineralized bone. Osteoid degradation is performed 
through production and secretion of proteolytic enzymes (reviewed by Vaes, 1988). 
 
At the time of bone resorption, osteoclast progenitor cells are attracted to the 
resorptive site from the circulation through a “homing process”, which is still 
unknown. For a long time, the following events in which osteoclasts differentiate and 
become activated puzzled the research community as well. However, the proteins and 
cells behind these processes have now, at least to some extent, been elucidated (for 
overview, see Figure 2). It was first reported by Suda and co-workers that presence of 
bone marrow stromal cells, multipotent cells with the ability to differentiate to cells 
with an osteoblastic phenotype, was crucial for osteoclastogenesis in cultures of 
hematopoietic cells (Takahashi et al., 1988). The same research group shortly 
thereafter discovered the reason for this fact, demonstrating that cell-to-cell contact 
with support cells is necessary for osteoclast differentiation (Udagawa et al., 1989). 
Following this breakthrough, two proteins produced by osteoblasts/stromal cells, the 
cytokine macrophage colony-stimulating factor (M-CSF) and the tumor necrosis 
factor (TNF)-related protein receptor activator of nuclear factor κB ligand (RANKL), 
were shown to be both necessary and sufficient for osteoclastogenesis. M-CSF is a 
secreted product of osteoblasts and their precursors, and binding of M-CSF to its 
receptor c-Fms on osteoclast progenitor cells promotes proliferation and survival of 
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these cells (Tanaka et al., 1993; Felix et al., 1994). However, cell-to-cell contact with 
cells from the osteoblastic lineage is necessary for further differentiation and 
activation of the osteoclast precursors. This is mediated by binding of RANKL, 
expressed on the surface of osteoblasts, to its receptor denoted receptor activator of 
nuclear factor κB (RANK) on osteoclast precursors and multinuclear osteoclasts. The 
interaction between RANKL and RANK promotes differentiation of the 
mononuclear osteoclast progenitor cells, fusion of preosteoclasts and activation of 
multinucleated osteoclasts, resulting in development of multinucleated, teminally 
differentiated osteoclasts that are able to resorb bone (Lacey et al., 1998; Hsu et al., 
1999). This fundamental step in osteoclast maturation and activation also involves a 
natural inhibitor to regulate osteoclastic bone resorption and thereby prevent 
imbalances between formation and resorption of bone in the remodelling cycle. 
Hence, in addition to RANKL, cells of the osteoblast lineage also produce 
osteoprotegerin (OPG), a soluble glycoprotein with the ability to bind to RANKL 
and thereby function as a decoy receptor in the interaction between RANKL and 
RANK, resulting in inhibition of osteoclastic development and bone resorption 
(Simonet et al., 1997; Yasuda et al., 1998b). Additional facts about discovery, structure, 
and synthesis of the proteins mentioned above, as well as the signalling cascades and 
nuclear targets downstream of c-Fms and RANK, will be further discussed below in 
“Regulators of bone metabolism and bone cell function”.       
 
 

 
 

Hematopoietic 
progenitor cell 

Multinucleated  
osteoclast Preosteoclast 

1 2,3 

Figure 2. Osteoclast formation and activation is a multistep process, including  
1) proliferation of progenitor cells induced by M-CSF, 2) differentiation 
induced by RANKL, 3) fusion of preosteoclasts and, 4) activation of multi-
nucleated inactive osteoclasts to mature bone-resorbing osteoclasts. 

Activated 
osteoclast 4

OPG RANK 
RANKL M-CSF 

c-Fms 
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Bone resorption is a process during which the osteoclasts undergo major cellular 
alterations. Following osteoid degradation, activated osteoclasts attach to the bone 
surface through interactions between the αvβ3 integrin on the cell surface and several 
bone matrix proteins, including osteopontin and bone sialoprotein. The attachment 
results in formation of a ring-shaped sealing zone in the periphery of the cell 
membrane facing the bone surface, which isolates the resorptive area under the 
osteoclast from the surrounding space. In addition, rearrangement of cytoskeletal 
components and organelles results in polarization of the osteoclast. Cellular 
attachment to bone also induces intracellular signalling that promotes transport of 
acidifying vesicles containing H+ATPase proton pumps towards the resorptive site 
known as Howship’s lacuna. Subsequent fusion of the proton pump-containing 
vesicles with the membrane results in formation of a ruffled border in the matrix-
apposed part of the cell membrane. Protons are produced intracellularly from 
hydrogen carbonate by the enzyme carbonic anhydrase II. In addition to the 
transport of H+ through the proton pump, chloride ions are released into the 
Howship’s lacuna through chloride channels in the ruffled border to maintain 
intracellular electroneutrality. Production of hydrochloric acid in the lacuna results in 
local decrease of the pH to about 4.5, causing dissolution of the inorganic 
components in the bone tissue. In addition, subsequent degradation of proteins in the 
bone matrix is performed by several groups of proteolytic enzymes, including 
metalloproteinases (MMPs) and cysteine proteinases such as cathepsin K. The 
degradation products are ingested by the cell through endocytosis and released on the 
basolateral cell surface, a process performed to prevent accumulation of degradation 
products in the Howship’s lacuna. For general review on osteoclast function, see 
Rousselle and Heymann, 2002; Väänänen and Zhao, 2002.  
 
The resorption process results in release from the mineralized matrix of non-
collagenous proteins, which have been deposited by osteoblasts during bone 
formation. These non-collagenous proteins include growth factors, such as insulin-
like growth factor (IGF)-I, IGF-II, and transforming growth factor-β (TGF-β). 
When the osteoclasts have detached from the bone surface and these proteins are 
released from the resorption site, they function to activate osteoblasts positioned near 
the resorbed area, causing these cells to invade the resorption lacuna and start to 
rebuild bone. Compared to the resorption process that takes a few weeks, the bone 
formation process is slower and takes several months.   
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Regulators of bone metabolism and bone cell function 
 
To prevent pathological conditions in the skeleton caused by imbalances between 
bone formation and bone resorption, the metabolism of the bone tissue is 
orchestrated by a complex network of factors, including both systemic factors and 
local factors produced in the bone microenvironment. The systemic factors include 
1α,25-dihydroxy vitamin D3 (D3), parathyroid hormone (PTH), calcitonin, sex 
steroids, glucocorticoids, and thyroid hormones. Besides the systemic factors, several 
groups of factors important for regulation of bone metabolism are produced locally 
by the bone cells, including osteotropic cytokines, prostaglandins, and growth factors. 
Here follows an introduction to osteotropic factors that have been studied in this 
project.  
 
M-CSF 
M-CSF, also known as colony-stimulating factor-1 (CSF-1), was first isolated from 
fetal mouse yolk sac (Johnson and Metcalf, 1978), and was found to stimulate 
macrophage colony formation of mouse bone marrow cells in a semisolid agar culture 
system (Johnson and Burgess, 1978). Due to differential splicing and post-
translational modifications, several M-CSF isoforms are produced; a secreted soluble 
homodimeric glycoprotein, a membrane-bound homodimeric glycoprotein, and a 
secreted dimeric proteoglycan that can be anchored to extracellular matrix (reviewed 
by Stanley et al., 1997). M-CSF is produced by several cell types besides osteoblasts 
and bone marrow stromal cells, including monocytes, granulocytes, endothelial cells, 
and fibroblasts. It promotes the proliferation, survival, and differentiation of 
monocytes and macrophages, and plays, as mentioned earlier, a pivotal role in the 
survival and proliferation of osteoclast progenitor cells. The crucial role of M-CSF in 
osteoclastogenesis was revealed by studies on the osteopetrotic op/op mouse. This 
mouse was found to have a single base pair insertion in the M-CSF gene generating a 
stop codon, causing lack of full-length M-CSF protein although the M-CSF mRNA 
levels were normal (Yoshida et al., 1990). The absence of functional M-CSF was 
shown to result in development of systemic osteopetrosis due to severe deficiency in 
mature osteoclasts (Wiktor-Jedrzejczak et al., 1990). However, this effect can be 
compensated for over time through progressive expression of the related cytokine 
granulocyte/macrophage colony-stimulating factor (GM-CSF; Myint et al., 1999). In 
contrast, Dai and co-workers demonstrated in a recent publication that transgenic 
expression in op/op mice of surface-bound M-CSF could not reverse the osteopetrotic 
phenotype (Dai et al., 2004), indicating that the secreted forms of M-CSF is necessary 
for osteoclastogenesis. 
 
The biological activities of M-CSF are mediated by its receptor c-Fms, also known as 
CD115, which is the gene product of the proto-oncogene c-fms (Sherr et al., 1985). 
The receptor is a 165 kDa glycoprotein with a single transmembrane domain 
connecting the extracellular ligand-binding domain, containing five immunoglobulin-
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like repeats, with the intracellular domain (reviewed by Fixe and Praloran, 1998). 
Upon ligand binding, c-Fms is homodimerized and the tyrosine kinase domain, which 
is part of the intracellular receptor domain, induces autophosphorylation of the 
receptor. Phosphorylation promotes interaction of the receptor with adapter proteins 
such as Src, Grb2, and p85, which in turn induce signalling cascades, including the 
phosphoinositide 3-kinase (PI3K) and mitogen-activated protein (MAP) kinase 
cascades (reviewed in Bourette and Rohrschneider, 2000). In osteoclast progenitor 
cells, binding of M-CSF to c-Fms on the cell surface induce intracellular signalling 
cascades that result in promotion of cell survival and proliferation. Similar to absence 
of functional M-CSF, mice deficient in c-Fms develop osteopetrosis due to lack of c-
Fms on osteoclast precursor cells (Dai et al., 2002).  
 
RANKL/RANK/OPG 
Cell-to-cell contact is a prerequisite for osteoclast formation and activation. Contact 
with osteoblasts/stromal cells is crucial for differentiation and fusion of osteoclast 
progenitor cells to multinucleated preosteoclasts, as well as for activation of mature 
multinucleated osteoclasts to resorb bone. The contact is accomplished by interaction 
between RANKL and its cognate receptor RANK, with OPG functioning as a decoy 
receptor in the system. Since several research groups concurrently discovered these 
proteins, they were given several names. To prevent confusion, the American Society 
for Bone and Mineral Research has proposed RANKL, RANK, and OPG as 
standard nomenclature for these proteins (ASBMR Committee on Nomenclature, 
2000). Here, they will be presented in chronological order according to time of 
discovery. 
 
OPG 
OPG was the first of the three molecules to be identified. In 1997, Tsuda and co-
workers reported the finding of a protein secreted from human fibroblasts that was 
shown to inhibit bone resorption, and was denoted ostoclastogenesis inhibitory factor 
(OCIF; Tsuda et al., 1997). Simultaneously, Simonet and colleagues reported a protein 
cloned from a rat intestinal cDNA with actions similar to those of OCIF, which was 
termed osteoprotegerin (OPG; Simonet et al., 1997). A third protein that inhibited 
osteoclast formation was found in a sequence tag database and termed TNF receptor-
like molecule 1 (TR1) for its similarity to the members of the TNF receptor 
superfamily (Tan et al., 1997). OCIF and TR-1 were later found to be identical to 
OPG (Yasuda et al., 1998a; Kwon et al., 1998). In addition, Yun and colleagues 
discovered a TNF-related receptor in lymphoid cells that was named follicular 
dendritic cell-derived receptor-1 (FDCR-1), which also was identical to OPG (Yun et 
al., 1998).  
 
The product of the OPG gene is a 401 amino acid propeptide, which is cleaved to a 
biologically active 380 amino acid protein that can exist as both monomer and 
disulfide-linked homodimer. Human, mouse, and rat OPG share 85-94% sequence 
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homology. Ligand binding is achieved by several domains, including four cysteine-
rich domains in the N-terminal of the OPG protein. Unlike the other members of the 
TNF receptor (TNFR) superfamily, OPG lacks transmembrane domain and 
cytoplasmic tail and consequently exists as a soluble receptor.  
 
OPG is not a bone-specific protein; OPG mRNA expression have been detected in 
several organs and tissues other than bone, including cartilage, skin, lung, liver, heart, 
kidney, brain, as well as lymphoid cells. The physiological importance of OPG in 
development of osteoclasts as well as bone resorption has been studied using both 
OPG-deficient mice and transgenic mice overexpressing OPG. The opg-/- knockout 
mice develop severe early-onset osteoporosis due to excessive osteoclast formation 
and activity (Bucay et al., 1998; Mizuno et al., 1998). Interestingly, the targeted deletion 
of OPG also caused calcification of larger arteries (Bucay et al., 1998). In contrast, 
overexpression of OPG in mice results in osteopetrosis with increased bone mineral 
density and decreased osteoclast formation (Simonet et al., 1997). The limited 
phenotypes of both ablation and overexpression of OPG were somewhat surprising 
bearing in mind the widespread expression of OPG in various tissues. This fact, 
however, suggests OPG as a possible therapeutic target in treatment of increased 
bone resorption in pathological conditions such as osteoporosis and rheumatoid 
arthritis.   
  
RANKL 
RANKL, in similarity with OPG, was discovered by several groups. Wong and co-
workers reported a TNF-related protein that bound to TNF receptors on T cells and 
was named TNF-related activation-induced cytokine (TRANCE; Wong et al., 1997). 
Simultaneously, a protein was reported that stimulated T cell growth and was denoted 
RANKL (Anderson et al., 1997). In addition, two separate groups discovered a 
protein that enhanced osteoclast differentiation and named it osteoclast 
differentiation factor (ODF; Yasuda et al., 1998b) and osteoprotegerin ligand (OPGL; 
Lacey et al., 1998).  
 
Human and mouse RANKL are 317 and 316 amino acid peptides, respectively. This 
member of the TNF ligand superfamily is biologically active both in membrane-
bound and soluble forms. Unlike M-CSF, the different forms of RANKL are not 
produced through differential splicing, but are instead a result of proteolytic shedding 
of the RANKL ectodomain by the metalloprotease-disintegrin TNF-α convertase 
(TACE) and possibly other, related metalloproteases (Lum et al., 1999). RANKL 
interacts with RANK as a homotrimer through the extracellular domain consisting of 
four receptor-binding loops (Lam et al., 2001; Ito et al., 2002). Although the soluble 
and membrane-bound forms both are biologically active, the membrane-bound form 
has been indicated to be more efficient in inducing osteoclastogenesis in vitro 
(Nakashima et al., 2000).  
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RANKL is expressed primarily in bone and lymphoid tissues such as the spleen, 
thymus, and lymph nodes, but also in other extraskeletal tissues such as brain, heart, 
kidney, skeletal muscle, and skin (Kartsogiannis et al., 1999). The genetic proof for the 
importance of RANKL in osteoclast development is the osteopetrotic phenotype due 
to lack of osteoclasts, as well as growth retardation in several skeletal sites, in mice 
with targeted deletion of the RANKL gene (Kong et al., 1999). The rankl -/- mice also 
have defective tooth eruption, severely impaired T and B lymphocyte differentiation 
and complete lack of lymph nodes (Kong et al., 1999). To further evaluate the 
importance of local production of RANKL in bone, Choi and colleagues generated 
rankl -/- mice in which a RANKL transgene under the control of a CD4 enhancer 
drives expression of RANKL in T and B cells. In these mice, lymph node 
organogenesis is restored, but the effects on the bone phenotype vary with the 
skeletal site studied. For example, the number of TRAP-positive cells increased and 
marrow spaces were restored in long bones, and the number of osteoclasts was 
restored in many endosteal sites. However, the periosteum and jaws were still devoid 
of osteoclasts, and defective tooth eruption and growth retardation still persisted 
(Kim et al., 2000; Odgren et al., 2003). In contrast, mice overexpressing soluble 
RANKL under a liver-specific promoter developed an osteoporotic phenotype with 
significantly increased number of osteoclasts and decreased bone mineral density 
(Mizuno et al., 2002).      
 
RANK  
RANK was first discovered in dendritic cells as a regulator of interactions between 
this cell population and T cells (Anderson et al., 1997), and was later identified on 
osteoclasts as the receptor for RANKL (Hsu et al., 1999). RANK belongs to the 
TNFR superfamily and has, similar to OPG and other family members, an N-
terminal extracellular domain with four cysteine-rich domains that are involved in 
ligand binding. A transmembrane part of the receptor connects the extracellular 
ligand binding structure with a large cytoplasmic tail.  
The intracellular portion of the receptor interacts with several signalling pathways to 
mediate biological responses. The signalling cascade downstream RANK is mediated 
by adapter proteins called TNF receptor-associated factors (TRAFs), which bind to 
the cytoplasmic tail of all receptors in the TNFR family (reviewed by Arch et al., 
1998). The main adapter protein in the RANK signalling cascade is TRAF6, which 
interacts with a membrane-proximal domain of RANK (Galibert et al., 1998; Darnay 
et al., 1999). Activation of TRAF6 results in propagation of the intracellular signalling 
cascade through a complex network of pathways, including nuclear factor κB (NF-
κB), c-Src, and several kinases such as p38, extracellular signal-regulated protein 
kinases (ERKs), and c-Jun N-terminal kinase (JNK; for extensive review, see Lerner, 
2004). Activation of the numerous signalling pathways results in nuclear translocation 
of several transcription factors, including NF-κB, activator protein-1 (AP-1), and 
nuclear factor of activated T cells 2 (NFAT2). The transcription factors in turn 
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regulate transcription of genes, of which many are still unknown, required for 
multinucleated osteoclast formation and activation. 
 
The importance of RANK signalling in osteoclastogenesis and bone resorption has 
been studied using rank -/-, as well as traf6 -/- mice. Similar to the rankl -/- phenotype, 
targeted deletion of rank results in severe osteopetrosis due to complete absence of 
multinucleated osteoclasts, defective tooth eruption, B cell deficiency and absence of 
most peripheral lymph nodes (Dougall et al., 1999; Li et al., 2000). However, the 
osteopetrotic phenotype of the rank knockout mice could be reversed by bone 
marrow transplantation (Li et al., 2000). In addition, traf6 -/- mice also develop an 
osteopetrotic phenotype similar to those of rankl and rank knockout mice (Lomaga et 
al., 1999; Naito et al., 1999). These facts together further strengthens the role of 
RANK as an essential determinant in osteoclastogenesis and bone resorption.  
 
 
The IL-6 family of cytokines 
The term “cytokine” was initially used for a limited group of immunomodulatory 
proteins to separate them from other factors regulating proliferation and activity of 
non-immune cells. However, research has revealed a more widespread function of 
many of these proteins and “cytokine” is therefore today used as a generic name for a 
diverse group of proteins acting as humoral regulators in a broader perspective, 
modulating many tissues and cell types. The interleukin (IL)-6 family of cytokines 
currently includes IL-6, IL-11, leukemia inhibitory factor (LIF), oncostatin M (OSM), 
cardiotrophin-1 (CT-1), ciliary neurotrophic factor (CNTF), and novel neutrophin-
1/B cell stimulating factor-3 (NNT-1/BSF-3; Sehgal et al., 1995; Senaldi et al., 1999). 
The family members are multifunctional factors with a broad spectrum of effects 
regulating almost every system in the body. Several family members have been shown 
to regulate bone metabolism, and since IL-6, LIF, and OSM have been studied in this 
project they will be further described in this section.  
 
Receptor structure and signalling – an introduction  
Interleukins exerts their effects by binding to cell surface receptor complexes 
belonging to the type I cytokine receptor family. They are transmembrane ligand–
binding receptors consisting of an N-terminal extracellular domain with four cysteine 
residues and a Trp-Ser-X-Trp-Ser (WSXWS) motif involved in ligand binding, which 
is connected through a transmembrane domain to a cytoplasmic tail containing two 
conserved motifs that are involved in intracellular signalling. Redundancy has been 
demonstrated between the actions of the IL-6-type cytokines, which to some extent 
can be ascribed to the use of a common signal-transducing receptor subunit, the 
glycoprotein gp130. The gp130 receptor subunit was identified and cloned as the 
signal transducer for IL-6 (Taga et al., 1989; Hibi et al., 1990), and later shown to be a 
common receptor component for all IL-6 family members (Taga et al., 1992). For an 
overview of the receptors for IL-6, LIF, and OSM, see Figure 3. 
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Ligand binding to the receptor and association of the receptor subunit(s) with gp130 
trigger intracellular signalling cascades. The first event is activation of a family of 
kinases known as Janus kinases (JAKs). JAKs are tyrosine kinases that are associated 
with the membrane proximal portion of several cytokine receptor complexes. JAK 
autophosphorylation and tyrosine phosphorylation of the receptor complex induce a 
conformational change in the cytoplasmic tail of the receptor or gp130, resulting in 
the formation of docking sites for adaptor proteins. Although there is extensive 
knowledge about extracellular events such as ligand-binding and receptor complex 
assembly, intracellular receptor structures and the exact mechanisms underlying the 
recruitment of signalling molecules to the cytoplasmic part of the receptors are still 
elusive. Phosphorylation induces recruitment and subsequent binding to the gp130 
docking sites of numerous factors, including members of the signal transducer and 
activator of transcription (STAT) transcription factor family. After tyrosine 
phosphorylation of STAT, they dissociate from the receptor complex. The 
phosphorylation promotes STAT dimerization, and the dimers are subsequently 
translocated to the nucleus to regulate target gene expression (reviewed by Levy and 
Darnell, 2002). Although not extensively studied, other intracellular signalling 
pathways besides JAK/STAT have been considered to be involved in IL-6-type 
family signalling. Several cytokines have been shown to activate the Ras-dependent 
pathway, a MAP kinase signalling cascade that results in phophorylation and 
subsequent activation of numerous transcription factors. Activation of the Ras 
pathway is mediated by activation and binding of adapter proteins to the cytokine 
receptor complex. In addition, the PI3K cascade has been suggested to be involved in 
cytokine signalling. For extensive review on IL-6-type cytokine signalling, see 
Heinrich et al., 1998.  
 
Regulation of cytokine signalling is mediated by three main families of signal 
transduction inhibitors, including SH2 domain-containing phosphatases (SHP), 
suppressors of cytokine signalling (SOCS), and protein inhibitors of activated STATs 
(PIAS), which control different steps in the intracellular signalling cascade. SHPs are 
constitutively expressed phosphatases that regulate early events in the signalling 
cascade through their ability to dephosphorylate JAKs and cytokine receptor 
complexes. The PIAS proteins functions through repression of STAT activity. In 
contrast to both SHP and PIAS factors, SOCS proteins are inducible and inhibit 
signal transduction through both interference with signalling and induction of 
proteasomal degradation of receptor complexes (reviewed by Wormald et al., 2004).   
 
IL-6 
IL-6 is a pleiotropic cytokine that plays a major role as regulator of cell development, 
activity, and survival in the immune and hematopoietic systems. It is an important 
mediator of the acute phase response and has also been found to affect the endocrine 
system, neural development as well as bone metabolism. IL-6 was first reported as 
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interferon (IFN)-β2 in human fibroblasts (Weissenbach et al., 1980), and was later 
identified in many cell types and thereby given several additional names (reviewed by 
Kamimura et al., 2003). Murine and human IL-6 are 187 and 185 amino acid proteins, 
respectively, with 42% sequence homology. IL-6 is synthesized as a pro-peptide with 
a hydrophobic signal peptide that is cleaved off to form the biologically active, 
soluble protein. 
   
The IL-6 receptor (IL-6R) was cloned using IL-6 as a probe (Yamasaki et al., 1988). It 
was later found to exist in two biologically active forms, both a membrane-bound 
form with a transmembrane domain and a short cytoplasmic tail not involved in 
signal transduction, and a shorter soluble form. The soluble IL-6 receptor (sIL-6R) 
binds IL-6 with an affinity similar that of the membrane-bound receptor, and is 
generated by proteolytic cleavage of the membrane-bound IL-6R or translation of 
alternatively spliced receptor mRNA (reviewed by Jones et al., 2001). Synthesis of IL-
6R is rather restricted, and the presence of a biologically active soluble receptor is 
therefore crucial for many target cells, since the production of the receptor protein in 
that case is unnecessary for cellular response as long as the target cell produces the 
signal-transducing unit gp130, which has been shown to be more ubiquitously 
expressed than the IL-6 receptor (Saito et al., 1992). The signalling process involving 
the sIL-6R is termed transsignalling, and elevated sIL-6R levels have been 
demonstrated in numerous diverse pathological conditions, such as rheumatoid 
arthritis, multiple myeloma, multiple sclerosis, and cardiovascular diseases, indicating 
that sIL-6R is and important factor for induction and/or maintenance of several 
diseases (reviewed by Jones et al., 2005; Kallen, 2002). The IL-6 ligand-receptor 
assembly is a hexamer consisting of two separate IL-6/IL-6R complexes that bind on 
opposite sides to a gp130 dimer to form a high-affinity signalling structure (Chow et 
al., 2001; Boulanger et al., 2003). Assembly of the signalling complex results in 
activation of the Janus kinases JAK1, JAK2, and Tyk2 (Lutticken et al., 1994; 
Narazaki et al., 1994; Stahl et al., 1994). Phosphorylation of JAKs and gp130 promotes 
recruitment of STAT3 and subsequent phosphorylation on Tyr705, which enables 
dimerization. In addition, a second phosphorylation on Ser727 has been 
demonstrated to be crucial for full transcriptional activity of STAT3 (Abe et al., 2001). 
Liu and co-workers have in a recent publication showed that shuttling of dimeric 
STAT3 between cytoplasm and nucleus is independent of phosphorylation, and 
nuclear entry is mediated by binding to a specific protein carrier denoted importin-α 
(Liu et al., 2005). Besides STAT, IL-6 concomitantly activates both the Ras kinase 
cascade and the PI3K pathway. The Ras/Raf/ERK signalling cascade has been 
shown to mediate IL-6 responses through activation of transcription factors, 
including CCAAT/enhancer binding protein β (C/EBPβ; Nakajima et al., 1993; 
Giordano et al., 1997). Activation of the PI3K pathway results in phosphorylation of 
the serine/threonine kinase Akt which is associated with increased cell growth and 
survival. IL-6 has been shown to activate the PI3K/Akt pathway, resulting in 
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protection against apoptosis in multiple myeloma cells (Hideshima et al., 2001). The 
PI3K pathway may also indirectly activate the ERK pathway through the adapter 
molecule Grb-associated binder 1 (Gab1; Takahashi-Tezuka et al., 1998). However, 
IL-6 signal transduction via the PI3K/Akt pathway should be considered cell-type 
specific.  
 
Termination of IL-6 signal transduction involves several mechanisms, affecting 
different levels of the signalling process. An early event is internalization of the IL-6 
ligand-receptor complex via endocytosis through a gp130-dependent, JAK/STAT-
independent process (Dittrich et al., 1994; Thiel et al., 1998). Furthermore, the 
cytoplasmic inhibitor SHP2 limits receptor complex and STAT3 activation by binding 
to gp130 (Lehmann et al., 2003). SOCS3, and to a lesser extent SOCS1, attenuate JAK 
kinase activity through an IL-6-induced feedback loop (Sasaki et al., 1999; Nicholson 
et al., 2000). In addition, STAT3 activity is repressed in the nucleus through blocking 
of STAT3 DNA binding by PIAS3 (Chung et al., 1997), and dephosphorylation by a 
specific nuclear phosphatase (Yamamoto et al., 2002). Finally, termination of IL-6 
signalling may also be achieved by nuclear export accomplished by fusion of STAT, 
via specific nuclear export signal elements, with carrier proteins (Bhattacharya and 
Schindler, 2003).  
 
 
LIF 
LIF was isolated from ascites tumor cells and cloned from a T lymphocyte cDNA 
library as a leukemia inhibitory factor and inducer of macrophage maturation 
(Gearing et al., 1987; Hilton et al., 1988). LIF is a multifunctional protein that in 
similarity to IL-6 plays a prominent role in many physiological events, including the 
acute phase response, proliferation of hematopoietic cells, and neural development 
(reviewed by Auernhammer and Melmed, 2000). It has also been extensively used in 
developmental biology research because of its ability to induce maintenance of 
totipotentiality of murine embryonic stem cells (Williams et al., 1988). The murine and 
human LIF genes both consist of three exons and two introns with highly conserved 
sequences, and the translated proteins of 180 and 179 amino acids, respectively, share 
79 % sequence homology (Stahl et al., 1990; Willson et al., 1992). LIF is expressed in 
many tissues and cell types, although the basal expression level is normally very low 
(Brown et al., 1994).  
 
In 1991, Gearing and co-workers cloned the human LIF receptor from a placental 
cDNA library (Gearing et al., 1991). The LIF receptor (LIFR; also denoted gp190) 
was found to have a large ligand-binding extracellular domain, and a transmembrane 
domain and cytoplasmic tail structurally similar to gp130. Alternative splicing results 
in both a membrane-bound and a soluble form of LIFR (Owczarek et al., 1996; 
Zhang et al., 1998). Presence in serum of soluble LIFR has suggested it to be a 
possible inhibitor of LIF function since binding to sLIFR results in blockage of 

23 



 

biological effects of LIF (Layton et al., 1992). Ligand binding of LIF to membrane-
bound LIFR induces heterodimerization of LIFR with gp130. Similar to IL-6, binding 
of LIF to the receptor complex results in phosphorylation and activation of JAK1, 
JAK2, and Tyk2. In contrast to the IL-6 receptor, the cytoplasmic tail of LIFR is 
involved in signal transduction, and phosphorylation of gp130 and LIFR enables 
binding to the receptor complex of JAK kinases, adapter proteins and transcription 
factors such as STATs (Baumann et al., 1994; Stahl et al., 1994). Signal propagation is 
mediated by the ‘classical’ JAK/STAT pathway through STAT3, and MAP kinase 
cascades via binding to the receptor complex of several factors in the kinase cascade, 
including Ras and Raf-1 (Schiemann et al., 1997; Schiemann and Nathanson, 1998). 
Termination of LIF signalling is similar to that of IL-6 and is mediated by ligand-
receptor complex internalization and the action of several signalling inhibitors, 
including SHPs, SOCS-1/SOCS-3, and PIAS3.  
 
OSM 
OSM was originally isolated as a secreted product from lymphoma cells (Zarling et al., 
1986). It shares biological responses with the other IL-6 family members, including 
involvement in inflammation, hematopoiesis, and development. OSM is produced by 
many cell types, but the main cellular sources seem to be T lymphocytes, monocytes, 
and macrophages (reviewed by Tanaka and Miyajima, 2003). OSM is a monomeric 
glycoprotein synthesized as a pro-peptide from which an N-terminal signal sequence 
and a C-terminal peptide are proteolytically cleaved to generate the active form (Malik 
et al., 1989; Linsley et al., 1990).  
  
Many biological effects of OSM overlap with those of LIF, which in part can be 
explained by the fact that OSM utilize the LIF/gp130 heterodimeric receptor 
complex for signalling.  However, OSM receptor signalling is more complex in nature 
than that of the other family members. Besides the LIFR, the presence has been 
demonstrated of a second OSM binding receptor, denoted OSM receptor β 
(OSMRβ), which binds OSM but not LIF (Mosley et al., 1996). This receptor 
mediates the effects of OSM through similar intracellular pathways as the LIFR, with 
the exception of the additional involvement of STAT5a and the adapter protein Shc 
involved in the MAP kinase cascade (Auguste et al., 1997; Hermanns et al., 2000). 
Binding of OSM to LIFR and OSMRβ is also species-variable, with human OSM 
interacting with both the human LIFR and OSMRβ, while murine OSM only binds 
to murine OSMRβ but not the LIFR (Ichihara et al., 1997; Lindberg et al., 1998; 
Tanaka et al., 1999). However, when human OSM is used with murine cells, it will 
only form signalling complex with the murine LIFR and not the OSMRβ. In this way, 
human OSM should cause effects similar to those of murine LIF, whereas murine 
OSM may elicit different responses by employment of a different signalling pathway 
including OSMRβ. In addition, OSM is the only IL-6-type cytokine that can bind 
directly to gp130 with low affinity (Gearing et al., 1992; Sporeno et al., 1994), although 
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this interaction does not generate any signal transduction. After signal transduction is 
complete, OSM signalling is suppressed by SHPs, SOCS-3, and PIAS3 similar to the 
other IL-6-type cytokines.  
 
 

 
 

IL-6 mLIF hLIF hOSM mOSM 

IL-6R sIL-6R LIFR OSMRβ gp130 

Figure 3. Interactions between IL-6, LIF and OSM and their cognate receptors 
in mouse tissue. Both human (h) and murine (m) LIF and OSM are included. 
 
 
IL-6-type cytokines and bone 
Several IL-6 family members are produced by bone cells, primarily osteoblasts, which 
also express receptors for IL-6, IL-11, LIF, OSM, and CNTF (Bellido et al., 1996). IL-
6 was the first family member in focus as osteotropic cytokine, but the results on IL-6 
as regulator of osteoclastogenesis and bone resorption under physiological conditions 
were contradictory. In 1990, it was reported that IL-6 stimulated both 
osteoclastogenesis in human bone marrow cultures and bone resorption in mouse 
calvariae (Kurihara et al., 1990; Ishimi et al., 1990). IL-6 was also later shown to 
mediate the stimulatory effects of PTH on bone resorption in vivo (Grey et al., 1999). 
In contrast, two other reports showed no effects of IL-6 on bone resorption in 
mouse calvariae in vitro (al-Humidan et al., 1991; Holt et al., 1994). The fact that the 
effect of IL-6 in some systems demanded the presence of, and interaction with, sIL-
6R (Tamura et al., 1993) suggested that the effects of IL-6 on osteoclast 
differentiation and bone resorption were not direct effects mediated by receptors on 
osteoclasts. This theory was supported by the findings by Udagawa and colleagues 
who demonstrated that the effects of IL-6 were mediated by an indirect mechanism 
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involving binding of IL-6 to receptors on osteoblastic cells (Udagawa et al., 1995). 
Moreover, several types of human osteoblasts were later found to express both 
membrane-bound and soluble IL-6R, however, the membrane-bound form was non-
functional (Vermes et al., 2002). Despite many reports on effects of IL-6 on bone 
resorption, studies on knockout mice did not strengthen the role of IL-6 in bone 
metabolism, since il-6 -/- mice were normal in that sense that they did not display any 
overt bone phenotype (Kopf et al., 1994). Furthermore, Kawasaki and colleagues 
showed that osteoclast development was not impaired, but instead the number of 
osteoclasts was increased in fetal gp130-deficient mice (Kawasaki et al., 1997).  
 
In contrast to the various effects under the conditions described above, IL-6 has been 
suggested to mediate bone loss in several pathological conditions, both systemic bone 
loss in osteoporosis, hyperparathyroidism, and Paget’s disease (Grey et al., 1996; 
Manolagas and Jilka, 1995; Roodman and Windle, 2005), and inflammation-induced 
local bone loss in rheumatoid arthritis and periodontal disease (Kotake et al., 1996; 
Okada et al., 1998). IL-6 plays an important role in postmenopausal osteoporosis, and 
the resorptive effect is suggested to be caused by the decreased estrogen levels, since 
synthesis of IL-6 in osteoblasts/stromal cells is regulated by estrogen (Girasole et al., 
1992), and ovariectomy-induced bone loss can be prevented by infusion of IL-6 
antibodies (Jilka et al., 1992). This was also further demonstrated by decreased 
ovariectomy-induced bone loss in the IL-6-deficient mice (Poli et al., 1994). In local 
bone loss induced by inflammation, the synthesis and subsequent effect on bone 
metabolism by IL-6 is probably mediated by both bone cells and infiltrating immune 
cells. In arthritis, the prominent role of IL-6 in inflammation-induced bone 
resorption and joint destruction has been established in several arthritis models 
(Alonzi et al., 1998; Ohshima et al., 1998). In addition, studies on the IL-6 knockout 
mice have revealed a delayed onset and reduced severity of arthritis in these animals 
(Sasai et al., 1999). These findings together have resulted in production of a 
humanized mouse anti-IL-6R antibody that has been given to arthritis patients and is 
now tested in several clinical trials (reviewed by Naka et al., 2002). In periodontal 
disease, IL-6 produced by both infiltrating lymphocytes and gingival fibroblasts has 
been found to participate in the local inflammation and tissue destruction. Locally 
elevated IL-6 levels can at least partly be explained by production of 
lipopolysaccharide (LPS) by periodontopathic bacteria, which in turn stimulates IL-6 
production by gingival fibroblasts (Kent et al., 1999; Wang et al., 2003). The role of 
IL-6 in periodontal disease has further been strengthened by the findings of single 
nucleotide polymorphisms in the human IL-6 promoter sequence shown to be 
associated with development of the disease (Holla et al., 2004; Trevilatto et al., 2003).   
 
The first effect of LIF on bone metabolism was reported by Metcalf and Gearing, 
who demonstrated increased bone turnover in mice injected with cells overexpressing 
LIF (Metcalf and Gearing, 1989). Similar to IL-6, the effects on bone resorption by 
LIF are variable. It stimulates osteoclastogenesis and bone resorption in mouse 
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calvaria both in vitro and in vivo (Cornish et al., 1993; Reid et al., 1990), and increases 
osteoclast formation in mouse bone marrow cultures (O’Brien et al., 2000; Richards et 
al., 2000). In contrast, bone resorption was slightly inhibited in fetal rat and mouse 
long bones (Lorenzo et al., 1990), as well as fetal mouse metacarpals in vitro (van Beek 
et al., 1993). In addition, LIFR knockout mice display decreased bone volume as a 
result of increased number of osteoclasts (Ware et al., 1995).  
 
The knowledge about effects of OSM on bone resorption is rather scarce. Although 
expression of OSM in bone is still unknown, it exerts effects on bone similar to those 
of LIF. Thus, OSM has been shown to promote osteoclast formation in mouse bone 
marrow cultures (Richards et al., 2000). In contrast, inhibition of bone resorption in 
fetal mouse long bones has been reported as well (Jay et al., 1996). That is in line with 
the osteopetrotic phenotype in mice overexpressing OSM (Malik et al., 1995).    

 
 

The nervous system 
 

The nervous system is a communications network that both controls and responds to 
the internal needs of the body and also makes it possible for an organism to interact 
with external signals from the environment. It delicately receives, processes, and 
sends an immense amount of information of different character, including both 
sensory and motor signals. Transmission of information in the nervous system is 
carried out by electrically excitable cells, neurons. Neurons have dendrites, long 
processes protruding from the cell body functioning as receivers for information 
from neighbouring cells. The neuron carries signals to other cells through another 
type of extension, the axon, from which molecules are released through axonal 
terminals for propagation of signals to other cells. The communication between nerve 
cells is made possible by the close proximity of axonal terminals of one neuron to the 
membranes of dendrites or the cell body of other closely situated cells, creating a 
synapse where the distance between the cells, the synaptic cleft, is only about 20-25 
nm.     
 
The nervous system is divided into two main divisions; the central nervous system 
(CNS), including the brain and the spinal cord, and the peripheral nervous system 
(PNS) including sensory and motor neurons innervating the rest of the body. The 
main function of the central nervous system is processing and storage of signals that 
are received as both internal and external information. The peripheral nervous system 
is composed of nerves, bundles of axons, which enable transmission of signals 
between the CNS and the rest of the body. The PNS is structurally divided into 
afferent nerves, transmitting signals to the CNS from sensory systems, and efferent 
nerves carrying signals from the CNS to effector organs. Functionally, the PNS is 
further subdivided into the somatic and autonomous nervous system. The somatic 
nervous system consists of afferent sensory neurons carrying information from 
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sensory receptors to the CNS, and efferent motor neurons transmitting signals that 
control skeletal muscle movements. The autonomic nervous system is also called the 
involuntary nervous system, since the transmission is performed on an unconscious 
level. The autonomic nervous system is a nerve circuitry that, together with the 
endocrine system, orchestrates homeostasis through transmission of fast, reflex-like 
efferent signals that regulate gland secretion and smooth muscle activity. The 
autonomic nervous system is subdivided into two anatomically distinct systems, the 
sympathetic and the parasympathetic nervous system. Both systems often innervate 
the same organs but result in opposite effects, the sympathetic system having a more 
catabolic activity, and the parasympathetic a more anabolic effect, and the interplay 
between them determine the net effect on the target tissue. The sympathetic system is 
also denoted the thoracolumbar system since the cell bodies of its nerves are situated 
in the thoracic and lumbar regions of the spinal cord. In a similar way, the 
parasympathetic system is called the craniosacral system because of the brainstem and 
sacral spinal origin of its cell bodies. The systems are anatomically similar in that 
sense that they signal through two-neuron pathways including a preganglionic neuron 
with its cell body situated in the CNS, synapsing on one or several postganglionic 
neuron in a ganglion outside the CNS that in turn innervates the effector organ. 
However, the ganglia in the sympathetic system tends to be situated far from the 
target organ, whereas the parasympathetic ganglia often are located in the thoracic 
and abdominal cavities, or even inside the target organ. For general review, see 
Zigmond et al., 1999; Gaudin and Jones, 1989. 
 
Neurotransmitters 
Neurons use both electrical and chemical signals for transmission of information in 
the nervous system. The nervous system primarily exerts its effects on the target 
organs through secretion of chemical substances, neurotransmitters. Classification of 
substances as neurotransmitters demands fulfilment of four criteria; i) the substance 
must be synthesized by the neuron and stored in vesicles, ii) it should be released 
from the neuron in response to a nerve impulse, iii) it should induce an effect in the 
postsynaptic cell that can be blocked by known competitive antagonists, and iv) the 
effect of the transmitter should be terminated by mechanisms such as reuptake, 
enzymatic degradation, or uptake into adjacent glial cells. 
 
Neurotransmitters are divided into two classes depending on the transmission speed. 
Fast-acting classical neurotransmitters include the biogenic monoamines 
(acetylcholine, norepinephrine, dopamine, and serotonin), amino acid transmitters 
(the excitatory aspartate and glutamate, and the inhibitory GABA and glycine), as well 
as the gases nitric oxide (NO) and carbon monoxide (CO), which are classified as 
neurotransmitters although not fulfilling all criteria. The non-classical 
neurotransmitters, which have a slower transmission rate, include the neuropeptides. 
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Besides the transmission rate, several other features differ between the two groups. 
Classical transmitters are produced in the nerve terminals and the signal is terminated 
through reuptake of the transmitter. In contrast, the neuropeptides are synthesised as 
pro-peptides in the nerve cell body and transported to the axonal terminals in dense 
core vesicles where they are cleaved to the active form by peptidases. After signal 
propagation, neuropeptide transmission is terminated through enzymatic degradation 
or diffusion. Although classical transmitters and neuropeptides use different 
signalling mechanisms, they are often co-localised in neurons and function in a 
complementary fashion.   
 
  

Neuropeptides – pleiotropic functions and receptor signalling 
 
The first neuropeptide to be discovered was substance P, which was reported by von 
Euler and Gaddum in 1931. Since then, several techniques including 
radioimmunoassay (RIA), immunohistochemistry, and in situ hybridisation have been 
developed and used for detection of neuropeptides, and C-terminal amidation has 
been employed for isolation from tissues (reviewed by Hökfelt et al., 2003). 
Development of these techniques have contributed to the detection of many 
neuropeptides outside the neural circuitry where they have been found to act as 
pleiotropic factors that regulate the function of many types of target cells and play 
important roles as hormones in the endocrine system as well as regulators in the 
immune system.  
 
The effects of neuropeptides are mediated by seven transmembrane, G protein-
coupled receptors (GPCRs). The signals are propagated intracellularly via several 
second messenger pathways, of which the cyclic AMP (cAMP) pathway was the first 
to be identified (Miyamoto et al. 1969; Kebabian and Greengard, 1971). Since this first 
discovery, many kinases, phosphatases and transcription factors have been 
demonstrated to mediate intracellular neurotransmitter signals (reviewed by 
Greengard, 2001). Ligand binding not only mediates signal transduction, but also 
induce intracellular events that result in signal termination through desensitization 
and internalization of the receptor (reviewed by Ferguson et al., 1998). An 
introduction to the current knowledge on signal transduction and activation of 
transcription factors are given below.       
 
The VIP/secretin/glucagon family  
The neuropeptides that have been studied in this project, including vasoactive 
intestinal peptide (VIP), pituitary adenylate cyclase-activating peptide (PACAP), and 
secretin, are members of the VIP/secretin/glucagon family. In addition to VIP, 
PACAP and secretin, the family also includes 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 
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isoleucine amide (PHI; mouse)/peptide histidine methionine (PHM; human). All 
members are structurally related through a highly conserved N-terminal and are gene 
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.   
 
VIP 
In 1969, the presence of an unidentified, potent vasodilator was demonstrated in 
porcine lung tissue (Said and Mutt, 1969). Several studies also reported the presence 
of this peptide in porcine gut (Piper et al., 1970, Said and Mutt, 1970a), from where it 
was isolated as a vasorelaxant peptide (Said and Mutt, 1970b). The isolated peptide 
was named vasoactive intestinal polypeptide and later shown to be a 28 amino acid 
protein related to both secretin and glucagon (Said and Mutt, 1972; Bodanszky et al., 
1973; Mutt and Said, 1974). VIP is synthesized as a prepro-molecule that also 
contains the family member PHM/PHI, which is produced through posttranslational 
processing (Obata et al., 1981; Itoh et al., 1983). The formation of active VIP begins 
with the removal of a signal peptide followed by several steps of proteolytic cleavage 
of the precursor to a final mature protein. Biologically active VIP affects many tissues 
and cell types both as hormone and neuropeptide. After the first discovery as 
vasodilator, the presence of VIP was demonstrated in the central and peripheral 
nervous systems, as well as several neural cell lines (Said and Rosenberg, 1976), and it 
has thereafter been identified as 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 cells 
(Brenneman et al., 1999; Blondel et al., 2000). VIP also affects the function of several 
other systems, comprising the pulmonary (Keith, 2000), cardiovascular (Henning and 
Sawmiller, 2001), gastrointestinal (Cooke, 2000; Van Geldre and Lefebvre, 2004), 
reproductive (Fahrenkrug, 2001), immune (Delgado et al., 2004), and endocrine 
systems (Gozes and Furman, 2004). 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.   
 
PACAP 
PACAP was not discovered until 1989, when Miyata and co-workers reported the 
presence in ovine hypothalamic tissues of a 38 amino acid peptide that could 
stimulate adenylate cyclase activity in cultured rat pituitary cells, and therefore got its 
name pituitary adenylate cyclase-activating polypeptide 38 (PACAP-38; Miyata et al., 
1989). In addition, the same research group identified a second form of PACAP with 
truncated C-terminal consisting of 27 residues which was named PACAP-27 (Miyata 
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et al., 1990). PACAP is, in similarity to VIP, synthesized as a prepro-molecule that is 
enzymatically cleaved to the biologically active form. PACAP is the most evolutionary 
conserved peptide of the family members, and all mammalian PACAPs identified so 
far have identical amino acid sequences.  
Distribution of VIP and PACAP in the CNS are rather different with the highest 
concentration of PACAP in hypothalamus, whereas co-localization is more common 
in peripheral nerves. PACAP is, similar to VIP, widely distributed and they share 
functions in many systems (for extensive review, see Vaudry et al., 2000).  
 
Receptors for VIP and PACAP  
The receptors for VIP and PACAP 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/PTH-related protein (PTHrP), calcitonin, and calcitonin gene-related peptide 
(CGRP; reviewed by Segre and Goldring, 1993). 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.  
 
The similar effects of VIP and PACAP can be explained by the fact that they to a 
great extent use the same receptors. There are three different receptors – 
VIP/PACAP receptor type I (VPAC1) and type II (VPAC2) binding both VIP and 
PACAP, and the PACAP-preferring type I PACAP receptor (PAC1). The first 
receptor to be identified was the VPAC1 that was isolated from rat lung as ‘the VIP 
receptor’ (Ishihara et al., 1992). Subsequently, it was also denoted the VIP/PACAP 
type II receptor (Ciccarelli et al., 1994) and PVR2 (Rawlings et al., 1995). In 1993, Lutz 
and colleagues discovered the cDNA for a second VIP receptor in a rat olfactory 
bulb cDNA library which naturally was named the VIP2 receptor (Lutz et al., 1993), 
and PACAPR3 when cloned from a β-cell line cDNA library (Inagaki et al., 1994). At 
the same time, the rat PACAP receptor was cloned by six different research groups 
within a short period of time (Hashimoto et al., 1993; Hosoya et al., 1993; Morrow et 
al., 1993; Pisegna and Wank, 1993; Spengler et al., 1993; Svoboda et al., 1993). The 
confusing use of several names for each receptor was solved by the decision on using 
VPAC1, VPAC2, and PAC1 as standard nomenclature (Harmar et al., 1998). The three 
receptors can be pharmacologically characterized by their affinity for VIP, PACAP, 
and secretin. PAC1 preferentially binds PACAP but also VIP, although with a 100-
1000 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 signalling (Usdin et al., 1994; reviewed by Laburthe et al., 2002).  
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Upon agonist activation, all three receptors interact with heterotrimeric G proteins. 
Typically, the G protein activates adenylate cyclase which in turn causes intracellular 
accumulation of cAMP and induces the cAMP signalling pathway (see “Intracellular 
signalling” for further description). In addition to the cAMP pathway, VIP/PACAP 
receptors have been shown to induce other intracellular signalling pathways through 
interaction with G proteins, including regulation of phospholipase C and D, and 
Ca2+/calmodulin-dependent NO synthase (reviewed by Laburthe and Couvineau, 
2002). Besides G proteins, the cytoplasmic tail of the receptors has been suggested to 
interact with adapter proteins such as receptor activity modifying proteins (RAMPs; 
Christopoulos et al., 2001). This interaction may in turn activate several other 
signalling cascades, however, the knowledge in this field is still scarce. As mentioned 
earlier, termination of GPCR signalling is mediated by receptor sensitization and 
endocytosis. The mechanisms for VIP and PACAP receptor signal termination is not 
fully understood. However, Shetzline and colleagues have demonstrated the 
involvement of dynamin proteins in internalization of the human VPAC1 receptor 
(Shetzline et al., 2002). 
  
 

Skeletal innervation and neuropeptides in bone 
 
In the beginning of the 20th century, the development of histological staining 
techniques facilitated the detection of different cell types in isolated tissues, thereby 
enabling demonstration of nerve fibers present in both bone and periosteum 
(reviewed by Hurrel, 1937). The introduction a few decades later of 
immunohistochemical staining using antibodies largely improved histological analysis 
by introducing the possibility to detect specific molecules in the tissue section studied, 
which had not been possible before.  
 
The first detection of neuropeptides in bone was reported by Grönblad and co-
workers in 1984, who demonstrated the presence of substance P (SP) in the 
periosteum of human tibiae (Grönblad et al., 1984). After this first pioneering study, 
many publications followed on detection in different skeletal sites in several species 
of numerous neuropeptides, including VIP, PACAP-27, PACAP-38, NPY, and 
CGRP, as well as tyrosine hydroxylase and dopamine-β-hydroxylase (DβH), 
indicating the presence of noradrenalin (Bjurholm et al., 1988a; Bjurholm et al., 1988b; 
Hill and Elde, 1988; Hill and Elde, 1991; Hohmann et al., 1986; Strange-Vognsen et 
al., 1997). Quantification of neuropeptides in bone was later enabled using RIA 
(Ahmed et al., 1994). Generally, the network of neuropeptide-containing nerve fibers 
is more dense in regions with high osteogenic activity, such as periosteum, epiphysis 
and growth plate. This fact naturally raised the question whether neuropeptides may 
be involved in bone metabolism through a neuro-osteogenic interaction. Indeed, 
several reports using chemical denervation have suggested the involvement of osseal 
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nerve fibers in bone metabolism, although the results have been somewhat 
contradictory. Thus, Hill and colleagues showed that chemical sympathectomy using 
guanethidine in neonatal rats dramatically reduced the number of nerve fibers 
containing VIP in bone and increased mandibular area covered with osteoclasts, 
suggesting that sympathetic nerves are involved in regulation of bone metabolism 
(Hill et al., 1991). In contrast, studies by Cherruau and co-workers demonstrated that 
guanethidine treatment resulted in reduced osteoclast numbers and bone resorption 
in rat mandibles (Cherruau et al., 1999; Cherruau et al., 2003). Furthermore, sensory 
denervation by capsaicin of CGRP and SP-containing nerves reduced osteoclastic 
resorption area of mandibular bone (Adam et al., 2000). Besides chemical denervation, 
surgical methods have also been utilized to study the effects of neuropeptides in bone 
metabolism. For example, Sandhu and co-workers reported that sympathectomy of 
superior cervical ganglion in rats resulted in impaired bone mineralization of 
mandibular bone, whereas the number of osteoclasts and the resorption area were 
increased (Sandhu et al., 1987). Furthermore, sciatic nerve constriction has been 
shown to induce rapid bone loss and increase the number of osteoclasts in tibia from 
the ipsilateral hindlimb (Suyama et al., 2002). Similarly, Kingery and co-workers have 
reported that sciatic neurectomy in rats causes trabecular bone loss in both femur and 
tibia in the denervated hindlimb. Surprisingly, a decrease in bone mass density, 
although less profound, was aslo seen in the contralateral limb. This effect could not 
be explained by disuse, and was instead suggested by the authors to be caused by a 
decreased transmedian singalling by substance P (Kingery et al., 2003).  
 
During the last decade, the suggested presence of a neuro-osteological interaction 
regulating bone metabolism and bone cell function has been strengthened by the 
finding that leptin, a fat-derived hormone that controls body weight, regulates bone 
metabolism through a central regulatory pathway. Studies on obese ob/ob and db/db 
mice, deficient in leptin or functional leptin receptors, respectively, showed that these 
mice had a high bone mass phenotype that was not a consequence of obesity. The 
effect was caused by enhanced bone formation due to increased osteoblast activity 
rather than osteoblast number. Intracerebroventricular infusion of leptin resulted in 
bone loss in both ob/ob and wildtype mice, indicating that the inhibitory effect of 
leptin on bone formation is mediated by a hypothalamic relay (Ducy et al., 2000a). 
Two years later, the same research group reported that the antiosteogenic effect by 
leptin on bone formation was neuronal and mediated by the sympathetic nervous 
system caused by activation of β-adrenergic receptors on osteoblasts (Takeda et al., 
2002). In addition, Baldock and co-workers demonstrated that deletion of 
hypothalamic neuropeptide Y (NPY) type 2 receptors resulted in enhanced bone 
formation similar to that seen in leptin-deficienct mice (Baldock et al., 2002). 
Furthermore, studies on β-adrenergic receptor (Adrb2) deficient mice showed that 
the adrb2-/- mice have a high bone mass phenotype that was caused by both increased 
bone formation and decreased bone resorption. In contrast, the leptin-regulated 
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neuropeptide cocaine amphetamine regulated transcript (CART), inhibited bone 
resorption by decreasing RANKL expression (Elefteriou et al., 2005), indicating an 
inhibitory effect on bone resorption by leptin. Thus, leptin seems to control bone 
resorption through two antagonistic pathways. These findings together support the 
role of both the peripheral and central nervous system in bone metabolism through a 
neuro-osteologic interaction. 
       

 
VIP and bone so far 

 
Three years before the first demonstration of VIP-containing nerves in bone in 1986 
by Hohmann and colleagues, the same research group reported the findings that the 
neuropeptide VIP stimulated bone resorption in fetal mouse calvariae through a 
cAMP-dependent pathway (Hohmann et al., 1983). Moreover, they subsequently 
reported the presence of functional VIP receptors on cells from the human 
osteosarcoma cell line SaOS-2 (Hohmann and Tashjian, 1984). Since these first 
reports, research by our group and others has unravelled many actions of VIP and 
related neuropeptides in bone.  
 
In 1992, our group reported the stimulatory effect of VIP on cAMP formation in 
cells from several osteosarcoma cell lines, including rat UMR 106-01 cells and human 
SaOS-2 cells. In contrast, VIP did not affect cAMP formation in the rat osteoblastic 
osteosarcoma cell line ROS 17/2.8 (Bjurholm et al., 1992). Subsequently, our group 
demonstrated that PACAP-27, PACAP-38, and the structurally related reptilian 
proteins helodermin and helospectin all increased cAMP formation in neonatal 
mouse calvariae and isolated primary calvarial osteoblasts. In addition, VIP and 
helodermin stimulated cAMP accumulation in the murine osteoblastic cell line 
MC3T3-E1, as well as UMR 106-01 and SaOS-2, but not ROS 17/2.8 (Lerner et al., 
1994), results in line with the previous study by Bjurholm et al. (1992). Moreover, a 
third study reported increased cAMP formation by VIP, PACAP-27, and PACAP-38 
in UMR 106-10 cells (Kovacs et al., 1996).  
 
During the last decade, presence of VIP/PACAP receptors on bone cells and the 
effects of VIP and related peptides on bone cell function have been further explored. 
Lundberg and colleagues reported that VIP could promote osteoblast function seen 
as stimulation of alkaline phosphatase expression and activity, as well as accumulation 
of calcium in bone nodules formed in vitro (Lundberg et al., 1999).  
 
In microisolated osteoclasts, treatment with VIP resulted in diverse effects. In short 
term cultures with low numbers of osteoblasts/ stromal cells, VIP treatment induced 
a fast cellular contraction and arrest of osteoclast motitlity that was transient. In 
contrast, VIP treatment of osteoclasts, cultured in the presence of support cells over 
a longer period of time, resulted in increased bone resorption (Lundberg et al., 2000).  
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Furthermore, VIP, PACAP-27, and PACAP-38 were shown to inhibit osteoclast 
formation in mouse bone marrow cultures (Mukohyama et al., 2000). Interestingly, 
this effect was associated with reversal by VIP and PACAP-38 of the well established 
stimulatory effect by D3 on RANKL mRNA expression and the inhibitory effect on 
OPG mRNA expression. This fact indicates that the effects of VIP, at least partly, are 
mediated by osteoblasts/stromal cells. In addition, VIP and PACAP-38 reversed the 
stimulatory effect by D3 on RANK mRNA expression. These findings are 
compatible with the fact that the presence of receptors for VIP and PACAP could be 
demonstrated on osteoblasts and osteoclasts using atomic force microscopy 
(Lundberg et al., 2000). In detail, mouse calvarial osteoblasts were found to 
continuously express VPAC2 receptor mRNA, whereas VPAC1 receptor mRNA 
expression was differentiation-induced after 12 days of culture (Lundberg et al., 2001). 
These findings were, however, contradictory to an earlier report by Togari and 
colleagues who demonstrated the presence of VPAC1 mRNA expression, but no 
expression of VAC2 or PAC1 mRNA in human periosteum-derived osteoblastic cells 
and several human osteoblastic cell lines (Togari et al., 1997). The report by Togari 
lacked functional data, whereas Lundberg showed binding of both VIP and PACAP-
38, but not secretin to osteoblasts, as well as absence of PAC1 mRNA expression, 
clearly indicating the involvement of the VPAC2 receptor. The differences in 
expression patterns may be explained by species variations. In addition to studies on 
osteoblasts, isolated osteoclasts were found to express both VPAC1 and PAC1 
mRNA (Ransjö et al., 2000). Although presence of receptors and actions of VIP and 
related peptides on bone cells has been well established, knowledge about the 
signalling pathways mediating the effects is still elusive.    
 
 

Intracellular signalling – an introdution 
 

Many extracellular factors regulate target cell functions by binding to receptor 
complexes embedded in the outer cell membrane. For intracellular propagation of the 
signal, binding of the ligand to the receptor usually results in induction of intracellular 
signalling pathways that can mediate cellular responses. The main goal for ligand 
binding is often regulation of gene expression, which is important both as response 
to various stimuli and for tissue-specific expression of factors. Many intracellular 
signalling cascades involve the action of transcription factors, a generic term for a 
diverse group of more than 200 proteins that are part of the complex network of 
intracellular factors regulating cell function. Transcription factors mainly exert their 
effects through binding to specific response elements in the promoter sequence of 
target genes and thereby regulate transcription. Here follows an introduction to the 
transcription factor pathways that have been studied in this project. 
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The cAMP/PKA/CREB pathway 
Activation by ligand binding of G protein-coupled receptors results in activation of 
heterotrimeric G proteins, which in turn stimulates the activity of several signalling 
pathways. One well-known pathway induced by GPCRs is the cAMP pathway (for 
overview, see Figure 4), in which activated G proteins interacts with and activates 
adenylate cyclase. Adenylate cyclases are a family of nine membrane-bound enzymes 
that convert ATP to cyclic 3´, 5´-monophosphate (cAMP), one of the most 
abundantly used second messengers. The intracellular accumulation of cAMP is 
negatively regulated by phosphodiesterases (PDEs), which inactivate cAMP through 
hydrolysis to 5´-AMP (reviewed by Houslay et al., 2003).  
 
Typically, accumulated cAMP binds to protein kinase A (PKA) which is a tetrameric 
holoenzyme composed of two catalytic (C) subunits bound to a regulatory (R) dimer. 
Upon binding of four cAMP molecules to the R subunit, the PKA complex 
dissociates and the catalytic monomers gain the ability to phosphorylate substrates. 
The free C subunits mediate the signal transduction through passive diffusion into 
the cell nucleus where they regulate gene expression by phosphorylation of cAMP-
responsive transcription factors that in turn bind to cAMP responsive elements 
(CRE) in target genes (reviewed by Shabb, 2001). A common target for the catalytic 
PKA subunits is the transcription factor CRE binding protein (CREB). CREB is 
almost exclusively found in the nucleus, and it can bind to the CRE in an inactive, 
unphosphorylated state. Phosphorylation of CREB on Ser-133 in the kinase inducible 
domain leads to a more intimate interaction of CREB with the transcriptional 
coactivators CREB-binding protein (CBP) and p300, which promotes regulation of 
transcription by this regulatory complex. For extensive review, see Mayr and 
Montminy, 2001; Shabb, 2001; Shaywitz and Greenberg, 1999.             
 
Epac 
Besides PKA, cAMP signal transduction may also be mediated by a second 
intracellular signalling pathway, a MAP kinase cascade. Binding of cAMP to a family 
of GTPase exchange proteins called exchange protein directly activated by cAMP 
(Epac) or cAMP-regulated guanine nucleotide exchange factors (cAMP-GEFs), 
promotes exchange of GDP for GTP at the guanyl nucleotide binding site on the 
small G protein Rap1 (de Rooij et al., 1998; Kawasaki et al., 1998). Active, GTP- 
binding Rap1 interacts with Raf which in turn activates the MEK-ERK kinase 
cascade, resulting in nuclear translocation of ERK1/2 and subsequent activation 
through phosphorylation of transcription factors.    
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 Figure 4. Schematic illustration of the cAMP pathways. Accumulation of  
 cAMP results in activation of both PKA and Epac, which in turn induce  
 signalling cascades resulting in phosphorylation of transcription factors and  
 subsequent regulation of target gene expression.     
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AP-1 
Activator protein-1 (AP-1) was one of the very first transcription factors to be 
identified when found to interact with specific DNA sequences in gene promoters 
after phorbol ester stimulation (Angel et al., 1987; Lee et al., 1987). AP-1 proteins are 
ubiquitously expressed and exert their function in virtually all vertebrate cell types. It 
is a dimeric factor mainly composed of members of the Jun (c-Jun, JunB, and JunD) 
and Fos (c-Fos, FosB, Fra-1, Fra-2) families of nuclear phosphoproteins. In addition, 
heterodimers may comprise members of the activating transcription factor (ATF) 
family. Jun proteins form heterodimeric high affinity complexes with Fos and ATF, 
and in contrast to Fos proteins they also have the ability to form low affinity 
homodimers (Halazonetis et al., 1988). Jun-Fos and Jun-Jun dimers bind to the AP-1 
site, whereas Jun-ATF and ATF-ATF dimers have been shown to interact with the 
CRE site (Hai and Curran, 1991). AP-1 activity and abundance is mainly regulated by 
kinases and extracellular stimuli. Phosphorylation of AP-1 by c-Jun N-terminal kinase 
(JNK) and other kinases increases its transcriptional activity, as well as its stability 
through prevention of ubiquitination and subsequent proteasomal degradation. 
Extracellular stimuli primarily regulate AP-1 through control of de novo synthesis of 
both Jun and Fos proteins. For general review, see Hess et al., 2004.  
 
 
NF-κB 
In 1986, a nuclear DNA binding protein was discovered that regulated the expression 
of immunoglobulin genes in B cells expressing the immunoglobulin κ light chain, and 
was named nuclear factor κB (NF-κB; Sen and Baltimore, 1986). Despite its initial 
cell-specific discovery, NF-κB is now known to be present in virtually every cell type, 
although often in an inactive state. It is a dimeric transcription factor that exists as 
homo- or heterodimers of the family members p65 (also termed RelA), p52, p50, c-
Rel and RelB. All members have a highly conserved N-terminal domain denoted “Rel 
homology domain” responsible for dimer formation, which in turn is a prerequisite 
for DNA binding.   
  
NF-κB normally resides in the cytoplasm sequestered with proteins belonging to the 
inhibitor of NF-κB (IκB) family, which includes five members; IκBα, IκBβ, IκBγ, 
IκBε, and Bcl-3. The fact that de novo synthesis not is required for NF-κB signalling is 
an advantage when rapid response is wanted. The initial step in the NF-κB pathway is 
activation of IκB kinase (IKK), which subsequently phosphorylates IκB on two 
conserved serine residues. The phosphorylation enables binding of ubiquitin to IκB, 
leading to rapid proteasomal degradation. Dissociation of IκB from NF-κB reveals a 
nuclear localization sequence that promotes nuclear entry of NF-κB. In the nucleus, 
NF-κB regulates expression of genes containing a specific κB binding site. These 
include IκB genes, and NF-κB binding results in increased expression of IκB through 
a feedback loop. IκB also seems to be involved in the nuclear export of NF-κB, since 
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several studies have demonstrated shuttling of IκB between the cytoplasm and the 
nucleus, thereby exporting NF-κB from the nucleus (Huang et al., 2000). For 
extensive review, see Ghosh et al., 1998. 
 
C/EBP 
The first member of the CCAAT/enhancer binding protein (C/EBP) family, 
C/EBPα, was identified as a heat-stable DNA binding factor in nuclear extracts from 
rat liver (Johnson et al., 1987). The nuclear factor that induced expression of IL-6, 
known as NF-IL6, was found to be structurally related to C/EBPα and was named 
C/EBPβ (Akira et al., 1990). In addition, the family consists of C/EBPγ, 
C/EBPδ, and C/EBPε. All members have a common structure, called the bZIP 
domain, including a DNA binding domain and a dimerization sequence promoting 
formation of homo- or heterodimers of family members. In addition, heterodimers 
with other factors such as CREB and AP-1 have been reported (Tsukada et al., 1994; 
Hsu et al., 1994). Besides the bZIP domain, the factors also contain both a sequence 
involved in activation of transcription, and inhibitory domains that are able to mask 
the activation domain through conformational changes (Williams et al., 1995). 
Although knowledge about regulation of C/EBP activity is limited, regulation 
through phosphorylation resulting in nuclear translocation and transcriptional activity 
has been reported (Nakajima et al., 1993; Trautwein et al., 1993). For general review, 
see Takiguchi, 1998.    
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AIMS 
 

The overall aim of the present thesis was to investigate the roles of the IL-6 family of 
cytokines and the neuropeptide VIP in regulation of osteotropic cytokine expression 
and receptor signalling in isolated calvarial osteoblasts, osteoblastic cell lines, and 
bone marrow stromal cells, as well as in regulation of bone resorption in vitro.  
 
 

Paper I 
 
 

To determine if the IL-6-type cytokines IL-6, LIF, and OSM could stimulate bone 
resorption in neonatal mouse calvariae in vitro, and if so, to assess the roles of 
RANKL, RANK, and OPG in the calvarial effects of these cytokines 
 
 

Paper II 
 

To study if VIP and related neuropeptides could stimulate the expression of, and 
sensitivity to, members in the IL-6 family of cytokines in mouse calvarial osteoblasts, 
as well as evaluate the involvement of several intracellular signalling pathways in VIP 
receptor signalling  
 
 

Paper III 
 

To investigate whether IL-1β and other proinflammatory, osteotropic cytokines 
regulate IL-6 production in osteoblastic cells, and if VIP may interact with these 
factors in a neuro-immunomodulatory manner 
 
 

Paper IV 

 

To study the effect of VIP and related neuropeptides on the expression of the bone 
resorption-regulating proteins RANKL, OPG and M-CSF in calvarial osteoblasts, 
bone marrow stromal cells, and osteoblastic cell lines, and to investigate the effect of 
VIP induced regulation of these cytokines on osteoclast formation 
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METHODS 
 

CsA mice 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. 
 
 

Isolation and culture of primary mouse calvarial osteoblasts (Paper I-IV) 
 
Primary osteoblasts were isolated from calvarial bones from 2-3 day-old CsA mice by 
dissection of parietal bones in phosphate-buffered saline (PBS) with 10% fetal bovine 
serum (FBS), followed by collagenase digestion using a modified time sequential 
enzyme-digestion technique described by Boonekamp et al. in 1984. Bones were 
digested in 10 fractions of 10 min each, and cells from populations 6 to 10 were used. 
These cells have previously been shown to have an osteoblastic phenotype as 
assessed by their cyclic AMP-responsiveness to PTH, expression of alkaline 
phosphatase, osteocalcin and bone sialoprotein, as well as the capacity to form 
mineralized bone nodules. The cells were pooled and seeded in culture flasks 
containing α modification of Minimum Essential Medium (α-MEM) supplemented 
with 10% FBS, L-glutamine and antibiotics at 37°C in humidified air containing 5% 
CO2. After four days with one media change, the cells were seeded in culture dishes, 
multiwell plates or 8-well chamber slides.  
 
 

Culture of osteoblastic cell lines (Paper IV) 
 
The cell lines used in Paper IV, including the non-transformed murine osteoblastic 
cell line MC3T3-E1, the human osteosarcoma cell lines MG-63 and SaOS-2, as well 
as the rat osteosarcoma cell lines UMR 106-01 and ROS 17/2.8, were all cultured in 
α-MEM supplemented with 10% FBS, L-glutamine and antibiotics at 37°C in 
humidified air containing 5% CO2. Following an initial growth period with media 
changed every two days, cells were detached and seeded at a density of 3-5 x 104 
cells/cm2 in 6-well plates. After attachment overnight, cells were incubated with or 
without test substances followed by RNA isolation.  
 
 

Isolation and culture of bone marrow stromal cells (Paper IV) 
 

To obtain bone marrow stromal cells (BMSC), bone marrow was collected from long 
bones from 5-7 weeks old male CsA mice. Femurs and tibiae were dissected free 
from surrounding tissue, and the bone ends were cut off. Bone marrow cells were 
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harvested by flushing the marrow cavity with α-MEM in a syringe with a sterile 
needle. The marrow cells were collected in α-MEM/10% FBS and erythrocytes were 
lysed in red blood cell lysis buffer (0.16 M NH4Cl, 0.17 M Tris, pH 7.65). The 
remaining cells were washed, and cells from 4-8 bones were seeded in a 60 cm2 
culture dish in α-MEM supplemented with 10% FBS and antibiotics with no 
hormones or cytokines added. After 4-8 days with change of media after 2 and 4 
days, cells were carefully washed, detached and seeded for further use. For gene 
expression studies, cells were seeded at a density of 104 cells/cm2 in 12-well plates 
and allowed to attach overnight before addition of test substances for 12-120 h 
followed by RNA isolation. BMSC were also used in co-cultures with bone marrow-
derived macrophages (BMM) and in measurements of cellular cAMP accumulation 
studies as described below.  

 
 

Isolation, culture and characterization of bone marrow-derived macrophages 
(Paper IV) 

 
Bone marrow was obtained as described above. After erythrocyte lysis, the remaining 
cells were washed and suspended in α-MEM containing 10% FBS, L-glutamine, 
antibiotics and M-CSF (100 ng/ml) to promote proliferation of cells of the 
macrophage lineage. The cells were seeded at a density of 8 x 104 cells/cm2 in a 60 
cm2 culture dish, to which stromal or lymphoid cells cannot adhere. After 3 days, the 
cultures were vigorously washed with PBS twice and the adherent cells were detached 
using 0.002% EDTA in PBS. The cells were resuspended in α-MEM/10% FBS with 
100 ng/ml M-CSF and then seeded at a density of 5 x 103 cells/cm2 in 60 cm2 dishes. 
After another 3 days, cells were washed and detached again as described and used as 
bone marrow macrophages (BMM). These cells did not express alkaline phosphatase, 
RANKL, OPG or calcitonin receptor (CTR) mRNA, but mRNA for RANK, c-Fms, 
cathepsin K and tartrate-resistant acid phosphatase (TRAP), as assessed by 
quantitative real-time PCR (data not shown). Using flow cytometry we could 
demonstrate cell surface expression of the typical macrophage markers F4/80 and c-
Fms, but not the lymphoid cell markers CD3 and B 220 (Granholm and Lerner, in 
preparation). 
 
For osteoclastogenesis experiments, BMM were seeded on either 0.8 cm2 glass 
chamber slides or in 0.32 cm2 wells on 96-well plates at a density of 104 cells/cm2 in 
α-MEM/10% FBS containing either 100 ng/ml of M-CSF (controls) or 100 ng/ml of 
M-CSF + 50 ng/ml of RANKL, with or without test substances. After 4 days, with 
change of medium after 3 days, the cultures were harvested and the cells fixed with 
acetone in citrate buffer. Subsequently, cells were stained for TRAP using an acid 
phosphatase kit by following the manufacturer´s instruction. Cells with three or more 
nuclei that stained positively for TRAP were morphologically characterized as 
osteoclasts, and the number of multinucleated osteoclasts (TRAP+MuOCL) was 
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counted. Osteoclasts formed in these cultures stimulated by M-CSF and RANKL 
were able to form pits when cultured on slices of bovine bone, and osteoclast 
formation was associated with increased mRNA expression of CTR, TRAP and 
cathepsin K (data not shown). Osteoclasts were not formed in the presence of M-
CSF and either PTH or D3, indicating the lack of stromal cells in the cultures. 
Osteoclast formation caused by M-CSF and RANKL was abolished by OPG (data 
not shown). 
 
 

Co-culture of BMM and periosteal osteoblasts or BMSC (Paper IV) 
 
Calvarial osteoblasts or BMSC were seeded in α-MEM/10% FBS at a density of 104 
cells/cm2 on either 0.8 cm2 glass chamber slides or in 0.32 cm2 wells on 96-wells 
plates and preincubated with test substances for 24 h. Following preincubation, the 
medium was withdrawn and α-MEM/10% FBS with or without test substances and 
BMM (104 cells/cm2) were added. After 5-8 days, cells were stained for TRAP. Cells 
positive for TRAP and having three or more nuclei were considered oteoclasts, and 
TRAP+MuOCL were counted.    
 
Resorption pit formation 
Bone slices with a diameter of 5 mm and a thickness of 100 µm were prepared from 
bovine femur, washed in ethanol and PBS and then ultrasonicated. The slices were 
placed at the bottom of 96-well plates and calvarial osteoblasts were preincubated as 
described above. After 24 h, BMM were added at a density of 3200 cells/well in α-
MEM/10%FBS with or without test substances. After 7-9 days, the cells were 
removed with trypsin and ultrasonication and the bone slices stained with toluidine 
blue to detect the resorption pits. 
 
 

Bone organ culture (Paper I) 
 
In Paper I, a calvarial bone culture system was used for bone resorption assays, 
prostaglandin E2 (PGE2) analysis, PCR analysis and ELISA measurements. Parietal 
bones from 6-7 day-old CsA mice were dissected out and cut into four pieces. To 
prevent initial bone resorption induced by handling trauma, the bones were 
preincubated for 18-24 h in α-MEM containing 0.1% albumin and 10-6 M 
indomethacin. Following preincubation, the bones were extensively washed and 
subsequently cultured up to 96 h in multiwell culture dishes containing indomethacin-
free α-MEM containing 0.1% BSA, 1 µg/ml Fe(NO3)3, 0.1 mg/ml ascorbic acid, L-
glutamine and antibiotics, with or without test substances (Lerner, 1987; Ljunggren et 
al., 1991). The bones were incubated at 37°C in humidified air containing 5% CO2. 
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Measurements of mineral release (Paper I) 
 

Bone mineral mobilization was assessed by analyzing the release of 45Ca from 
calvarial bones prelabelled in vivo. In most experiments, 2-3 day-old mice were 
injected with 1.5 µCi 45Ca and the amount of radioactivity in bone and culture media 
was analyzed by liquid scintillation at the end of the culture period. For time course 
experiments, mice were injected with 12.5 µCi 45Ca and radioactivity was analyzed at 
different time points by withdrawal of small amounts of culture media. Release of 
isotope was expressed as the percentage release of the initial amount of isotope, 
calculated as the sum of radioactivity in medium and bone after culture (Lerner, 
1987). In some experiments, the data were recalculated and the results expressed as 
percent of control, which was set at 100%. This allowed for accumulation of data 
from several experiments.  

 
 

Measurements of matrix degradation (Paper I) 
 

Bone matrix degradation was assessed by analyzing the release of 3H from bones 
dissected from mice prelabelled with 10 µCi of [3H]-proline four days prior to 
dissection. The bones were dissected, preincubated and cultured in α-MEM, with or 
without test substances, as described above. The amount of 3H in the medium at the 
end of the experiments was analyzed by liquid scintillation. At the end of the culture 
period, the bones were hydrolyzed and the radioactivity in the hydrolysates and media 
was analysed. The release of 3H ([3H]-proline + [3H]-hydroxyproline) parallels the 
release of [3H]-hydroxyproline and thus is a reliable indicator of collagen breakdown 
(Brand and Raisz, 1972). 
  
 

Measurements of prostaglandin biosynthesis (Paper I) 
 

Prostaglandin formation in the calvarial bones was assessed by analyzing the 
concentration of PGE2 in the culture media at the end of the cultures. PGE2 levels 
were determined using a commercially available radioimmunoassay by following the 
instructions of the manufacturer. 
 
 
Measurements of cellular cAMP in calvarial osteoblasts and BMSC (Paper IV) 

  
Calvarial osteoblasts and BMSC were seeded at a density of 6-8 x 104 cells/cm2 in 24-
well plates and grown to 80-90 % confluency. After the initial phase, cells were 
washed in serum-free medium and pre-indubated at 37° C for 30 min in serum-free 
HEPES-buffered α-MEM containing the cAMP phosphodiesterase inhibitor 
rolipram (10-5 M). Following pre-incubation, cells were incubated in medium without 
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(control) or with test substances for 2, 5, and 15 min. Subsequently, culture media 
were withdrawn and cellular cAMP exracted with 90 % n-propanol. Samples were 
then evporated under vacuum, reconstituted in assay buffer and cAMP was quantified 
using a commercially available RIA kit.    
  
 

Protein analysis by ELISA (Paper I-III) 
 
Measurement of protein synthesis was assessed by enzyme-linked immunosorbent 
assay (ELISA) analysing either protein release from cells to conditioned media or 
intracellular protein content in calvarial bones and isolated calvarial osteoblasts using 
commercially available ELISA kits. Following preincubation of calvarial bones in α-
MEM containing 0.1% albumin and 10-6 M indomethacin for 18-24 h, a total of 4-8 
calvarial halves per group were individually incubated in 24-well plates in the absence 
(control) or presence of test substances for 48 h. Calvarial osteoblasts were seeded in 
24-well plates at a density of 104 cells/cm2. After attachment overnight, media were 
changed and cells incubated for 4-72 h with or without test substances. Amounts of 
released protein were measured in conditioned media collected following incubation. 
For measurement of intracellular protein content, calvarial bones or osteoblasts were 
treated with 0.2% Triton X-100 for 24 h in room temperature. Conditioned media or 
cell lysates were analyzed by ELISA according to manufacturer’s protocol. The 
sensitivities for the immunoassay kits are 5 pg/ml. 
 

 
RNA Isolation and First-strand cDNA Synthesis (Paper I-IV) 

 
Total RNA was extracted from calvarial bones, isolated calvarial osteoblasts, BMSC 
and cells from the cell lines tested. For RNA isolation from calvarial bones, a total of 
five calvarial halves per group were incubated in multiwell plates in α-MEM 
containing 0.1% BSA, 1 µg/ml Fe(NO3)3, 0.1 mg/ml ascorbic acid, L-glutamine and 
antibiotics, in the absence (control) or presence of test substances for 24 h prior to 
RNA isolation. For semiquantitative RT-PCR, RNA from the five bones belonging to 
the same group was pooled. For RNA isolation from calvarial osteoblasts, BMSC and 
cell lines, cells were plated at a density of 104 cells/cm2 in culture dishes (60 cm2) or 
multiwell plates containing α-MEM with 10% FBS, L-glutamine and antibiotics. After 
attachment overnight, media were changed and cells incubated for 1-120 h without 
(control) or with test substances. Total RNA was extracted using TRIZOL Reagent or 
RNAqueous 4-PCR kit by following the manufacturer’s protocol. Isolated RNA was 
quantified spectrophotometrically and the integrity of the RNA preparations was 
examined by agarose gel electrophoresis. Only intact RNA preparations were used in 
subsequent analysis. One microgram of total RNA was reverse transcribed into 
single-stranded cDNA with a cDNA synthesis kit using oligo-p(dT)15 primer. After 

45 



 

incubation at 25°C for 10 min and at 42°C for 60 min, the AMV reverse transcriptase 
was denatured at 99°C for 5 min. The cDNA was kept at -20°C until used for 
polymerase chain reaction (PCR). 
 

 
Semi-quantitative Reverse Transcription Polymerase Chain Reactions  

(Paper I-IV) 
 
The semi-quantitative RT-PCR analysis was performed using a PCR core kit. The 
standard PCR reaction mix contained 1.5 mM MgCl2, 0.2 mM of dNTP mix and 0.4 
µM of each primer. The reaction conditions were: denaturing at 94°C for 2 min and 
annealing for 40 s, followed by elongation at 72°C for 60 s; in subsequent cycles 
denaturing was performed at 94°C for 40 s. The annealing temperature was optimised 
for the individual primer pairs. For some primers, the concentration of MgCl2 was 
changed to 1 or 2 mM, or the PCR analysis was initiated with a 15 min hot start at 
94°C in combination with HotStar Taq polymerase. For normalization, 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal 
standard. The expression of the target genes was compared at the logarithmic phase 
of the PCR reaction. No amplification was detected in samples where the RT reaction 
had been omitted. The PCR products were electrophoretically size fractionated in 
1.5% agarose gels and visualised using ethidium bromide. The identity of the PCR 
products was confirmed using a DYEnamic ET terminator cycle sequencing kit with 
sequences analyzed on an ABI 377 XL DNA Sequencer. Band densities were 
calculated using the 1D Image Analysis software from Kodak. 
 

Quantitative Real-time Polymerase Chain Reaction (Paper II-IV)  

Quantitative real-time PCR analysis was performed using TaqMan kinetics with 
fluorescence labeled probes (reporter fluorescent dye VIC at the 5’ end and quencher 
fluorescent dye TAMRA at the 3’ end). In each reaction, cDNA diluted 20-fold with 
nuclease-free water was amplified using a TaqMan Universal PCR Master Mix, 300 
nM of each primer and 100 nM of probe. The amplification was performed on an 
ABI Prism 7900 HT Sequence Detection System from Applied Biosystems. The 
reaction conditions were an initial step of 2 min at 50° C and 10 min at 95° C for 15 
sec, followed by 40 cycles of denaturation at 95° C for 15 sec and 
annealing/extension at 60° C for 1 min. No amplification was detected in samples 
where the RT reaction had been omitted. The ribosomal phosphoprotein 36B4 or β-
actin was used as an internal standard to correct for differences in starting mRNA 
concentrations. The relative expressions of target genes were calculated as differences 
in threshold cycle (Ct) value for target gene and internal standard using the standard 
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curve method. The Ct values for 36B4 and β-actin did not vary with time or 
treatment.  

 

Plasmid Construction, Transfection and Generation of Stably Transfected 
MC3T3-E1 Cells (Paper II and III) 

To investigate induction of the IL-6 promoter after treatment with test substances, 
cells from the osteoblastic cell line MC3T3-E1 were transfected with a fragment of 
the human IL-6 promoter. For preparation of the human IL-6 promoter/luciferase 
fusion vector, an SstI/HindIII fragment of the human IL-6 gene (–225 bp to +13 bp) 
was subcloned into a pXP1 vector containing the luciferase gene (IL-6/Luc). The IL-
6/Luc fusion vector and pXP1 vector lacking the promoter fragment were kindly 
provided by Dr. B. Kream, University of Connecticut Health Center, Farmington, 
CT, USA.   

Osteoblastic MC3T3-E1 cells were plated at 1.25 x 104 cells/cm2 in 10 cm2 wells 
overnight in Dulbecco’s Modified Eagle’s Medium (D-MEM) supplemented with 
10% FBS and antibiotics to obtain 50-80% confluency at the time of transfection. 
One µg/well of IL-6/Luc fusion vector or pXP1 vector lacking the promoter 
fragment was mixed together with 67 ng/well SV2Neo vector and LipofectAMINE 
reagent for 30 min at room temperature. Subsequently, the DNA-liposome complex 
was diluted with D-MEM containing 1 mg/ml BSA and antibiotics and laid on the 
cells. After 5 h, the DNA-liposome mixture was aspirated and cells were rinsed with 
D-MEM plus 1 mg/ml bovine serum albumin (BSA) once and fed with D-MEM 
containing 10% FBS and antibiotics. After 24 h, the medium was changed to include 
the selective antibiotic Geneticin G418 (400 µg/ml). After another 24 h, cells from 6 
wells were pooled and expanded in 60 cm2 plates with D-MEM containing 10% FBS 
and antibiotics including 400 µg/ml Geneticin G418. The medium was changed every 
3 days for selection until cells reached confluence. Two populations containing each 
DNA construct were obtained.  

 

Luciferase Assay (Paper II and III) 

MC3T3-E1 cells stably transfected with either IL-6/Luc fusion vector or pXP1 
vector lacking the promoter fragment were seeded in D-MEM with 20% FBS and 
antibiotics at 37°C in humidified air containing 5% CO2. After an overnight 
incubation, media were changed to D-MEM with 10% FBS and antibiotics, including 
the selective antibiotic Geneticin G418 (200 µg/ml), and the cells were cultured for 
another five days with one media change. Cells were then seeded in 6-well plates at a 
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density of 104 cells/cm2 and cultured overnight before media were changed. After 
another two days of culture, the cells were incubated with or without (control) test 
substances for 30 min to 12 hours followed by lysis with Cell Culture Lysis Reagent 
according to manufacturer’s protocol. The cell lysates were kept at -20°C until 
analysis. For normalization, total protein concentration of the cell lysates was 
measured in duplicates using the bicinchoninic acid (BCA) method with BSA as 
standard. For Luciferase Assay, 20 µl of cell lysate was mixed with100 µl of Assay 
Substrate and analyzed using a manual luminometer (TD20/20 from Turner Designs, 
Inc., Sunnyvale, CA, USA). Cells transfected with vector lacking the IL-6 promoter 
fragment served as luciferase baseline controls. Luciferase activity was calculated as 
cpm/µg/s and is expressed in figures as fold activation, where values from 
unstimulated (control) cells are presented as 1-fold. 

 

Preparation of nuclear extracts (Paper II) 

Calvarial osteoblasts were plated at a density of 2 x 104 cells/cm2 in culture dishes (60 
cm2) containing α-MEM with 10% FBS, L-glutamine and antibiotics. After four days 
with one media change, the cells were incubated in the absence (control) or presence 
of test substances for 30-120 min. Following incubation, the cells were washed with 
ice cold PBS and scraped. Cell suspensions were centrifuged briefly and pelleted cells 
homogenized in lysis buffer A (10 mM HEPES, pH 7.9, 0.1 mM EDTA, 10 mM 
KCl, 625 µg/ml spermidine, 625 µg/ml spermine, 0.5 mM DTT, 0.5 mM PMSF, 1 
µg/ml leupeptin, 1 µg/ml pepstatin A). After 15 min on ice, Igepal CA-630 was 
added to a final concentration of 0.5% and the nuclei were collected by centrifugation 
at 12 000 x g for 2 min. Pelleted nuclei were lysed by incubation for 30 min on ice in 
lysis buffer B (20 mM HEPES, pH 7.9, 0.2 mM EDTA, 0.42 M NaCl, 25% glycerol, 
625 µg/ml spermidine, 625 µg/ml spermine, 0.5 mM DTT, 0.5 mM PMSF, 1 µg/ml 
leupeptin, 1 µg/ml pepstatin A). Supernatants were collected by centrifugation at 16 
000 x g for 10 min. The protein concentration of the samples was determined by the 
Bradford method and aliquots were stored at -80°C until use in electrophoretic 
mobility shift assays (EMSAs).  

 

Electrophoretic Mobility Shift Assay (Paper II) 

Oligonucleotides including responsive elements of the mouse IL-6 promoter were 
end-labelled with [γ-32P]ATP using T4 kinase according to manufacturer’s 
instructions. Mutated forms of the NF-κB, AP-1, and CRE oligonucleotides were 
used in competition studies. Annealing of complementary strands of both labelled 
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and unlabelled oligonucleotides was performed before used in EMSA. Reaction 
mixtures containing 8 µg of nuclear extract, 0.5-1 ng of probe (50 000 cpm), 4 µg 
poly(dI-dC)•poly(dI-dC), 20 nM DTT, and reaction buffer (50 mM Tris-HCl, pH 7.5, 
0.25 M NaCl, 5 mM EDTA, 25% glycerol) were incubated at room temperature for 
30 min. In antibody supershifts and competition studies 2 mg/ml of antibody, or 50- 
or 100-fold excess of unlabelled probe, was preincubated with reaction mixture 
without probe for 30 min before addition of 32P-labelled probe. After incubation for 
30 min at room temperature, samples were loaded onto a nondenaturing 
polyacrylamide gel and electrophoresed, followed by drying of the gel and 
autoradiography.  

 

Immunocytochemical Analysis (Paper II) 

Calvarial osteoblasts were seeded in 8-well chamber slides at a density of 2 x 104 
cells/cm2. After attachment overnight, cells were incubated with or without (control) 
test substances for 5-120 min. After wash twice with PBS, cells were fixated in fix 
solution (3.7% formaldehyde, 65% acetone, 25% citrate solution [18 mM citric acid, 9 
mM sodium citrate, 12 mM NaCl]) for 2 min, followed by extensive wash in distilled 
water and final drying. At the time for immunofluorescence, fixated cells were treated 
with 0.5% Triton X-100 for 15 min for permeabilization, washed with PBS and 
incubated in 1% BSA for 30 min to avoid non-specific antibody binding. After 
another wash, cells were incubated for 60 min with primary antibody diluted in 1% 
BSA in PBS followed by extensive wash with PBS. After incubation with secondary 
FITC-conjugated antibody diluted in 1% BSA in PBS, cells were washed extensively, 
mounted with Vectashield mounting medium and covered with glass covers. Control 
stainings performed with primary and secondary antibody alone did not result in any 
detectable staining. Immunofluorescence was evaluated following day using a Leica 
DMRBE microscope (Leica Mikroskopie und Systeme GmbH, Wetzlar, Germany) 
together with a Leica DC200 digital camera and Leica DC200 software (Leica 
Microsystems AG, Wetzlar, Germany). 

 

Western Blot Analysis (Paper II) 

Calvarial osteoblasts were seeded in 60 cm2 dishes at a density of 2 x 104 cells/cm2. 
After three 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, 2 mM EDTA, 50 mM NaF, 0.1 mg/ml PMSF, 1 mM 
sodium vanadate, 10 µg/ml leupeptin, 10 µg/ml pepstatin A, in PBS). The dishes 
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were kept on ice for 15 min followed by scraping and collection of cell lysates. Before 
use in Western blot, cell lysates were concentrated using centrifugal filter devices 
according to manufacturer’s recommendations. Protein concentration of the cell 
lysates was measured using the BCA method with bovine albumin as standard. For 
Western blot analysis, concentrated cell lysate was mixed with sample buffer (200 mM 
Tris-HCl, pH 6.7, 20% glycerol, 10% β-mercaptoethanol, 5% SDS, 0.01% Pyronin Y) 
and boiled for 3 min. Protein samples were then loaded on Tris-HCl polyacrylamide 
gels and electrophoresis was performed according to the Laemmli method. 
Electrophoresed proteins were then blotted onto a PVDF membrane which was 
blocked (1% milk, 1% BSA in TBS or 3% gelatine in TBS) overnight. For detection, 
the membrane was incubated with primary antibody (diluted in 1% milk, 1% BSA, 
0.05% Tween-20 in TBS or in 1% gelatine, 0.05% Tween-20 in TBS) for 60 min at 
room temperature. Three times 10 min of wash in TBS with 0.05% Tween-20 (TBST) 
was followed by incubation with HRP-conjugated secondary antibody (diluted in 1% 
milk, 1% BSA, 0.05% Tween-20 in TBS or in 1% gelatine, 0.05% Tween-20 in TBS) 
for 60 min at room temperature. Finally, the membrane was washed extensively with 
TBST and TBS followed by development using a chemiluminescence detection kit 
according to manufacturer’s protocol. 
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RESULTS AND DISCUSSION 
 
 

IL-6-type cytokines and bone resorption (Paper I) 
 
As mentioned in the Introduction, the previously reported effects of members of the 
IL-6 cytokine family on bone resorption have been inconclusive, with IL-6, LIF, and 
OSM having both stimulatory and inhibitory effects on osteoclastogenesis and bone 
resorption. The first aim of this project was to further explore the possible effects of 
these cytokines, not in cell cultures, but in a mouse calvarial bone organ system, 
which is well established at our lab. 
 
IL-6 was the first factor to be tested. Neither human nor murine IL-6 were found to 
affect bone resorption in neonatal mouse calvariae, as assessed by 45Ca release and 3H 
release from prelabelled bones, which are parameters for bone mineral release and 
matrix degradation, respectively. Similar results have been reported in two previous 
studies on calvarial bones (al-Humidan et al., 1991; Holt et al., 1994). However, when 
combined with soluble IL-6R, IL-6 significantly stimulated both 45Ca and 3H release 
from mouse calvariae, and the effect was dependent on concentration of both IL-6 
and sIL-6R and increased over time at least up to 72 h. The lack of effect by IL-6 
alone may be explained by the fact that the IL-6R mRNA levels were very low in 
both whole calvariae and isolated calvarial osteoblasts as assessed by semi-quantitative 
PCR. These results were in line with the report by Tamura and co-workers who 
showed that IL-6 could only stimulate osteoclastic resorption in bone marrow 
cultures when combined with its soluble receptor (Tamura et al., 1993). To verify that 
the resorptive effect was dependent on osteoclast activity, we incubated calvarial 
bones with IL-6 + sIL-6R in combination with three different inhibitors of 
osteoclastic activity. Calcitonin, acetazolamide, and AHPrBP all reversed the 
stimulatory effect of IL-6 + sIL-6R on 45Ca release. Furthermore, semi-quantitative 
RT-PCR revealed an increase in TRAP mRNA expression, together verifying that the 
effect of IL-6 + sIL-6R on bone resorption was caused by increased osteoclastic 
activity.          
 
To further evaluate the effect by IL-6 together with sIL-6R on bone resorption, we 
used two different approaches. First, we made use of the known fact that IL-6 
expression in osteoblasts can be increased by several osteotropic factors, including 
PTH and IL-1β (Grey et al., 1999; Lacey et al., 1993). However, treatment of calvarial 
bones with PTH or IL-1β in the presence of sIL-6R or an anti-gp130 antibody did 
not regulate 45Ca release compared to treatment with PTH or IL-1β alone, indicating 
that the stimulatory effects of these factors on bone resorption was not mediated by 
release of IL-6 in this system. Second, the hypothesis that the stimulatory effect of 
IL-6 + sIL-6R on bone resorption is an indirect effect mediated by osteoblasts 
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through regulation of the RANKL-RANK-OPG system was tested, using both semi-
quantitative PCR and ELISA. IL-6 + sIL-6R stimulated both RANKL mRNA 
expression and protein synthesis in calvarial bones, possibly increasing bone 
resorption. Furthermore, OPG mRNA levels and protein release were also increased, 
and RANK mRNA expression was decreased, indicating an inhibitory rather than a 
stimulatory effect of IL-6 + sIL-6R on bone resorption. However, the stimulatory 
effect on RANKL protein synthesis was clearly higher than the effect on OPG 
synthesis, which explain the stimulatory net effect on bone resorption by IL-6 + sIL-
6R seen in calvarial bones. The stimulatory effects of IL-6 + sIL-6R on both 
RANKL and OPG are most likely the explanation why IL-6 + sIL-6R is less effective 
as a stimulator of bone resorption compared to PTH and D3 which increase RANKL 
and decrease OPG. Treatment with different concentrations of OPG resulted in a 
concentration-dependent reversal of the stimulatory effect of IL-6 + sIL-6R, further 
strengthening the role of RANKL-RANK-OPG in regulation by IL-6 + sIL-6R of 
bone resorption in this system.  
 
Similar to IL-6 in combination with sIL-6R, both LIF and OSM were found to 
stimulate bone resorption in calvarial bones in a concentration-dependent manner. 
Interestingly, treatment with mouse OSM resulted in a larger 45Ca release than human 
LIF and human OSM. In subsequent studies we have confirmed this observation 
using a wide range of concentrations of mouse OSM and mouse LIF (Persson et al., 
unpublished). As described in the Introduction, murine and human LIF, as well as 
human OSM signals through the LIFR in mouse tissues, whereas murine OSM exerts 
its effects through the OSMRβ. PCR analysis revealed that OSMRβ mRNA was 
clearly more abundant than the LIFR in both whole calvariae and isolated calvarial 
osteoblasts, which may explain the larger 45Ca release after treatment with mouse 
OSM. Preliminary data also shows that OSM stimulates the expression in mouse 
osteoblasts of the OSMRβ, whereas there is no effect on LIFR by LIF. In addition, 
incubation of osteoblasts with OSM results in phosphorylation of ERK1/2, an effect 
that is not seen after LIF treatment (Persson et al., unpublished), indicating 
differences in signalling by LIFR and OSMRβ in mouse osteoblasts. When the 
expression of RANKL, RANK, and OPG were studied, human LIF, human OSM 
and mouse OSM all increased mRNA levels of both RANKL and OPG. In contrast 
to the inhibitory effect of IL-6 + sIL-6R, no effect on RANK mRNA expression 
could be seen with any of the three cytokines tested. The indirect effects by LIF and 
OSM on bone resorption through RANKL-RANK signalling were also verified by 
the fact that the stimulatory effect of all three factors tested could be substantially 
decreased by addition of OPG.  
 
In summary, IL-6 (together with sIL-6R), LIF, and OSM all stimulated bone 
resorption in mouse calvarial bones in vitro. The stimulatory effect was indirect and 
mediated by osteoblasts/stromal cells through the regulation of RANKL and OPG. 
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These results are in line with a previous report by O’Brien and co-workers, who 
showed that IL-6-type cytokines can stimulate RANKL expression in 
osteoblasts/stromal cells, and that the effects were mediated by gp130/JAK/STAT 
by the use of dominant negative STAT3 and gp130 (O’Brien et al., 1999).  
 

 
 

Effect of VIP on IL-6 synthesis in osteoblasts (Paper II) 
 
Besides their function as neuropeptides in the nervous system, both VIP and PACAP 
are pleiotropic factors modulating many systems. Since VIP has been shown to have 
an immunomodulatory function, Delgado and co-workers investigated the effect of 
VIP on experimentally induced arthritis. Interestingly, VIP was shown to reduce both 
incidence and severity of collagen-induced arthritis in rats. VIP treatment resulted in a 
total reversion of the chronic inflammation and destruction of both bone and 
cartilage (Delgado et al., 2001). The authors suggested that the effects by VIP were 
mediated by regulation of cytokine expression by immune cells, however, the results 
in this thesis and previous reports on effects by VIP on bone cell functions indicate a 
possible involvement of effects by VIP on bone cells as well. In the immune system, 
VIP and PACAP partly exert their immunomodulatory functions through regulation 
of cytokine expression in immune cells (reviewed by Delgado et al., 2004). For 
example, both VIP and PACAP-38 have been shown to stimulate IL-6 protein 
synthesis in resting murine peritoneal macrophages (Martinez et al., 1998). In contrast, 
VIP has been shown to have an inhibitory effect on IL-6 expression in endotoxin-
induced macrophages (Martinez et al., 1998). These observations, together with 
findings demonstrating the presence of VIP receptors on bone cells and and that 
these receptors are functional in terms of regulation of bone formation and osteoclast 
formation and activity, prompted the aim to study effects of neuropeptides on 
osteotropic cytokine expression in osteoblasts. In Paper II, we studied the effects of 
VIP on IL-6-type cytokine expression in osteoblasts. Here we showed that VIP 
stimulated IL-6 mRNA expression and protein release from isolated calvarial 
osteoblasts in a both time- and concentration-dependent manner. At variance, VIP 
did not affect mRNA expression of the IL-6R or IL-11, LIF, OSM, or their cognate 
receptors. In addition to effects on IL-6 expression in primary calvarial osteoblasts, 
we also studied IL-6 promoter activity in cells from the osteoblastic cell line MC3T3-
E1 stably transfected with a plasmid containing a fragment (-225 to +13) of the 
human IL-6 promoter coupled to a luciferase reporter gene. Induction of IL-6 
promoter activity after treatment was measured by luciferase activity in cell lysates. 
Similar to the effect on IL-6 protein expression in calvarial osteoblasts, treatment 
with VIP induced IL-6 promoter activity, and the effect was both time- and 
concentration-dependent. The time course experiment showed a transient stimulatory 
effect of VIP seen at 1-6 h, with a peak at 3 h. Thus, not only peptide hormones, i.e. 
PTH (Grey et al., 1999) and cytokines such as IL-1 (Lacey et al., 1993) but also 
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signalling molecules in skeletal nerve fibers can regulate IL-6 expression in 
osteoblasts. The possible involvement of IL-6 in the effects by VIP on osteoblast 
function and osteoclast formation and activity is still elusive, however, an interesting 
future perspective.     
 
In conclusion, VIP increased IL-6 mRNA expression, protein release and promoter 
activity in osteoblastic cells in vitro. Besides the effect of VIP presented here, VIP has 
been shown to increase IL-6 expression in cells from the osteosarcoma cell line UMR 
106-01 (Greenfield et al., 1993). In addition, Togari and colleagues have reported that 
IL-6 expression in human osteoblasts can be stimulated by both epinephrine through 
β-adrenergic receptors and ATP through purinergic receptors (Ihara et al., 2005; 
Kondo et al., 2001), further consolidating the presence of an neuro-osteologic 
interaction.          
 
 
Characterization of VIP receptor subtype and signalling pathways involved in 

effects of VIP and PACAP-38 on IL-6 synthesis (Paper II) 
 
To further evaluate the role of neuropeptides in IL-6 expression and determine the 
VIP receptor subtype involved in VIP signalling, calvarial osteoblasts and transfected 
MC3T3-E1 cells were also treated with PACAP-38 and secretin. Incubation of 
calvarial osteoblasts with PACAP-38 resulted in a stimulatory, concentration-
dependent effect on IL-6 protein release equipotent to that of VIP. Furthermore, 
PACAP-38 increased IL-6 promoter activity in transfected MC3T3-E1 cells. In 
contrast, secretin did not affect IL-6 protein synthesis or promoter activity. The 
equipotency of VIP and PACAP-38 and the absent effect of secretin indicated that 
the effects of VIP and PACAP-38 were mediated by the VPAC2 receptor, which is in 
line with the findings by Lundberg and colleagues demonstrating the presence of 
VPAC2 receptors but not VPAC1 or PAC1 on short-term cultured osteoblasts 
(Lundberg et al., 2001).      
 
Although the presence of VIP receptors on bone cells have been established and 
several effects of VIP on bone cell functions have been reported previously, the 
intracellular signalling pathways involved in VIP receptor signalling in bone cells have 
not been studied earlier. To investigate which pathways are activated in VIP-induced 
IL-6 signalling, several techniques were used, including EMSA, 
immunocytochemistry, Western blot, and PCR. Four transcription factors were 
studied for which responsive elements are present in the IL-6 promoter, namely 
CREB, NF-κB, C/EBP, and AP-1.  
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The cAMP pathway 
Since VIP in previous reports has been shown to induce cAMP accumulation in cells 
from the osteosarcoma cell lines UMR 106-01 and SaOS-2 (Bjurholm et al., 1992), 
and to regulate bone resorption through a cAMP-mediated mechanism (Hohmann et 
al., 1983), the cAMP pathway was studied. The stimulatory effects of VIP and 
PACAP-38 on IL-6 mRNA expression, protein synthesis, and promoter activity were 
potentiated by the synthetic phosphodiesterase inhibitor rolipram and mimicked by 
forskolin, a receptor-independent stimulator of adenylate cyclase activity. Moreover, 
the stimulatory effect of VIP on IL-6 promoter activity could be significantly reversed 
by the PKA inhibitors H-89 and KT5720, all results indicating that the effect was 
mediated at least partly by the cAMP pathway. In contrast, no effect on VIP-
stimulated IL-6 promoter activity could be seen with the protein kinase C (PKC) 
inhibitor GF109203X. This indicates that PKC is not involved in regulation of IL-6 
by VIP in osteoblasts, a view further supported by our observation that phorbol 12-
myristate 13-acetate (PMA), a well-known PKC stimulator, did not enhance IL-6 
formation. In addition to the PKA pathway, cAMP also has the ability of activating 
Epac and downstream kinase cascades. The possible involvement of Epac in 
regulation of the IL-6 synthesis was tested using cAMP-analogues, including the non-
selective 8-Bromo-cAMP as well as both PKA- and Epac-selective analogues. 
Incubation of transfected MC3T3-E1 cells with 8-Bromo-cAMP and PKA-selective 
cAMP analogues increased IL-6 promoter activity as assessed by luciferase assay. In 
contrast, Epac-elective cAMP-analogues did not cause any regulation of IL-6 
promoter activity.  
 
To further evaluate the cAMP/PKA pathway, activation of CREB was studied. Both 
Western blot analysis and immunofluorescence staining revealed increased 
phosphorylation of CREB by VIP. Somewhat surprising, EMSA analysis showed that 
treatment with VIP did not result in any increase in CREB DNA binding activity. 
This can, however, be explained by the fact that CREB has the ability to bind to 
DNA in an inactive state, since phosphorylation does not regulate DNA binding 
properties of CREB but instead the transcriptional activity through interaction with 
co-activators.  
 
NF-κB 
VIP has been shown to regulate cytokine expression in several types of immune cells 
through different intracellular pathways, including NF-κB (reviewed by Ganea and 
Delgado, 2002). Since the IL-6 promoter contains at least one κB site, we explored 
the possible involvement of NF-κB in VIP signalling in osteoblasts. However, 
treatment with VIP did not affect NF-κB DNA binding activity or nuclear 
translocation of neither p50 nor p65, as assessed by EMSA and immunofluorescence, 
respectively. In contrast, the positive control substance IL-1β increased NF-κB DNA 
binding as expected and caused an almost total nuclear translocation of both p50 and 

55 



 

p65. Moreover, IL-1β decreased IκBα protein levels followed by increased IκBα 
mRNA expression, indicating proteasomal degradation and subsequent de novo 
synthesis of IκBα. Treatment with VIP, however, did not result in any changes in 
IκBα protein or mRNA levels, and the results all indicated that VIP receptor 
signalling does not trigger the NF-κB pathway in regulation of IL-6 production in 
osteoblasts. In contrast, Delgado and co-workers have shown that VIP and PACAP-
38 regulate the expression of TNF-α and IL-12 in peritoneal macrophages and RAW 
264.7 cells through the NF-κB pathway (Delgado et al., 1998; Delgado and Ganea, 
1999). These effects, however, were shown to be mediated by the VPAC1 receptor, 
which can explain the differences in signal transduction.  
 
C/EBP 
The transcription factor C/EBPβ plays an important role in regulation of IL-6 gene 
expression (Akira et al., 1990), and we therefore studied possible involvement of 
C/EBPs in regulation by VIP of IL-6 expression in calvarial osteoblasts. Indeed, VIP 
increased C/EBP DNA binding activity, and supershift studies revealed that both 
C/EBPβ and C/EBPδ were part of the regulatory complex. However, VIP treatment 
did not result in any increase in nuclear translocation of neither C/EBPβ nor 
C/EBPδ compared to untreated cells, as assessed by immunofluorescence and 
Western blot on both cytoplasmic and nuclear lysates. These findings indicate that 
VIP receptor signalling involves C/EBP through increased DNA binding activity but 
not nucler translocation of C/EBPβ and C/EBPδ.   
 
 
AP-1 
VIP and PACAP-38 signalling have in previous reports been demonstrated to employ 
MAP kinase cascades and thereby regulate AP-1 activity in microglia (Delgado, 2002). 
Our studies on osteoblasts revealed that treatment with VIP resulted in decreased 
AP-1 DNA binding activity, whereas IL-1β had a stimulatory effect. Antibody 
supershifts demonstrated that the AP-1 pathway probably included several different 
dimeric complexes since antibodies for c-Jun, JunB, c-Fos, and Fra-1 all shifted the 
AP-1-specific band, and incubation with all antibodies simultaneously was needed for 
a total shift of the band.  
  
In summary, the effects of VIP and PACAP-38 on IL-6 expression and promoter 
activity in osteoblastic cells are mediated by the VPAC2 receptor, which in turn 
triggers several intracellular signalling pathways, including cAMP/PKA/CREB, AP-1, 
and C/EBP, but not NF-κB or the cAMP-dependent Epac pathway.  
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Effects of proinflammatory cytokines on IL-6 synthesis and possible neuro-
immunomodulatory interaction (Paper III) 

 
Interleukin-1 is the most potent stimulator of bone resorption discovered so far 
(Lorenzo et al., 1987), and plays an important role as inducer of pathological bone 
loss and cartilage destruction in both rheumatoid arthritis and periodontal disease 
(Dayer, 2002; Okada and Murakami, 1998). It is a well-known stimulator of IL-6 
production in osteoblasts and has in a recent publication also been shown to increase 
shedding of the membrane-bound IL-6R to the soluble form through activation of 
TNF-α converting enzyme (TACE) in osteoblastic MG-63 and SaOS-2 cells 
(Franchimont et al., 2005). This could contribute to the resorptive effect of IL-1 on 
bone resorption since elevated levels of both IL-6 and sIL-6R are present in synovial 
fluids from rheumatoid arthritis patients (Kotake et al., 1996). However, not only IL-1 
but also cytokines such as IL-6 (in combination with sIL-6R), IL-11, LIF, OSM, IL-
17, TNF-α, and TGF-β can stimulate bone resorption (reviewed by Bonewald, 2002; 
Horowitz and Lorenzo, 2002). 
 
Based upon the well-known interactions between the immune system and the 
nervous system, the aim for Paper III was to study the effects of VIP with and 
without IL-1β on IL-6 expression in osteoblasts. In addition, the interaction between 
IL-1β and VIP were compared to those between VIP and several other cytokines 
known to stimulate bone resorption. Treatment of primary calvarial osteoblasts with 
recombinant IL-1β increased IL-6 protein release from these cells, and the effect was 
both time- and concentration-dependent. It also caused an increase in IL-6 mRNA 
expression that was biphasic with an intial increase peaking at 3 h, then declining over 
time until 12 h from when it remained steadily increased for at least 48 h of 
incubation. Interestingly, IL-1β in combination with VIP resulted in an even more 
profound effect compared to that of IL-1β alone. In transfected MC3T3-E1 cells, 
both VIP and PACAP-38, but not secretin, synergistically potentiated the stimulatory 
effect of IL-1β on IL-6 promoter activity, again indicating that the effects of VIP and 
PACAP-38 are mediated by the VPAC2 receptor.  
 
In addition to IL-1β, several other proinflammatory, osteotropic cytokines were 
tested, including the IL-6-type cytokines IL-11, LIF, and OSM, as well as IL-17, 
TNF-α, and TGF-β. LIF, IL-17, and TNF-α have previously been reported to 
stimulate IL-6 mRNA and/or protein expression in osteoblasts (Chae et al., 2001; Liu 
et al., 2002; van Beezoijen et al., 1999). Here, all tested factors caused a statistically 
significant increase in IL-6 protein release from primary calvarial osteoblasts, with 
OSM being by far the most effective stimulator. All effects were potentiated by 
addition of VIP except for that of TNF-α, which was partly reversed by VIP. The 
latter observation is in line with an observation by Juarranz and co-workers who 
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reported that VIP reversed the stimulatory effect of TNF-α on IL-6 synthesis in 
fibroblast-like synoviocytes and synovial tissue cells from osteoarthritis and 
rheumatoid arthritis patients (Juarranz et al., 2004).  
 
In conclusion, IL-6 expression in osteoblasts can be stimulated by several 
proinflammatory, osteotropic factors, a function that might be part of their 
stimulatory effect on bone resorption. In addition, the effect of these factors can be 
regulated by VIP, suggesting a neuroimmunomodulatory function of neuropeptides 
in bone. 
 
 
Effect of VIP and related pepties on RANKL, OPG, and M-CSF expression in 

calvarial osteoblasts, osteoblastic cell lines and stromal cells (Paper IV) 
 
To further investigate the likely neuro-osteological interactions between 
neuropeptides and bone cells, we studied the effects of VIP and related peptides on 
expression of RANKL, OPG and M-CSF in neonatal isolated calvarial osteoblasts, 
osteoblastic cell lines, as well as bone marrow-derived stromal cells. This was also 
prompted by our observations that VIP inhibits osteoclast formation in mouse bone 
marrow cultures, and by the finding that VIP counteracted the regulatory effect of 
D3 on RANKL, RANK, and OPG mRNA expression in the crude bone marrow 
cultures (Mukohyama et al., 2000).   
 
Interestingly, incubation of mouse calvarial osteoblasts with VIP resulted in an 
increased RANKL mRNA expression, whereas OPG mRNA expression was 
decreased, as assessed by quantitative real-time PCR. Incubation with VIP did not 
result in regulation of M-CSF mRNA expression that was statistically significant, 
although a marked and reproducible decrease in M-CSF expression was seen in 
individual experiments. However, when VIP was combined with the 
phosphodiesterase inhibitor rolipram, it resulted in a significant decrease in M-CSF 
mRNA levels. The potentiation of the effect of VIP with rolipram was also present in 
regulation of RANKL and OPG mRNA expression, indicating that the effects of 
VIP at least partly are mediated by the cAMP pathway, similar to regulation of IL-6 
expression. To determine which receptor subtype mediated these effects of VIP, 
calvarial osteoblasts were incubated with PACAP-38 and secretin. PACAP-38 
increased RANKL and decreased OPG mRNA expression, similar to the effects by 
VIP. The semi-quantitative PCR also revealed a slight decrease of M-CSF mRNA 
expression by both VIP and PACAP-38. All effects were also potentiated by 
rolipram. Furthermore, stimulation of RANKL mRNA by VIP and PACAP-38 was 
concentration-dependent, with PACAP-38 being about 10-fold more potent than 
VIP. In contrast to the effects by VIP and PACAP-38, secretin did not regulate 
RANKL, OPG or M-CSF mRNA expressions, and that together with the similar 
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effects obtained with VIP and PACAP-38 indicated that the effects were mediated by 
the VPAC2 receptor.    
 
To further evaluate the role of VIP as a regulator of RANKL, OPG, and M-CSF 
expressions in osteoblasts, we studied the effects of VIP in a number of cell lines. In 
the murine osteoblastic cell line MC3T3-E1, incubation with VIP resulted in 
increased RANKL and decreased OPG mRNA expression, and the M-CSF mRNA 
levels were slightly decreased. These effects by VIP were similar to those seen in 
primary calvarial osteoblasts. In addition, VIP also stimulated RANKL mRNA in 
cells from the human osteosarcoma cell line SaOS-2, whereas incubation with VIP 
caused a decrease in RANKL mRNA in another human osteosarcoma cell line, MG-
63. These results indicate the presence of functional receptors for VIP on these cells, 
which is in line with the study by Bjurholm et al. were VIP increased cAMP 
accumulation in SaOS-2 and MG-63 cells (Bjurholm et al., 1992). At variance, OPG 
and M-CSF mRNA expression were not regulated by VIP in SaOS-2 or MG-63 cells. 
Furthermore, incubation with VIP did not result in regulation of RANKL, OPG, or 
M-CSF expression in neither of the rat osteosarcoma cell lines ROS 17/2.8 or UMR 
106-01. The lack of effect by VIP in ROS 17/2.8 cells was in line with the report by 
Bjurholm and co-workers that VIP did not stimulate cAMP accumulation in this cell 
line (Bjurholm et al., 1992), indicating a possible absence of receptors for VIP on 
these cells. The overall differences in regulation by VIP of expression of RANKL, 
OPG, and M-CSF between the cell lines studied may, at least partly, be due to species 
differences and the fact that the cells originally are derived from both primary cells 
and tumor cells.   
 
We further studied the effects of VIP on RANKL, OPG, and M-CSF mRNA 
expression by using bone marrow-derived stromal cells (BMSC). In contrast to the 
effects by VIP on periosteal osteoblastic cells isolated from calvarial bones, VIP did 
not regulate the expression of RANKL, OPG, or M-CSF in stromal cells. Incubation 
with D3, however, resulted in increased RANKL and decreased OPG mRNA, similar 
to the effects seen on calvarial osteoblasts. The reason for the lack of effect of VIP in 
stroma cells is not totally clear. However, measurements of cAMP accumulation in 
BMSC showed that incubation with VIP, PACAP-38 and secretin did not result in 
elevated cAMP levels, indicating that lack of functional receptors for VIP could 
explain these results. 
 
In summary, the osteoclastogenic factors RANKL, OPG and M-CSF were all 
regulated by VIP in isolated mouse calvarial osteoblasts. The stimulatory effect on 
RANKL mRNA and the inhibitory effect on OPG mRNA seen after incubation with 
VIP indicate a possible stimulatory effect of VIP on osteoclast differentiation as well 
as osteoclast activity. As regards osteoclast activity, Hohmann et al. have shown that 
VIP stimulates bone resorption in cultured mouse calvarial bones (Hohmann et al., 
1983), and our group has demonstrated that VIP can stimulate rat osteoclast activity 
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in the presence of osteoblasts/stromal cells (Lundberg et al., 2000). These 
observations might be explained by our finding that VIP increases RANKL and 
decreases OPG mRNA expression in osteoblasts. On the other hand, VIP decreases 
D3-stimulated osteoclast formation and counteracts the stimulatory effect by D3 on 
RANKL and the inhibitory effect on OPG mRNA expression in crude bone marrow 
cultures (Mukohyama et al., 2000). As will be discussed below, we believe that 
inhibition of osteoclast formation is due to a direct effect by VIP on osteoclast 
progenitor cells, rather than due to an effect on RANKL and OPG expression. We 
have no explanation why VIP inhibits RANKL and enhance OPG in the bone 
marrow cultures in contrast to the observations in osteoblasts and stromal cells. 
However, it could be explained by VIP affecting RANKL and OPG expression in 
non-stromal cells present in the crude bone marrow cultures.     
 
At variance to the effects on calvarial osteoblasts, only RANKL was regulated by VIP 
in MG-63 and SaOS-2 cells, whereas the expression of RANKL, OPG, and M-CSF 
all were unaffected in ROS 17/2.8 and UMR 106-01 cells. No effect of VIP on 
RANKL, OPG, and M-CSF expression could be seen in BMSC either, which 
possibly could be explained by absence of functional VIP receptors in these cells.      
 
 

Effects of VIP on osteoclast formation and bone resorption in co-cultures of 
BMM and either calvarial osteoblasts or BMSC (Paper IV) 

 
The effect by VIP on expression of several osteotropic cytokines in osteoblasts, 
including IL-6, RANKL, and OPG, triggered the question if these effects could result 
in regulation of bone resorption. To investigate this, co-cultures of BMM with either 
periosteal osteoblasts or BMSC were used to study the effects of VIP on bone 
resorption in vitro.  
 
In co-cultures of BMM and osteoblasts, addition of VIP did not result in any increase 
in osteoclast formation, despite the increase in RANKL/OPG ratio seen in 
osteoblasts after incubation with VIP. Similar results were obtained in co-cultures of 
BMM and BMSC, which was more expected because of the possible lack of VIP 
receptors in BMSC. D3, however, increased the number of osteoclasts in both types 
of co-cultures, with the effect being more profound with BMSC than osteoblasts. 
 
The lack of effect by VIP on osteoclastogenesis might be explained by an inhibitory 
effect of VIP on the osteoclast progenitor cells, which would be in line with previous 
findings by our group that VIP inhibits osteoclast formation in bone marrow cultures 
stimulated by D3 (Mukohyama et al., 2000). This was tested by adding VIP to co-
cultures of BMM and osteoblasts or BMSC where osteoclast formation was shown to 
be stimulated by D3 and dexamethasone. Indeed, VIP reversed the stimulatory effect 
of D3 + dexamethasone on osteoclastogenesis and bone resorption in co-cultures of 
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BMM and osteoblasts as assessed by both number of osteoclasts and resorption pits. 
In addition, VIP also reversed the stimulatory effect on osteoclast formation by D3 
alone and D3 in combination with dexamethasone in co-cultures of BMM and 
BMSC.  
 
The inhibitory effect by VIP could possibly be explained by regulation by VIP of the 
effects of D3 on RANKL, OPG, and M-CSF expression. If so, that would be similar 
to the observations that VIP counteract the stimulatory effect on RANKL and 
inhibitory effect on OPG expression by D3 in bone marrow cultures reported earlier 
(Mukohyama et al., 2000). However, VIP did not regulate the effects of D3 on 
RANKL, OPG, or M-CSF in neither osteoblasts nor BMSC. A second explanation 
for the inhibitory effect by VIP on osteoclast formation could be a direct effect on 
osteoclast progenitor cells. To test this, we incubated BMM with VIP + M-CSF or a 
combination of VIP together with M-CSF + RANKL. Treatment with VIP + M-CSF 
did not result in any osteoclast formation, in contrast to the stimulatory effect seen 
with M-CSF + RANKL. Interestingly, when BMM were incubated with VIP in 
combination with M-CSF + RANKL, the number of osteoclasts formed was clearly 
reversed compared to the effect by M-CSF + RANKL without VIP.  
 
To summarize the results from the co-cultures, VIP did not increase osteoclast 
formation in co-cultures with neither osteoblasts nor BMSC, although an increased 
RANKL/OPG ratio was seen in osteoblasts after incubatin with VIP. The lack of 
effect on osteoclast formation in co-cultures could, however, be explained by a direct 
inhibitory effect by VIP on osteoclast progenitor cells seen in BMM cultures that 
prevented further osteoclast formation in the co-culture system we used.   
 
In conclusion, the results in this thesis strengthens the role of the IL-6-type cytokines 
as stimulators of bone resorption, and suggests a role for neuropeptides as regulators 
of bone metabolism and bone cell functions through both neuro-osteological and 
neuro-immunomodulatory interactions.  
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GENERAL DISCUSSION AND CONCLUDING REMARKS 
 

A continuous turnover of bone tissue is necessary for the skeleton to execute its 
function as a supportive organ and mineral source. On the other hand, it is a process 
that can have devastating consequences for the individual if not properly regulated. 
To prevent imbalances between bone resorption and bone formation resulting in a 
pathological outcome, the metabolic reactions are orchestrated with high precision by 
innumerable factors, both systemic and produced locally in the bone 
microenvironment.     

 
The members of the IL-6 family of cytokines are pleiotropic proteins that affect 
almost every tissue. IL-6 has been suggested to be an important mediator of bone 
loss in several pathological conditions with both systemic and locally induced bone 
loss, whereas the effects of the other family members on bone metabolism in vivo is 
less well established.  
 
Neuropeptides is another group of proteins that during the last decades have been 
proposed to regulate bone metabolism. Several studies have demonstrated the 
presence of neuropeptide-containing nerve fibers in bone. Nerve fibers have been 
found in close vicinity to bone cells, and higher neuronal density in areas within the 
skeleton with high metabolic activity has also been demonstrated. Furthermore, 
denervation studies have shown that both chemical and surgical denervation results in 
regulation of bone mass and bone cell functions. In addition, a regulatory effect by 
leptin on bone metabolism through a hypothalamic relay and the sympathetic 
nervous system has also recently been reported. Together, these findings suggest the 
involvement of the central and peripheral nervous systems in regulation of bone 
metabolism.  
 
Clinical observations also support this theory. One striking example is the 
longitudinal reduction deformities of limbs seen in individuals born after prenatal 
exposure to thalidomide, the active substance of an antiemetic drug given to pregnant 
women in several countries, including Sweden. The abnormal development and 
fusion of the bones are believed to be caused by embryonic neuropathy of the 
peripheral sensory innervation of the skeleton (McCredie and Willert, 1999). 
Furthermore, changes in bone metabolism have been associated with different types 
of neuronal injuries. For example, excessive callus formation and increased healing 
rate in fractures of long bones have been demonstrated in paraplegic patients. In 
addition, studies on paraplegic children have shown increased fracture rate due to 
chronic subdural hematoma, spinal cord tumors and lesions of the spinal cord or 
roots (reviewed by Lerner and Lundberg, 1998). Ramnemark and colleagues have 
reported that stroke increases the incidence for hip fractures 2 to 4 times, and that 
most of the fractures affected the paretic side (Ramnemark et al., 1998). Interestingly, 
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they have also shown a significantly lower bone mineral density (BMD) and 
development of progressive hemiosteoporosis in the paretic side (Ramnemark et al., 
1999). Critical comments have suggested disuse as a reason for the decreased bone 
mineral density in the paretic side in these patients. A total decrease in BMD can be 
explained by immobilization, however, disuse of the paretic side can not be the only 
explanation since many of the patients studied were totally immobilized. With that in 
mind, the changes in bone mass in many of these conditions may instead be 
explained by decreased or changed neuronal input, in turn causing regulation of bone 
cell function.         

 
As mentioned earlier, functional receptors for the neuropeptide VIP have previously 
been demonstrated on both osteoblasts and osteoclasts. In this project, the effects of 
VIP and related peptides on expression of osteotropic cytokines and bone resorption 
in vitro have been studied. VIP increased the expression of both IL-6 and RANKL, 
and decreased OPG and M-CSF expression in calvarial osteoblasts. These findings 
suggest that regulation of periosteal osteoclast formation and activity can be 
stimulated by VIP, and the findings may explain the previously reported resorptive 
effect by VIP in mouse calvariae. However, in hematopoietic cell cultures with 
considerably more immature precursor cells, VIP was shown to inhibit osteoclast 
formation. This effect was most likely independent of the RANKL-RANK-OPG 
system, and was rather an effect directly targeting osteoclast progenitor cells. The 
findings suggest that neuronal signalling by VIP regulating osteoclast formation and 
activity can be fundamentally different depending on the bone site studied.   
 
In summary, the findings presented in this thesis are:  

 
• Several members of the IL-6 family of cytokines, including IL-6, LIF and 

OSM, are potent stimulators of bone resorption and regulates the expression 
of RANKL, RANK and OPG, proteins crucial for regulation of 
osteoclastogenesis and bone resorption 

 
• The related neuropeptides VIP and PACAP-38 stimulates IL-6 expression in 

osteoblasts, and the effect is mediated by VPAC2 receptors through several 
intracellular pathways, including cAMP/PKA/CREB, C/EBP and AP-1 

 
• IL-1β and several other proinflammatory, osteotropic cytokines stimulate IL-

6 expression in calvarial osteoblasts, and the effects are modulated by VIP 
through a possible neuro-immunomodulatory interaction 

 
• VIP and PACAP-38 regulate the expression of RANKL, OPG and M-CSF 

in calvarial osteoblasts. VIP inhibits osteoclast formation in cultures of bone 
marrow macrophages due to a direct effect on osteoclast progenitor cells 
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The results in this thesis further strengthen the role of members of the IL-6 family of 
cytokines and VIP and related neuropeptides in the regulation of calvarial bone 
metabolism mainly through an indirect effect mediated by regulation of osteotropic 
cytokines in osteoblasts. These results are, however, obtained in vitro and it is 
therefore difficult to draw any consolidated conclusions about the effects of these 
factors in vivo, since the turnover of an intact bone in its natural environment is 
regulated by an immense amount of factors of which a considerable part are absent in 
in vitro cultures. In that sense, additional studies on these factors in vivo are needed 
before definitive conclusions about their effects on bone metabolism can be made.  
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