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Abstract

Changes of cellular polarity in osteoclasts during resorption cycle was studied. Targeting of vesicular
stomatitis virus (VSV) G-protein has earlier been studied in epithelial cells and in neurons, in which
it serves as a basolateral or dendritic marker protein, respectively. In osteoclasts it occupied only the
peripheral parts of the circulation facing basal membrane, but not ruffled border membrane or sealing
zone area. Apical or axonal markers including Influenza A haemagglutinin were neither targeted to
ruffled border area. Instead, they were transported to a limited area in the middle of the osteoclast
basal surface. This membrane domain also showed staining for organic bone matrix components.
Further works were done to find out the route of degraded bone matrix components to this membrane
domain. It is shown in the confocal laser scanning and transmission electron microscopic level that
osteoclasts take both organic and inorganic bone matrix dissolution products into intracellular
vesicles which then are transcytosed to basal surface and finally exocytosed. One biological function
to the new membrane domain seems to be to serve as an endpoint for intracellular handling of
degraded bone matrix components, and as a final secretion point to release these components to
circulation. This specialized membrane area is named as functional secretory domain (FSD) in this
study. Membrane associated fine structures on the FSD area showed some novel membrane
associsted structures. Their appearance and amount correlated to the resorption activity of osteoclasts
suggesting that these new structures, termed clastosomes and debris, could be directly involved in the
handling of bone degradation products during resorption. It is also shown that the bone matrix itself
has effect on the resorption activity of cultured osteoclasts.

Keywords: cell polarity, electron microscopy, osteoclast, resorption mechanism,
transcytosis
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FSD functional secretory domain 
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GM-CSF Granulocyte-macrophage colony stimulating factor 
IL Interleukin 
INF Interferon 
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MDCK Marvin-Darby canine kidney cells 
MW Molecular weight 
NCP non-collagenous protein 
OCL osteoclast 
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PTHrP  Parathyroid hormone related peptide 
RGD arg-gly-asp 
SZ sealing zone 
TEM transmission electron microscopy 
TGF Transforming growth factor 
TNF Tumor necrosis factor 
TRAP Tartrate-resistant phosphatase 
TRITC Tetramethyl rhodamine isothiocyanate 
V-ATPase Vacuolar type H+-ATPase 
VSV Vesicular stomatitis virus 
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1 Introduction 

Bone resorption is a mandatory process involved in both physiological and pathological 
turnover of bone tissue. It is involved in bone modellation and remodellation during 
growth and adaptation. One specialized form of resorption is the penetrative resorption, in 
which deep excavations or even long tunnels are formed in bone. This plays a central role 
in vascularization, and fracture healing, but on the other hand, destroys the strength of 
bone in postmenopausal osteoporosis. The only cell known to be capable of resorbing 
fully mineralized bone matrix is osteoclast. Osteoclasts are highly differentiated 
multinuclear cells of haematopoietic origin, having three different plasma membrane 
domains; sealing zone to mediate the attachment to bone matrix, ruffled border to 
dissolve bone matrix, and a circulation facing basal membrane. During resorption cycle 
they move on the bone surface to a forthcoming resorption site, form a tight attachment to 
bone and dissolve bone matrix. This involves acid secretion through ruffled border to 
dissolve inorganic matrix, and secretion of proteolytic enzymes to degrade organic bone 
matrix. Ruffled border area has been thought to be a counterpart to apical domain seen in 
epithelial cells, mainly due to ability of acid secretion. Once the local dissolution of bone 
matrix is completed, osteoclasts can move to a new resorption site. It is not known, 
whether the whole process is extracellular or not. Another open question is, whether the 
matrix degradation products are liberated prior to, or at the time of cell detaching. This is 
an important question especially in penetrative resorption. 

The experimental part of this work was aimed to resolve these questions in in vitro 
conditions. Special interest was focused on the polarity of the basal surface, and on its 
possible role in resorption process. 



2 Review of the literature 

2.1   Bone constituents 

Bone is a dynamic tissue having three major roles in vertebrates. It serves 1.) as a 
mechanical support and protection, 2.) as a major storage for body calcium and 3.) as a 
site for adult haematopoiesis. To fulfill these demands, vertebrates have two 
morphologically different types of bone. Cortical bone is compact in structure and is 
mainly responsible for the support function. Cancellous bone has a large surface area 
compared to the volume, offering a possibility to rapidly participate in metabolism, 
especially in regulation of calcium homeostasis. Dentine is a specialized form of bone 
having less proteins and no Haversian system.  

2.2   Extracellular matrix components 

2.2.1   Organic matrix 

Collagen forms 90 % of the total weight of bone matrix proteins. It consists mainly of 
collagen type I, although trace amounts of other types, such as collagen III, V, XI and 
XIII have also been found. Collagen I is a triple-helical super coil molecule consisting of 
three structurally similar chains. Two alfa1 (I) chains are identical, but the third, alfa2 (I) is 
genetically different (chromosome 7/17, respectively) (Vuorio et al. 1998). Every 1000 
amino acid in collagen is glycine, leading to coiling due to bulky side chains. Typically, 
collagen contains a triplet of gly-X-Y in which X is often proline and Y a modified 
proline (Hulmes 1992). In bone, collagen fibers are highly insoluble due to many intra- 
and intermolecular cross-links in contrast to collagens in soft connective tissues (Eyre et 
al. 1988). The structure of collagen fibers also affects the strength of the bone, which 
physiologically alters with age (Oxlund et al. 1996). 
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Non-collagenous proteins are often thought to be a minor component, because they 

constrain only ten percent of the bone protein mass. It is worth emphasizing that on the 
mole-to-mole basis, osteoblasts produce roughly one non-collagenous matrix protein 
molecule per on collagen molecule. The final difference in protein mass is due to 
molecular weights (triple helical collagen over 300.000, NCPs averaging about 50.000). 
The first non-collagenous protein to be identified in bone was a sialic acid -rich 
glycoprotein. After that, several other proteins have been found in organic bone matrix, 
some of them even quite specific for bone.  

On the structural basis, four main groups of NCPs are found: 1.) proteoglycans, 2.) g-
carboxylated (gla) -proteins, 3.) Glycoproteins and 4.) Others, including e.g. proteins 
affecting growth. Proteoglycans are macromolecules consisting of a central core protein 
and covalently attached long chain polysaccharide side chains (glycosaminoglycans). On 
the basis of side chains, three subgroups of proteoglycans can be found in bone: a.) 
Chondroitin sulfate side chains are found in biglycan having a small core protein (40 
kDa) and two attached chains, in decorin having one side chain attached to small (40kDa) 
core protein, and in an approximately 300 kDa protein which resembles versican found in 
fibroblasts (Krusius et al. 1987). (Beresford et al. 1987) In developing bone aggrecan is 
expressed. b.) Heparan sulfate side chains are found in association to membrane 
proteoglycans, e.g. receptors for TGF-b (Maillard 1992). c.) keratan-sulfate side chains 
are associated with leucine-rich proteins which can be proteoglycans or not, these include 
osteoglycin and osteoadherin. Vitamin K-dependent γ-carboxylation is found in 
osteocalcin, in matrix GLA-protein, and in protein S (vitronectin) (Ruoslahti 1988) 
Osteonectin is an example of glycoproteins found in bone matrix. Others include 
thrombospondin (Thiede 1994), fibronectin (Hauschka 1986), tetranectin and 
sialoproteins (osteopontin (Gehron Robey 1989; McKee et al. 1996), BSP-I (Aarden 
1994) and BAG-75 (Wong 1992)). In addition to these three groups, several other NCPs 
can be found in variable amounts. Perhaps the most typical representatives are different 
kind of growth factors engulfed in bone during bone formation (Bianco 1990). Examples 
of these include bone morphogenetic proteins (BMPs), which are members of TGF-• 
superfamily (Ripamonti et al. 1992). Bone NCPs can also be classified on other methods. 
One meaningful classification is whether protein has an RGD (arg-gly-asp) -sequence or 
not. This is especially important in cell- matrix interactions, where RGD-sequence is one 
possible mediator. In addition, antibodies to RGDs inhibit resorption. RGD-sequence is 
found in bone sialoprotein, fibronectin, osteopontin, thrombospondins, vitronectin, 
fibrillin BAG-75, osteoglycin and osteoadherin.  

2.2.2   Inorganic matrix 

Bone is a major mineral storage, containing 99% of body calcium and 88 % of body 
phosphate. Inorganic bone matrix consists mainly of plate or spindle -shaped crystals of 
hydroxyapatite Ca10(PO4)6(OH)2. Hydroxyapatite crystals are spindle- or platelet-shaped, 
measuring up to 200nm in length. This offers a large surface area available for mineral 
exchange, about 10 m2 per 1g of bone. Other components include calcium carbonate, 
calcium fluoride, and magnesium fluoride. Basically two mechanisms have been 



 19
described for mineralization process, one in primitive woven bone and the other in the 
lamellar bone. The first one, occurring in woven bone and calcified cartilage, includes 
matrix vesicles which are secreted to extra cellular space, where they serve as small 
packages of mineral and as mineralization niduses (Bianco et al. 1993). Once initiated, 
this process seems to be a cascade which is stimulated by crystals themselves and 
inhibited by certain inhibitor molecules, like pyrophosphate or acidic NCPs. 

The other mineralization mechanism occurs in lamellar bone where organic 
components are more tightly packed leaving less space for mineral (Bonucchi 1971; 
Weiner et al. 1986). Well organized collagen fibers are decorated by NCPs. This perhaps 
plays a role in regulation of mineralization process, since pure collagen I is a poor 
initiator of crystal deposition.  

2.3   Bone cells  

2.3.1   Osteoblasts 

Mature osteoblasts are responsible for bone matrix synthesis. Osteoblasts are 
mononuclear cells of mesenchymal origin, containing large amounts of alkaline 
phosphatase. Active cells are cuboidal or polygonal, and have lots of rER and Golgi 
apparatus. Osteoblasts are formed from preosteoblasts which morphologically resemble 
osteoblasts, but still lack some antigens found in mature osteoblasts. Typically, 
osteoblasts are found adjacent to new bone surface at the areas of active bone matrix 
synthesis. The mineralization front is usually 5 to 50 µm microns away from the 
osteoblast cell surface. About 10 to 20 percent of osteoblasts are estimated to become 
buried in bone matrix. In addition to bone matrix synthesis, osteoblasts produce 
collagenase to remove osteoid prior to osteoclastic resorption of mineralized matrix 
(Chambers et al. 1985) They have also been suggested to control the formation and 
function of osteoclasts, thus guiding the resorption event (Rodan et al. 1981). 

2.3.2   Osteocytes 

Osteocytes are smaller than osteoblasts and are considered to be osteoblasts that have 
become engulfed in bone matrix. They are mononuclear postproliferative cells having 
several long processes inside canaliculi in bone tissue. This offers a possibility for contact 
between different osteocytes as well as contacts to osteoblasts or bone lining cells. 
Osteocytes form a network within a single Haversian system. It has been suggested that 
osteocytes could sense mechanical load to bone, thus guiding the modellation of bone 
(Aarden 1994), and that osteocytes could participate in bone resorption (Shimizu et al. 
1990) and in regulating calcium homeostasis. It is thought that the bone fluid surrounding 
osteocytes in their lacunas, has a central role in these functions. The final steps of the life 
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span of osteocytes are not exactly known, but it is thought that they become phagocytosed 
by osteoclasts during bone resorption. 

2.3.3   Bone lining cells 

Bone surfaces which are not under remodeling or modeling are covered by elongated, 
thin cells. These bone lining cells are thought to be either inactive osteoblasts which 
perhaps can be activated to produce bone matrix or a cell type of its own. In Gardner 
staining, osteocytes are seen as a row of nuclei along bone surfaces, since their cytoplasm 
does not contain many cell organelles and is therefore only weakly stained in this 
procedure. An important aspect concerning bone lining cells is that the retraction or 
removing of these cells is a mandatory step in starting osteoclastic bone resorption (Jones 
et al. 1976; Zambonin-Zallone et al. 1984). Retraction exposes the underlining osteoid to 
proteolytic enzymes of osteoblasts (Chambers et al. 1985), and further to osteoclastic 
resorption. 

2.3.4   Osteoclasts 

2.3.4.1  Characteristics of osteoclasts 

Osteoclasts were first described by Kölliger in 1873. Histologically they are large (20-100 
µm), multinucleated cells having a basophilic cytoplasm, numerous pleomorphic 
mitochondria and a variety of vesicular structures. In electron microscopy, a characteristic 
sealing zone area can be seen. It is a specific attachment site where osteoclasts cell 
membrane is in a very close contact with bone matrix (Väänänen et al. 1995). Cytoplasm 
in these areas seems not to contain cell organelles, and can therefore be detected in TEM 
sections (Schenk et al. 1967; Malkani et al. 1973). Sealing zone area, also called clear 
zone, surrounds the ruffled border area facing the resorption lacuna. Ruffled border 
membrane has numerous, narrow finger-like protrusions penetrating to bone matrix. 
Appearance of both sealing zone and ruffled border is considered as a highly specific 
feature of mature osteoclasts. It has to be emphasized that osteoclasts can have several 
different shapes, varying from an almost flat cell to almost rounded, depending on the 
phase of the resorption cycle described in chapter 3.3.4.4.  

Osteoclasts express some proteins which are almost specific, or at least highly 
concentrated in osteoclasts. These include tartrate-resistant acid phosphatase (TRAP) 
expressed also in activated macrophages, tartrate-resistant trinucleotide phosphatase, 
carbonic anhydrase II (Gay et al. 1974; Gay et al. 1983; Väänänen et al. 1983), vacuolar 
H+-ATPase, calcitonin receptors, some cathepsins (Bossard et al. 1996; Drake et al. 1996; 
Rantakokko et al. 1996), and some specific proteins which can be detected using 
monoclonal antibodies raised to osteoclastic proteins. The H+-ATPase expressed in 
osteoclasts is a vacuolar-type pump different from that expressed in gastric parietal or 
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kidney epithelial cells (Blair et al. 1989; Bekker et al. 1990; Väänänen et al. 1990), but it 
is not known at the moment if it is specific for only osteoclasts . Cathepsins have been 
characterized lately, and it seems that at least cathepsin B, D, L, K, O, and S are 
expressed in osteoclasts (Rifkin et al. 1991a; Goto et al. 1994a; Bromme et al. 1996a; 
Gelb et al. 1996a). Cathepsin K and cathepsin O are perhaps the most osteoclast-specific 
in this large group of proteins.  

Taken together, the criteria for osteoclast at the moment include: 1.) multinucleation, 
2.) capability to form resorption lacunae on a fully mineralized bone matrix, 3.) 
expression of TRAP, 4.) expression of calcitonin receptors. If the cell fulfills these criteria 
it is an osteoclast, but there is a population of cells which can be osteoclasts but are ruled 
out in this classification. These include resorbing cells with one or two nuclei, being 
osteoclasts or their precursors. On the other hand, TRAP is expressed also in some 
activated macrophages, so the criteria 1-4 are not independent, but are connected to each 
other.  

2.3.4.2   Origin of osteoclasts 

Evidence from four different approaches shows that multinucleated osteoclasts form by 
fusion of precursor cells of haematopoietic origin. The first evidence came from the 
experiments, where new osteoclasts generated in rat after irradiation were shown to be 
originated in tritiated thymidine-labeled littermate joined with a skin flap (Gothlin et al. 
1976). It was also found that osteopetrosis, a metabolic bone disease characterized by 
reduced bone resorption due to impaired osteoclastic function (Marks 1987), could be 
treated either by temporary parabiosis (Walker 1973) or by injecting spleen or bone 
marrow cells to lethally irradiated osteopetrotic mice (Walker 1975; Ash et al. 1980; 
Marks et al. 1981).  

Osteoclasts are thought to differentiate from common mononuclear phagocytic 
precursor cells with macrophages. The differentiation of haematopoietic stem cell to a 
common precursor cell is stimulated by IL-1, GM-CSF and G-CSF, but is inhibited by 
INF- γ .(Akatsu et al. 1991) In the later steps, IL-1, IL-6, TNF- α and β, TGF-α and EGF 
stimulate the formation of OCL precursors, while TGF-b inhibits it. The fusion of 
precursor cells to form mature osteoclasts takes place on the bone surface and is regulated 
by several factors and other cells. It has been shown that the presence of other bone-
marrow derived cells as well as vitamin-D is needed for the formation of active 
osteoclasts. In addition, IL-1, IL-6, prostaglandins, TNF-α and β, TGF-a and b and EGF 
are known to stimulate fusion, while INF-γ, estrogen and calcitonin inhibit it. M-CSF has 
been shown to play an important role in differentiation, migration and survival of 
osteoclasts.  
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2.3.4.3  Regulation mechanisms of OCL function 

The fully mineralized bone matrix is exposed only after retraction of bone lining cells, 
and removal of organic osteoid. Therefore, it can be assumed that bone lining cells are 
remarkable in vivo regulators of osteoclastic bone resorption. The exact mechanisms of 
this cascade are not yet known, but it seems that soluble factors as well as cell-cell 
contacts have a role in activation of osteoclasts (Rodan et al. 1981; McSheeny et al. 
1986). 

The resorption rate can be regulated in two ways, either affecting the number of 
osteoclast formed, or the resorption power of an individual, mature osteoclast. Both of 
these mechanisms have been shown to be effective in determining the resorption rate and 
they can either be controlled by local or systemic regulators. Signals affecting the 
development or resorption activity of osteoclasts are mediated at least through four 
different routes: 1.) cAMP seems to mediate the stimulatory effects of IL-1, PTH and PGs 
on osteoclast formation. Prostaglandins induce formation of osteoclast-like cells in mouse 
marrow cultures. The effect correlates to increase of cAMP, and can also be achieved by 
direct addition of dibutyryl cAMP (Akatsu et al. 1989a). PTH does not immediately 
increase concentration of cAMP, but seems to affect via cAMP after few days in culture 
(Akatsu et al. 1989b). IL-1 first increases PGE2 production, which in turn, increases 
cAMP and osteoclast formation (Akatsu et al. 1991) 2.) IL-6, IL-11 and leukemia 
inhibitory factor utilize 130 kD glycoprotein as a signal transducer. IL-11 perhaps plays a 
key role in regulation of osteoclast differentiation, since adding of neutralizing antibody 
to IL-11 suppresses the stimulatory effects of 1,25-vitamin D, IL-1, TNF and PTH on 
osteoclast formation (Girasole et al. 1994). 3.) Colony-stimulating factor-1 (CSF-1) is 
required for normal osteoclast development. This has been showed in op/op mice with a 
depleted production of CSF-1. These mice have osteopetrosis due to decreased number of 
osteoclasts. Treatment with CSF-1 increases the number of osteoclasts in this condition 
(Felix et al. 1990). These findings suggest that CSF produced by osteoblasts is mandatory 
for normal osteoclast function. 4.) Several local and systemic agents are able to regulate 
the resorption activity of mature osteoclasts. Parathyroid hormone (PTH) (MW 9500) is a 
polypeptide hormone having dual effects on bone. It stimulates osteoclastic bone 
resorption in vitro, but it does not have direct effects on osteoclasts, since pure osteoclast 
cultures do not respond to PTH. When other bone marrow derived cells are involved, 
PTH stimulates resorption. Continuous administration of PTH decreases bone matrix 
synthesis. Intermittent treatment has adverse effects leading to increased collagen and 
bone matrix synthesis .  

Calcitonin (MW 3000) rapidly inhibits bone resorption. It affects directly on 
osteoclasts via specific receptors, and disrupts some of the cytoskeletal and membrane 
structures which are mandatory for resorption (Chambers et al. 1982b). This is a transient 
change, since osteoclasts escape from the effect of calcitonin during the first days, 
perhaps due to down-regulation of mRNA for the receptor (Chambers 1982; Chambers et 
al. 1982; Takahashi et al. 1995). 1,25-dihydroxyvitamin D3 has multiple effects on bone 
and mineral metabolism. Effects on osteoclasts include stimulation of osteoclast 
differentiation as well as stimulation of mature osteoclasts to resorb bone. These effects 
are probably mediated by cytokines or other cells, or even by immunoregulatory 
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mechanisms (Tsoukas et al. 1984). Bafilomycin A1 is a potent inhibitor of proton pumps 
preventing acid attack of osteoclasts against mineralized bone matrix. 

2.3.4.4  Resorption cycle 

Resorption cycle is a cascade of events during which a moving osteoclast arrives to 
resorption site, attaches tightly to bone surface, dissolves both inorganic and organic bone 
matrix, detaches, and moves to another resorption site or undergoes apoptosis. This 
includes changes in cytoskeleton, polarity and function (Lakkakorpi et al. 1989; 
Lakkakorpi et al. 1991; Laitala-Leinonen et al. 1996; Lakkakorpi et al. 1996). 
Determination of the actual phase of resorption cycle of a single osteoclast is based on 
the observations on the cytoskeletal changes (Lakkakorpi et al. 1989). Five different 
phases has been characterized. A moving osteoclast is an almost rounded cell having 
several processes on bone surface. The contact between osteoclast and bone matrix is 
mediated by dispersedly located dot-like podosomes, which are focal adhesions 
containing at least F-actin, talin, vinculin, fimbrin and a-actinin (Marchisio et al. 1984; 
Marchisio et al. 1987; Teti et al. 1989; Kanehisa et al. 1990; Teti et al. 1991; Babb et al. 
1997). When the cell starts to polarize for resorption, these dots are gathered to form a 
disk-like pattern, which then becomes encircled by a single actin ring and a double 
vinculin ring. These rings are components of sealing zone, and their appearance can be 
used as a marker for attached osteoclasts.  

Sealing zone area is tightly attached to bone surface, separating the ruffled border area 
from the rest of the cell membrane facing the marrow and circulation. Ruffled border 
membrane has been shown to be enriched in vacuolar-type proton ATPases, which are 
structurally related to kidney H+-ATPase, but differs from mitochondrial and gastric 
proton pumps (Blair et al. 1989; Bekker et al. 1990; Sundquist et al. 1990; Väänänen et al. 
1990; Chatterjee et al. 1992; Sundquist 1993). It also has markers for lysosomal 
membrane proteins (Baron et al. 1988a), late endosomal markers (Palokangas et al. 
1997), and it specifically binds PNA-lectin (Takagi et al. 1988). During the final steps of 
resorption pit formation, actin and vinculin rings disappear and the cell is ready for 
moving and starting a new resorption cycle (Lakkakorpi et al. 1996). This resorption 
cycle can then be repeated for several times during the life-span of osteoclast (Kanehisa 
et al. 1988). It can roughly be estimated from the in vitro resorption assays that the 
formation of one resorption lacuna takes 1 to 12 hours, but it must be noticed that these 
values vary much depending on the resorption activity of the cells, as well as on the area 
and the depth of the resorption lacuna. At the moment, osteoclasts can not be 
synchronized in in vitro cultures, but they represent different phases of the resorption 
cycle. This is highly important, since polarity and function of osteoclast changes 
drastically during resorption cycle.  
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2.4   Matrix degradation  

Bone resorption means localized degradation of fully mineralized bone matrix, including 
removal of both inorganic and organic matrix components. At the moment the only cell 
known to be capable of doing this is osteoclast. Some other phagocytic cells, such as 
macrophages, have been suggested to resorb bone, but so far they have only been shown 
to scratch the surface of bone matrix, not to dissolve deep resorption lacunas as 
osteoclasts do (Mundy et al. 1977). This feature gives osteoclasts a major role in 
modeling and remodeling of bone both in physiological and pathological conditions. As a 
net effect of resorption, bone mass is decreased, but in adults, this normally is 
compensated by synthesis of new bone matrix. If both degradation and synthesis take 
place at the same area, the overall shape of the bone is not changed. This remodellation 
has to be separated from the modellation, in which resorption and synthesis are 
synchronized, but spatially dissociated. Modellation leads to change in bone shape during 
growth or adaptation to changed load on bone. 

It is not exactly known what are the factors determining the forthcoming resorption 
sites, but once the decision for resorption has been made, bone lining cells retract and 
give access for osteoblasts to remove osteoid by secreted collagenases. This finally leads 
to exposition of mineralized bone matrix and in that way offers osteoclasts a possibility to 
start resorption.  

The attachment of osteoclasts can be divided in two steps: the primary attachment 
which is clearly integrin-mediated, and the final tight attachment leaving a space of only 
10 nm between the membrane of the osteoclast and the bone surface (Väänänen et al. 
1995). The exact composition, and the molecules involved in tight attachment are not yet 
known. Integrins and cadherins have been suggested to mediate this contact (Chambers et 
al. 1986; Davies et al. 1989; Sato et al. 1990), which most likely requires calcium to be 
formed. Some data are to show shallow resorption on bone in sealing zone area and 
localization of matrix metalloproteinases at this area (Sato et al. 1997). Dissolution of 
inorganic matrix in some extent is possible, since most of the candidates for mediating 
the tight attachment are calcium dependent, and require high local calcium 
concentrations. The defined nature of this tight attachment delineating resorption site is 
still to be resolved.  

Inorganic matrix dissolves when pH is low enough, about 4,0 to 4,5. Osteoclasts 
secrete protons to acidify the resorption lacuna (Baron et al. 1985; Väänänen et al 1990). 
The major source of protons excreted by osteoclasts is cellular carbon dioxide which is 
converted to bicarbonate and protons by the action of carbonic anhydrase II (Gay et al. 
1974; Gay et al. 1983; Väänänen et al. 1983). The direction of reaction from carbon 
dioxide to protons is maintained by active removal of protons from the cell via proton 
pumps. Acidic vesicles are produced inside osteoclasts, and fused to bone facing side to 
form the ruffled border. This initially acidifies the closed compartment between ruffled 
border and bone matrix. Worthmannin, a potent inhibitor of PI-3-kinase can prevent this 
vesicle fusion, leading to accumulation of acidic vesicles inside osteoclasts and resorption 
inhibition(Hall et al. 1995; Nakamura et al. 1995; Nakamura et al. 1997). After ruffled 
border formation, proton flow continues either via vacuolar H+-ATPases located on the 
ruffled border membrane or via fusion of new acidic vesicles on the ruffled border. 
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Demineralization exposes organic matrix components to proteolytic enzymes of 
osteoclasts. These include interstitial collagenase (Sakamoto et al. 1982; Eeckhout et al. 
1988; Delaisse et al. 1993), lysosomal enzymes (Baron et al. 1988b; Karhukorpi et al. 
1992b) and cysteine proteases (Goto et al. 1993; Goto et al. 1994; Bromme et al. 1995; 
Bromme et al. 1996). Cathepsin K has proved to be highly specific for osteoclasts, and is 
of large interest at the moment (Bossard et al. 1996; Drake et al. 1996; Rantakokko et al. 
1996). After completing lacuna formation, osteoclast detaches and moves to a new 
resorption site. This completes an individual resorption cycle.  

2.5   Removal of degradation products 

Our knowledge on the mechanisms of how inorganic and organic bone matrix is 
dissolved has increased largely during last ten to twenty years, but there is no evidence 
how matrix components are released after dissolution. At the moment, it is thought that 
the degradation of matrix takes place in resorption lacuna, and that the organic matrix 
components, as well as mineral part of matrix, are released after osteoclast detaches the 
bone. There is evidence that some carbohydrate conjugates are found inside resorbing 
osteoclasts, but these studies show now evidence what happens to these conjugates, or are 
they released from osteoclasts once internalized. One study is to show that osteoclasts 
contain partly degraded collagen fibers, but in this study collagen was only found in 
osteoclasts from patients suffering for pycnodysostosis, a disease characterized by defects 
in bone length and resorption, but not in healthy controls.  

2.6   Osteoclasts and diseases 

Bone tissue is under continuous physiological renewal. It is assumed that the whole bone 
tissue is resorbed and rebuild in a period of ten to twenty years. Modellation appears 
mainly during growth period, but is also required when mechanical loads to bone change. 
Remodellation is a renewal process of bone, in which bone resorption and formation are 
continuously balanced. If this equilibrium is disturbed either by reduced or enhanced 
action of osteoclasts or osteoblasts, the total amount or quality of bone tissue is affected. 
Pathological situations can be divided in three groups: disorders in 1.) regulation of 
remodellation (or modellation) balance, 2.) production of bone matrix, 3.) resorption of 
bone matrix 
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Table 1. Disorders in metabolic bone diseases. 

Disorder in  Example of diseases Pathophysiology 
1. Balance between resorption 
and synthesis  

Postmenopausal osteoporosis 
 

Osteoblasts and osteoclasts 
 function normal, but  
remodellation balance negative 

2. Production of bone matrix Osteogenesis imperfecta Genetic disorder of  
collagen I metabolism 

3. Resorption of bone matrix Osteopetrosis, pycnodysostosis,  
Paget’s disease, sclerosteosis 

Dysfunction of osteoclasts 

In group one, osteoclasts function normally, but they are under strong stimulation, or 
alternatively, function of osteoblasts is inhibited. Group two is almost purely disorder of 
osteoblasts, although due to diminished bone matrix synthesis, also the resorption rate 
can be compensatorily lowered. Group 3 has disorders in function, including a variety of 
diseases. Perhaps the most important disease in resolving osteoclast biology is 
osteopetrosis, first described by Albers-Schönberg in 1904 (Albers-Schönberg 1904). It is 
a group of inheritable diseases characterized by impaired osteoclast function. Four forms 
have been characterized, out of which two major clinical forms are seen: 1.) Autosomal 
recessive infantile form, which is fatal during the first years if untreated (Loria-Cortes et 
al. 1984) and 2.) Autosomal dominant benign form, which is almost symptom less and is 
often seen in adults (Johnston et al. 1968). Other forms include an autosomal recessive 
form in childhood (Kahler et al. 1984), and a malignant form of osteopetrosis associated 
to a neuronal storage disease (Jagadha et al. 1988). Histopatologically a pathognomonic 
finding for osteopetrosis is remnants or islands of calcified cartilage inside bone matrix 
(92). In infantile forms, osteoclasts are numerous, but ruffled borders and sealing zones 
are absent (Shapiro et al. 1988; Helfrich et al. 1991). In adult forms, osteoclasts can be 
few or especially numerous and large. Not depending on the form of osteopetrosis, there 
is always diminished osteoclastic bone resorption (Whyte 1995). One remarkable reason 
for diminished osteoclastic resorption is carbonic anhydrase II (CA II) -deficiency , which 
is associated to osteopetrosis with renal tubular acidosis and cerebral calcification (Sly et 
al. 1983; Whyte 1993). Other factors suggested include lysosomal defects (Jagadha et al. 
1988), viral infections of osteoclasts (Mills et al. 1988), leukocyte defects / super oxide 
defects (Key et al. 1992; Key et al. 1995).  

Examples of other diseases showing disorders in osteoclastic function include 
pycnodysostosis, which has been show to include deficiency in cathepsin K (Everts et al. 
1985a; Gelb et al. 1995a; Gelb et al. 1996a; Gelb et al. 1996a; Johnson et al. 1996a), 
Paget´s disease (Beneton et al. 1987)and sclerosteosis (Beighton et al. 1976; Stein et al. 
1983). 

2.7   Cell polarity 

An individual cell can have different membrane components and cytoskeletal structures 
in different parts of the cell. This is called cell polarization. Perhaps the most classical 



 27
example is the epithelium of cut, where epithelial cells are organized to form the lumen 
of the cut. Each cell in this complex is in close contact to neighboring cells and has 
several types of structures to mediate the attachment and signaling to other cells. The 
most important contact for the polarization in epithelial cells is the tight junction. It 
attaches the outer leaflets of the cell membranes in neighboring cells so tightly that 
membrane proteins can not overcome this barrier. This offers epithelial cells a possibility 
to form two different poles, namely an apical domain facing the lumen, and a basolateral 
domain facing the other cells and basal lamina. (Rodriquez-Boulan, E. et al., 1989). The 
protein composition of these domains can then be organized to fit the function of these 
domains. Other examples of polarized cells include liver parenchymal cells, neurons, 
sperm cells and osteoclasts. In addition to these cells having two or more large 
specialized membrane areas at least in certain stages, microdomains have been shown to 
exist even in fibroblasts. These seem to be generated with the help of the cytoskeleton.  
The polarity of cells has been widely studied using viruses and their glycoproteins as 
tools. The G-protein of Vesicular stomatitis virus (VSV) is targeted to the basolateral 
domain in the epithelial MDCK cells while the haemagglutinin of Influenza A virus is 
targeted to the apical membrane.(Rodriquez-Boulan, E. et al. 1980) These two viruses 
have also been studied in neurons, in which, after synaptogenesis has occurred, these 
glycoproteins are targeted to dendrites / soma or to the axon, respectively. (Dotti and 
Simons 1990) 

Osteoclast is an example of a multinucleated polarized cell which actively changes its 
polarity during resorption cycle as described in chapter 3.3.4.4. 

2.8   Vesicle trafficking 

Vesicle trafficking is a mandatory feature for eukaryotic cells. It can be thought as a cargo 
traffic between different cell organelles and between cell and its surroundings. For 
example, a protein synthesis pathway includes several steps employing intracellular 
vesicles and signals controlling the targeting of vesicles. Perhaps the most important for 
the polarity in this route is the transport of proteins from trans-Golgi network to cell 
surface. It has been effectively studied using viral glycoproteins as tools.  

Another example of vesicle trafficking is endocytosis, a process leading to 
internalization of extracellular material as seen in degradation of extracellular complexes. 
These complexes are initially gathered in early endosomes, a vesicle population having a 
pH round 6, after which pH is shifted to 5 in late endosomes and finally to 4 in 
lysosomes. Another example of endocytosis is the recycling of certain receptors, such as 
transferrin. Once a ligand binds to cell surface receptor, the complex is endocytosed 
inside the cell, and the ligand is released from the receptor, which in turn is recycled to 
the cell surface for a new ligand.  

Exocytosis means the secretion of cell synthesis products outside the cell. This is 
important in transmitting neural signals or releasing factor from mast cells. Exocytosis 
and its regulation are of large interest, and some hallmarks have been revealed lately in 
regulating the final steps of this vesicle route. F-actin forms a cortical actin network 
under the plasma membrane of cell. It has been shown that exocytotic vesicles are 
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transported along microtubules to the vicinity of plasma membrane, but are not secreted 
before the cortical actin network opens locally. Local disassembly of the cortical F-actin 
network is required during exocytosis in mast cells, chromaffin cells, and pancreatic 
acinar cells. 

Transcytosis is a process in which extracellular components are first internalized, then 
transported to another cell membrane domain, and finally secreted out of the 
cells.(Bomsel et Mostov 1991) This transito trafficking has been characterized e.g. in gut 
epithelia, where IgA molecules are transcytosed across the epithelial cells from the lumen 
to the circulation (Apodaca et al. 1991). In this example, acidic environment causes 
antibodies to bind to their receptors at apical domain. Receptor-antibody complex is 
transcytosed to basolateral domain where it is exocytosed to a neutral pH. This causes 
dissociation of the complex. 

Osteoclasts have several vesicle trafficking routes including exocytotic secretion of 
bone matrix degrading acid and enzymes, as well as endocytotic route from the basal 
surface to the ruffled border area. 



3 Aims of the present study 

Osteoclasts are highly polarized cells. The ruffled border membrane facing the actual 
resorption site has been suggested to present either a lysosomal or late endosomal 
membrane domain. The basal surface has been thought to be homogenous.  

The aims of the present study can be outlined as follows: 

1.  To find out the targeting of apical and basolateral marker proteins in osteoclasts. 
2.  To find out how bone degradation products are removed from the resorption site.  
3.  To find out how function and polarity of osteoclasts are connected during resorption 

cycle. 



4  Materials and methods 

4.1   Reagents 

4.1.1   Antibodies 

VSV G-protein was located using rabbit polyclonal antibodies (Metsikkö et al., 1992). 
Influenza virus glycoproteins were located using polyclonal antibodies specific for 
haemagglutinin. These antibodies and WSN influenza viruses were a kind gift from Dr 
Ari Helenius, Yale University School of Medicine, (Martin and Helenius, 1991). The 
antibodies were pre-adsorbed with non-infected osteoclast cultures. Rhodamine-
conjugated rabbit anti-mouse and swine anti-rabbit immunoglobulins (Dakopatts A/S, 
Glostrup, Denmark) were used as secondary antibodies at dilution of 1:100. F-actin was 
stained with fluorescein-labeled phalloidin (Molecular Probes Inc.), at 5 units/ml. Bone 
slices were mounted in Mowiol (Hoechst) in phosphate-buffered saline containing 2.5% 
1.4-diazobicyclo-[2,2,2]-octane (Sigma Chemical Co.). TRITC-conjugated WGA-lectin 
and TRITC-conjugated PNA lectin were purchased from Sigma, St. Louis, USA. Fixed 
cells were incubated with WGA-lectin at 1:50 in PBS for 15 minutes or with PNA-lectin 
at 1:30 in PBS for 30 minutes at +20 oC and rinsed thoroughly. 

Bovine osteocalcin was detected by polyclonal antibodies (Biogenesis, England) (at 
1:100 in PBS/gelatin 0.1% for 45 minutes), which do not recognize rat osteocalcin. 

4.1.2   Lectins 

TRITC-conjugated WGA-lectin and TRITC-conjugated PNA-lectin were purchased from 
Sigma Chemical CO., St Louis, USA. These were incubated at 1:50 and 1:30 dilution, 
respectively, for 30 minutes at +20 oC and rinsed thoroughly. 
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4.1.3   Biotin/streptavidin 

Thin bone slices prepared from the cortex of bovine femur were incubated in phosphate 
buffered saline (PBS) containing water-soluble sulfo-NHS-biotin (2mg/ml) (Pierce, 
Rockford, USA) for two hours, washed repeatedly, and rinsed overnight in PBS. 
Osteoclast cultures were fixed at 48 hours time point in 3% PFA for 10 minutes, and cells 
were permeabilized in 0.5% Triton TX-100. Biotinylated material was visualized using 
FITC-conjugated streptavidin (Sigma Co, St. Louis, USA) (two hours at RT). After 
extensive washes samples were incubated in TRITC-labeled phalloidin (Sigma Co, St. 
Louis, USA).  

Samples from eight independent experiments (each containing 18 bone slices; 200-300 
osteoclasts/slice) were studied using conventional immunofluorescense microscopy. At 48 
hours time point 63% of osteoclasts were resorbing, and 37 % non-resorbing. Fifty-one 
resorbing osteoclasts and sixteen non-resorbing osteoclasts were scanned through using 
laser scanning confocal microscopy (Leica Aristoplan CLSM, Leica Lasertechnik GmbH, 
Heidelberg, Germany). 

After 48 hours in culture, the cells were fixed in 3% paraformaldehyde for 10 min at 
room temperature, and permeabilized in 0.5% Triton TX-100 for 5 min. Biotinylated 
material was visualized by incubating the samples in FITC- or Texas red-conjugated 
streptavidin/PBS (Sigma CO, St Louis, USA) at 1:100 for 2 hours. The cells were washed 
3 times for 10 minutes and rinsed for 3 hours in fresh PBS. 

Streptavidin peroxidase (1:100) was linked to biotin in cacodylate buffer, 60 min. 

4.2   Cell cultures 

4.2.1   Osteoclasts 

Osteoclasts were isolated from the long bones of 2-day old rat pups as described earlier 
(Lakkakorpi and Väänänen 1991) and cultured for 2 days on bovine bone chips. Briefly, 
osteoclasts were mechanically harvested from the endosteal surface of long bones by 
curetting with a scalpel blade. Cells were allowed to attach to 120-140µm thick bovine 
bone slices for 15 minutes and the chips were rinsed three times in fresh culture medium 
to remove non-attached cells. Osteoclasts were then cultured in Dulbecco´s Modified 
Eagle´s Medium buffered with 20 mM HEPES and containing heat-inactivated fetal calf 
serum 10%, 2mM L-glutamine, sodium bicarbonate (0.84 g/l), penicillin (100IU/ml), and 
streptomycin (100 µg/ml), pH 7.0, at +37 ˚C and 5% CO2/95% air. 
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4.2.2   Bone slices 

Bone slices used in this study were prepared from frozen bovine cortical bone shafts 
sawed longitudinally from the femurs of cow. 100-150 µm thick transversal bone slices 
were sawed with a diamond saw, sterilized with sonication and short rinse in ethanol. Part 
of the bovine bone slices were polished with a grid paper 800-1200 to harshen the surface 
so that biotin is able to bind to the surface protein of bone. If not polished at all, no biotin 
is capable of binding to the glass-like bone slice surface.  

Thin bone slices were prepared from the cortex of bovine femur, incubated in 
phosphate buffered saline (PBS) containing water-soluble sulfo-NHS-biotin (2 mg/ml) 
(Pierce, Rockford, USA) for 2 hours, washed repeatedly and rinsed in PBS overnight. 
This resulted in even biotin labeling of bone surface proteins. 

A growing piglet, aged 4 weeks, received daily intramuscular injections of 
oxytetracycline (Terramycin/LA, Pfizer), (20mg/kg of body weight) for 6 weeks. After 
the labeling period the animal was killed, the femoral bones were removed and thin bone 
slices were prepared from the shafts of the cortical bone. Approximately 1/4 - 1/3 of the 
cortical bone area revealed intensive tetracycline fluorescence, while the remaining 2/3 – 
3/4 served as a negative control. Some of these bone slices also were labeled in sulfo-
NHS-biotin as described earlier for bovine bone slices.  

4.2.3   Virus infections 

The cultures were infected with either VSV wild type (Indiana serotype) (Metsikkö et al., 
1992) at 5 pfu/cell or with influenza virus (WSN) (Martin and Helenius, 1991) at 5 
pfu/cell at +37ûC. The viruses were allowed to adhere to the cell surface at +37ûC for 1 
hour in culture medium as described earlier but containing only 0.5% fetal calf serum. 
The excess of viruses was then washed away and the cells were moved back to medium 
containing 10% FCS. Cells infected with VSV were grown at +37ûC for 3 hours. 
Influenza virus-infected cells were propagated for 5 hours at +37ûC. In some experiments 
40 µM cycloheximide was present during the last hour of the incubation to prevent 
further synthesis of proteins. The cells were fixed with paraformaldehyde (3%, 10 min) 
containing 0.1mM CaCl2 and 0.1mM MgCl2 at +20ûC. For virus receptor stainings, 
viruses were allowed to adhere to the cell surface for 1 hour at +0ûC, cells were washed 
in PBS and fixed in 3% PFA for 15 minutes at +0ûC. In these experiments, Sendai virus 
was used in addition to VSV and Influenza viruses. Sendai virus and antibodies against 
Sendai fusion protein were a kind gift from Dr Robert Rydbeck, Sweden (Örvell and 
Grandien, 1982). For lectin stainings, cells were cultured for 48 hours and fixed in 3% 
PFA for 10 minutes at +20ûC. 
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4.3   Microscopy techniques 

4.3.1   Confocal laser scanning microscopy 

The samples were first analyzed using conventional light and immunofluorescense 
microscope, and further with confocal laser scanning microscope consisting of a Wild 
Aristoplan fluorescence microscope and Leica Lasertechnik GmbH 1.05 software 
(Heidelberg, Germany) equipped with a multilane 750mW air-cooled Omnichrome 
argon-krypton laser (Chino, California, USA), providing 488 and 568 nm wavelengths. 
Cells were viewed with 40x and 63x objectives using a 256x256 image format. The 
photographs were printed using a color video printer (Sony UP-5000P, Japan) coupled to 
the computer of the confocal microscope system. 

4.3.2   Transmission electron microscopy 

Cultures were fixed with 3% paraformaldehyde in PBS, pH 7.3, 15 min, at room 
temperature. Cells were then permeabilized in 0.1 % saponin for 15 min and treated with 
0.1 % BSA containing 0.05% saponin for 15 min. Streptavidin peroxidase (1:100) was 
linked to biotin in cacodylate buffer, 60 min. After extensive washes, the DAB (0.5 
mg/ml) and H2O2 (0.6 mg/ml) reaction was carried out. Cells were fixed in 2.5 % 
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 90 min at +4ûC. Samples 
were osmicated in 1% osmium tetroxide containing 1.11 % MgCl2 and 1.5 % potassium 
ferrocyanide. After this the bone slices were decalcified in sodium cacodylate-buffered 
EDTA (4.13mg/ml), containing 0.1 % glutaraldehyde (3 days, +4°C). Samples were 
dehydrated in a graded series of acetone and embedded in Epon LX-112. Thin sections 
were prepared, stained with lead citrate for 2 min, and observed with a transmission 
electron microscope (Philips 410, 60 kV). 

4.3.3   Field emission scanning electron microscopy 

Cells were cultured on bovine bone slices as described above and fixed first in 3% 
paraformaldehyde for 10 minutes at +20˚C and then in 2.5% glutaraldehyde in PBS for 2 
hours, at +20˚C. Samples were dehydrated in an ascending ethanol series, and after the 
critical point drying gold sputtered and examined using a JEOL JSM-6300F field 
emission scanning electron microscopy system.  
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4.4   Statistical analysis 

Student’s T-test was used to test the reliability of observations on osteoclast percentage 
expressing each individual morphological criteria. Sci-square test was used to test the 
reliability on observation between osteoclast distributions on each step on the resorption 
cycle between different study groups. 



5 Results 

5.1   Osteoclast plasma membrane domains 

Two major findings on osteoclast polarity were that neither apical nor basolateral marker 
proteins were targeted to the ruffled border area, and that the basal membrane contains at 
least two different membrane domains depending on the phase of the resorption cycle (I). 
Moving or resting osteoclasts having podosome-like structures, but no sealing zone, 
showed uniform basal membrane. Both of the viral marker glycoproteins were evenly 
distributed on the basal membrane in these osteoclasts. Tightly attached osteoclasts with 
sealing zone showed two domains on their basal surface. VSV G-protein was found only 
in the periphery in 70% (n=50) of osteoclasts, while Influenza A haemagglutinin 
occupied mostly (75%, n=60) the central region opposing ruffled border area. (I) 

These findings suggest that osteoclasts have four major membrane domains (Fig 1) in 
their active, resorbing stage: 1.) ruffled border membrane facing the resorption site, 2.) 
sealing zone area mediating the tight attachment to extracellular matrix, 3.) periphery and 
4.) the central domain of the circulation facing basal surface (FSD in Fig 1). 
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Fig. 1. Four different membrane domains in a resorbing osteoclast. (functional secretory 
domain, periphery of the basal surface, sealing zone, ruffled border) 

5.1.1   Central basal domain 

Immunofluorescense showed targeting of influenza haemagglutinin in this area, as well 
as a strong staining for WGA-lectin (I). The central area of the basal surface constantly 
showed specific morphological structures in FESEM (III). The most striking feature was 
the highly villous appearance of the membrane, having two types of aggregates between 
and on villi. The first one was a vesicle-like structure varying from 0,5 to 3,0 µm in 
diameter, having a smooth surface, and appearing from 0 to about 40 in number per 
osteoclast. Some of them showed evidence for high calcium concentrations in X-ray 
analysis, but this finding was not reproducible reliably enough between different cell 
cultures and should be taken more as a tendency at the moment.  

The other specific structure was an aggregate of irregular shape, varying largely in size 
and shape, appearing in number of 0 to 22 per cell in osteoclasts studied. In infected 
osteoclasts, budding of influenza virus particles was detected in this area. Viral particles 
were found between villi, forming clumps of several individual viruses (I). When tracing 
the transport of bone matrix degradation products using biotin labeling or antibodies 
against individual bone matrix components, it was seen that they are transported to this 
membrane area, and furthermore in TEM analysis, exocytosed to the extracellular space 
in aggregates showing similar features to those seen in FESEM analysis. To combine 
immunofluorescense and FESEM data actively resorbing osteoclasts were stained for 
biotinylated bone matrix material, scanned in detail in CLSM, and after this prepared for 
FESEM analysis. Analysis of the same individual osteolasts in this dual way revealed that 
aggregates first seen in FESEM, were the same that contained bone matrix degradation 
products in CLSM and TEM analysis. These data suggest a role for the central area of 
basal membrane as an end-point and exocytosis site for extracellular matrix transport (II). 
It is therefore suggested to be called as a functional secretory domain (FSD). 

bone

FSD

ruffled border

periphery of the
basal membrane

sealing zone
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5.1.2   Periphery of the basal surface 

The G-protein of VSV was targeted to the periphery of the basal surface. It was seen 
straight outside the sealing zone area, continuing towards the central area on the basal 
surface mentioned above. The border between the VSV G-protein positive and negative 
membrane area was sharp, and obviously different from that of influenza A 
haemagglutinin. In FESEM, typical bullet-like viruses were seen to bud from the 
otherwise smooth periphery of the basal surface. (I)  

It was evident after virus experiments that the basal surface has a specialized central 
domain, and that the peripheral parts of the osteoclast membrane are often spread much 
wider than the borders of the sealing zone (Fig 1).  

5.1.3   Sealing zone 

Sealing zone area is one of the most specific structures in osteoclasts physiology. In this 
areaIn this study none of the protein targeting markers was gathered to sealing zone area 
and it did not bind lectins used in these experiments. The unique nature of this membrane 
and the adjacent cytoplasmic area was detected in TEM analysis as has been described 
earlier. When the bone surface under the sealing zone area was studied, it became evident 
that it has been locally resorbed in some extent. This was first suggested by the original 
confocal laser scanning microscopy analysis of samples stained for matrix proteins. In 
these samples, a narrow and shallow resorption area was evident at the attachment site. 
Later TEM-analysis gave an expression of local shallow excavations in bone matrix 
surface surrounding deep resorption pits (II). 

5.1.4   Ruffled border 

One of the original questions of this study was the location of “apical” membrane domain 
in osteoclasts. The bone facing ruffled border membrane has been compared with the 
apical pole in epithelial cells because of it’s secretory function and location of proton 
pumps in this area. This terminology is based on the presumed analogy between 
osteoclasts and acid secreting gastric epithelial cells. The present data does not support 
this terminology since none of the “apical” viral glycoproteins was found in the ruffled 
border area. Instead, ruffled border seems to be a membrane of a specific nature, and it 
can not be strictly categorized in one frame on the basis of the trafficking of newly 
synthesized glycoproteins. 
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5.2   Transport of bone degradation products during resorption 

process 

5.2.1   Intake 

Internalization of bone matrix components was first hypothesized when osteocalcin 
fragments were detected inside resorbing osteoclasts. Species-specific antibodies which 
detect bovine but not rat osteocalcin, were used to preliminary test the hypothesis. 
Confocal laser scanning microscopy showed osteocalcin staining inside most of the 
attached osteoclasts associated with a resorption lacuna. Osteocalcin was seen through 
the cell from the resorption lacuna to the top of the osteoclast, sometimes even as vertical 
column-like patterns. Migrating osteoclasts or osteoclasts without actin ring did not stain 
for osteocalcin. (I) 

Further analysis with biotin-labeled bone slices showed that in the phase I, where 
osteoclast stops to a forthcoming resorption site but has not yet started resorption, biotin-
label was seen only beneath the cell, not inside the cell. After formation of actin ring, 
some labeled matrix was recognized to be dissolved in the vicinity of ruffled border and 
internalized in osteoclasts. With the vertical resolution of CLSM (about 450-500nm), the 
initial step appeared as a colocalization of actin signal originating in cytoskeleton and 
biotinylated extracellular matrix material. TEM analysis revealed some morphological 
details of this process. Strong biotin label on bone surface was seen under numerous 
finger-like projections of ruffled border membrane. Biotinylated material was seen 
between ruffled border foldings, gathering proximally to form intracellular vesicles 
(mostly <1 µm) with strong biotin labeling. At electron microscopic level bundles of 
collagen fibers were seen in these areas surrounded by ruffled border foldings. (II) 

5.2.2   Transport 

Osteocalcin staining covered sometimes the whole area between ruffled border and basal 
surface. Although it can be assumed that the direction of the transport is away from the 
resorption site, it could not be confirmed with osteocalcin alone. Intracellular localization 
of osteocalcin was not remarkably different in osteoclasts associated to a shallow or deep 
resorption lacuna. New osteocalcin is released during the whole excavation period, so it is 
not possible to distinguish between osteocalcin originated in different depth in bone 
matrix.  

To follow the transport of degraded bone matrix material, the surface proteins of bone 
slices were biotinylated prior to cell cultures. In these experiments, biotin bound to bone 
surface proteins evenly, staining only a thin layer on the surface in XZ-sections in CLSM. 
Labeling was intact under moving osteoclasts. Some osteoclasts having an actin ring, but 
not yet a visible resorption lacuna had some intracellular biotinylated material in the 
vicinity of ruffled border. Osteoclasts having a shallow but visible resorption lacuna had a 
variety of intracellular staining patterns for biotinylated matrix material. Some of them 
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showed strong staining only in the vicinity of the ruffled border area, while others showed 
moderate staining up to FSD area. A strong staining mostly was seen on the ruffled 
border area, and on the other hand, at the central part of the basal membrane as a dot-like 
staining. Osteoclasts associated with a deeper resorption lacuna showed staining only on 
the FSD area, or no staining at all.  

Osteoclasts having a tight attachment to bone can be recognized in TEM sections on 
the basis of the organelle free clear zone area and the ruffled border membrane.  

Three major types of biotin labeling patterns were detected in resorbing osteoclasts: 
(II) 

1.  Osteoclasts which had a ruffled border, but still an almost intact biotin label under 
ruffled border area. In these cells, trace amounts of biotin label was seen in the bayous 
between membrane foldings of ruffled border, and in small intracellular vesicles 
(typically diameter < 1µm) near the ruffled border. The rest of the cell was free for 
biotin.  

2.  Osteoclasts showing partial destruction of biotinylated bone surface. These cells had a 
similar staining in the vicinity of resorption site as in type 1, but in addition to this, 
vesicles containing biotinylated material were seen throughout the transcytotic route. 
Vesicles varied in size. Smallest vesicles were seen near the ruffled border area, while 
the largest ones being up to 5-6 µm in diameter were located near the FSD area.  

3.  Osteoclasts which had already removed the biotin labeling from the resorption site, but 
were still tightly attached to the bone surface and had a ruffled border of functional 
appearance in TEM. These cells had biotin labeling only at the basal surface area, or 
no staining at all.  

5.2.3   Externalization 

The first data suggesting the externalization of the bone degradation products came from 
the confocal microscopy analysis of resorbing, non-permeabilized osteoclasts which 
showed some extracellular staining for osteocalcin on the FSD area. This was further 
reinforced by the finding that biotinylated material was located in the same area in 
osteoclasts cultured on biotinylated bone slices. Appearance of biotinylated material 
varied from small dots to large aggregates (up to 3 µm in diameter). In some cases, these 
aggregates located partly outside the cortical F-actin network of basal membrane. In these 
cases, a gap in cortical F-actin network was detected in association with these aggregates, 
suggesting that the process can resemble that seen in exocytosis (Koffer et al. 1990; Vitale 
1991; Muallem 1995).  

TEM samples showed similar accumulation of biotin-containing aggregates on the 
basal surface, and indeed, some of them were partly outside the cell having a biotinylated 
membrane folder under them, but no membrane around. This finding was in accordance 
to CLSM-findings showing large aggregates of irregular shape in this area. These kind of 
aggregates were also detected in FESEM analysis, as mentioned in 5.1.1. To interpret the 
meaning and possible relationship of these findings, two microscopy methods were 
combined. Osteoclasts were first temporarily permeabilized to trace the intracellular 
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biotinylated material. Actin was visualized with phalloidin. Samples were analyzed in 
conventional immunofluorescense microscopy, and selected osteoclasts showing biotin-
positive aggregates on their FSD area, were scanned through in CLSM. This gave a 3D 
data for localization of biotin-positive material originated in bone matrix. WGA-lectin 
staining was used to label the surrounding resorption lacunas for guidance in FESEM. 
The same samples were then prepared for FESEM -analysis. Osteoclasts analyzed in 
CLSM were searched on the basis of their localization, and on the basis of the shape of 
resorption lacunas in the cell surroundings. Once the very same osteoclast was found in 
FESEM, it was scanned in detail, and the resulting images were saved as computer image 
files for image analysis. Data sets obtained for each individual osteoclast from CLSM and 
FESEM were combined afterwards in image analysis system. These combined data 
revealed the localization of bone degradation products inside osteoclasts. They also 
showed the size and shape, as well as depth of the resorption lacuna under osteoclasts. 
These data suggested that the transport of biotinylated material is mainly limited to the 
villous part of the basal surface, and that aggregates seen in FESEM perhaps contain 
biotin-labeled material. This suggests that osteoclasts could release previously resorbed 
matrix material while the resorption process still continues on the same resorption site. 
(II,III,IV) 

5.3   FESEM findings 

Preliminary results suggested that the polarity of the basal surface is associated to 
attachment of osteoclasts, and that the gatherings on the basal surface are involved in the 
transport of the bone degradation products. This encouraged to start an intensive FESEM-
analysis of osteoclasts (III). Based on our initial studies, six different parameters were 
analyzed (Table 2.) in four groups (control, resorption stimulation with 1,25-vitamin D3, 
resorption inhibition with either calcitonin or bafilomycin A1).  

Table 2. Morphological parameters in the FESEM analysis. 

Parameter Possible values Description 
1 lacuna - / +  
2 polarity - / + / ++ + normal polarity, ++ highly polarized  
3 microvilli - / + / ++ + app. <100/cell, ++ app. >100 /cell 
4 clastosomes - / + / ++ / +++ + 1-3/cell, ++ 4-10/cell, +++ >10 /cell 
5 debris - / + / ++ + 1-3/cell, ++ >3/cell 
6 process - / +  

Total of 2867 osteoclasts were scanned in details. Results showed that 65% of osteclasts 
had a polarized basal membrane, 87% had microvillous-like structures, 27% of 
osteoclasts had processi along the bone surface. In addition, two different kinds of 
structures were recognized on the basal surface. The first one was a round structure with a 
smooth surface, varying from 0.3 µm to 3,0 µm in diameter. The second one was larger 
(up to 6 µm) and was more irregular in shape. Because these structures have not been 
characterized earlier, they are suggested to be named as clastosomes and debris, 
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respectively. 56% of osteoclasts had clastosomes, while 23% had debris on their basal 
surface. Appearance of both of these structures was mostly associated to polarized 
osteoclasts associated to resorption lacuna. 78% of cells having clastosomes had a 
polarized basal membrane, and 85% were associated with a resorption lacuna. Values for 
cells containing debris were 61% and 81%, respectively.  

Stimulation of resorption with 1,25-vitamin D3 leaded to a significant increase in the 
number of osteoclasts having clastosomes (74% vs. 56%; p<0.001), but the change in the 
number of cells having debris was not significantly changed (20% vs. 23%; p= 0,061). 
Resorption inhibition caused significant decrease in the number of osteoclasts having 
clastosomes or debris in both calcitonin and bafilomycin group (Table 3.) 

Table 3. Percentages of osteoclasts having clastosomes or debris. Differencies to control 
group are significant (p<0.001), except percentage of osteoclasts having debris in 
Vitamin D –group. 

  Control 
(n=700) 

1,25-vitD
3
 

(n=845) 
Calcitonin 
(n=627) 

Bafilomycin 
(n=662) 

Clastosomes (%) - 44,4 25,7 62,4 68,3 

 +/++/+++ 55,6 74,3 37,6 31,7 

Debris (%) - 76,6 79,9 95,7 91,2 
 +/++ 23,4 20,1 4,3 8,8 

The amount of clastosomes per osteoclast was also affected by regulation of resorption. 
When only the cells having clastosomes were analyzed, it became evident that resorption 
stimulation increased the proportion of cells having more than three clastosomes, while 
inhibition with calcitonin lead to decrease in this category. Bafilomycin decreased the 
amount of osteoclasts having >3, and especially >10, clastosomes per cell. Interestingly, 
among the osteoclasts having debris, the amount of debris per an individual cell was not 
significantly changed, although it had a tendency to decrease during resorption inhibition. 

Table 4. Percentages of osteoclasts having polarized basal surface in different groups. 

- 35,3 18,9 60,4 35,0 
+ 58,4 66,3 36,5 60,1 
++ 6,3 14,8 3,0 4,8 

Polarity of the basal membrane was changed in treated groups. Vitamin-D stimulation 
enhanced the polarity of the osteoclast basal surface, and especially increased the 
proportion of highly polarized cells (Table 4.). These cells typically showed both 
clastosomes and debris. Calcitonin, in turn, clearly destroyed the polarity of the basal 
surface, which is in accordance to what is known about the effects of calcitonin on 
osteoclast morphology. Bafilomycin did not significantly alter the polarity of the basal 
surface.  

Polarity  (%) Control  1,25-vitD
3 
 Calcitonin Bafilomycin 
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5.3.1   Resorption cycle in FESEM  

Combining of immunofluorescense findings on F-actin rings and FESEM appearance of 
osteoclasts leaded to study the changes in basal surface morphology during the resorption 
cycle. It was evident that the polarization, as well as the appearance of bone matrix 
dissolution products on the basal surface, was connected to the changes in the osteoclast 
cytoskeleton at the level of an individual osteoclast. Based on the findings above, 
osteoclasts can be classified in FESEM (III) in five stages, hypothetically representing the 
five different steps in resorption cycle (Lakkakorpi et al. 1991), ( Fig.2.) 

In FESEM, osteoclasts showing no polarization and no association with resorption 
lacuna, were regarded as representatives for stage one. These cells often had processi on 
bone surface. In stage 2, osteoclasts started to achieve polarity of basal surface (microvilli 
were gathered on a limited area). In stage 3, cells were polarized, had an association with 
resorption lacuna, and showed clastosomes on the FSD area. Stage 4 had also debris 
involved, while at stage osteoclast has lost its polarity and seems to be leaving the 
resorption site. These cells sometimes had also debris left on their basal surface. 

 

Fig. 2. A Schematic presentation of cyclical appearance and organization of three different 
structures in FESEM during osteoclast resorption cycle. 

Osteoclasts in different groups were classified on the basis of these criteria. Results for 
counting are shown in Table 5. 
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It is seen in table 4 that adding of 1,25-vitamin-D3 clearly increases the relative count 

of osteoclasts in phase 4 which clearly is the most active stage of matrix degradation. 
Adding of resorption inhibitors, in turn, caused shift to non-resorbing phases. 
Interestingly, calcitonin and bafilomycin showed different kind of redistribution in 
resorption cycle. Calcitonin caused relative increase in number of osteoclasts in phases 5 
and 1. Osteoclasts in bafilomycin treated group accumulated in phase 2, in which 
gatherings of microvilli on the basal surface show polarity, but no clastosomes or debris 
are seen. This is perhaps due to different inhibition mechanisms of these agents, and 
suggests that bafilomycin affects in steps needed to progrediate in resorption from phase 
2 to phase 3.  

Table 5. Percentage of osteoclasts in different stages of the resorption cycle. 

% Ctrl 1,25-D3 Calcitonin Bafilomycin 

Phase 1 17,7 8,1 25,8 30,1 

Phase 2 18,9 15,0 16,8 35,4 

Phase 3 21,6 21,7 10,2 15,7 

Phase 4 28,4 44,4 23,8 13,9 

Phase 5 13,4 10,9 23,3 5,0 

 

5.4   Dynamics of resorption in osteoclast cultures 

Biotin had a very high affinity to organic bone matrix fringe on the bottom of resorption 
lacunae. Even a two-minute staining in PBS containing 2mg/ml water-soluble sulfo-
NHS-biotin stained the resorption pits evenly and intensively enough for semi-automatic 
image analysis (IV). Biotinylation of cultures did not significantly change either the 
number of osteoclasts in culture, or the total resorption area (Table 6).  
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Table 6. Effects of biotinylation on number of OCLs and on total resorption area. 

 control biotinylation p-value 
Number of OCLs 294 ± 213 234 ± 111 0,115 

Total resorption area (x103) 624 ± 438 545 ± 360 0,260 

Only an early labeling (6h and 12h time points) caused a drop in total resorption area, but 
if the labelng was made after this, or at time point zero, no significant changes were seen 
(Table 7). 

Table 7. Effects of biotinylation on the total resorption area. 

Biotinylation at (h) Mean ± SD (x103) 
0 638 ± 229 
6 or 12 140 ± 110 
23-60 606 ± 315 

Taken together, biotin seems to be a non-toxic label to be used in osteoclast cultures at 
least after 23 hours. This offered a possibility to use biotin as a dynamic label to measure 
the resorption rate at different time points in osteoclast cultures. Resorption area 
measurements were performed in two phases for 45 bone slices in 8 independent cultures. 
Eleven different time points were used. When the data from all the cultures were pooled 
(time points 6 h and 12 h were excluded, four slices each), 37 values for total resorption 
area were obtained at time point 72 hours. Mean value was 611 x103 ± 300 x103. As 
known earlier, the deviation in this kind of experiment is remarkable. Observations were 
grouped in four different groups on the basis of total resorption area at 72h (Table 8). 
This classification revealed that the final resorption rate varied largely both between 
individual bone slices and between different culture groups. The progression of resorption 
on an individual bone slice could be estimated on the basis of the total resorption rate 
observed at the end of the experiment. R2 -values showed that the progression of 
resorption at different time points highly correlated to mathematical function expressed in 
table 8. It is interesting that although the number of osteoclasts in each sample was 
calculated, it does not seem necessary for estimating the resorption rate on a single bone 
slice if the total amount of the resorption is known. It is, however, pointed out that the 
number of osteoclasts is an important variant in several cases, being the basis of the 
present resorption assays. These findings point out the importance of bone slice itself as a 
variant in bone slice assays (IV) 

Table 8. Samples classified on the basis of total resorption area in four groups. 

group resorption area (x103)  y=a*xb R2 
I 440 ± 67  y=207,01x1,8051 0,950 

II 628 ± 292  y=356,91x1,7469 0,976 

III 832 ± 456  y=130,44x2,0498 0,993 

IV 1056 ± 754  y=40,226x2,3836 0,958 
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Fig. 3. Resorption rates in different groups (group i=o, group ii=∇, group iii=!, group iv=◊) 
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6 Discussion 

This work is based on the in vitro culture of bone marrow derived cells. It is a well 
established method to achieve osteoclast cultures. Actually this in vitro experimental 
model corresponds strikingly good to in vivo situation in several features, although some 
differences have been shown between devitalized and fresh bone as a substrate (Shimizu 
et al. 1990). New osteoclasts are generated during long culture periods and both isolated 
and newly formed osteoclasts perform their biological function to resorb bone In this 
study, rat osteoclasts were cultured on bovine or pig bone slices. These represent some of 
the combinations used at the moment, others including e.g. culture of chicken, rat or 
rabbit osteoclasts on whale dentine or bovine bone. It seems that osteoclasts perform their 
function in all these combinations, but strictly taken, there can be differences between in 
vitro and in vivo functions due the different species of cells and bone matrix, as well as in 
using frozen or fresh bone. On the other hand it is mandatory to culture cells on different 
substrates, since suitable bone slices only are achieved from bones of large animals, while 
small animals are much more practical as a source of osteoclasts. 

This data shows that the new basal membrane domain first seen with viral 
glycoproteins exists also in non-infected cells. It is a dynamic domain varying in size and 
shape. It functions as an end-point for transcytotic route for degraded bone material from 
the resorption lacuna to the circulation. This kind of membrane domain does not have a 
direct counterpart in other cells. Glycophospholipid anchored proteins show tendency to 
aggregate into microdomains on the cell surface (Ishihara et al., 1987; Rothberg et al., 
1990). The apically situated glycophospholipid linked proteins (Lisanti and Rodriquez-
Boulan, 1990; Powell et al.,1991; Brown and Rose, 1992) as well as influenza virus 
haemagglutinin (Skibbens et al., 1989) aggregate into clusters with lipids, probably 
because of lateral interactions. Furthermore, tight junction-free sub confluent epithelial 
cells develop a distinct apical surface domain which can be explained by self-aggregation, 
or alternatively by interaction of the membrane proteins with the cytoskeleton (Vega-
Salas et al., 1987). It is possible that the clustering properties of apical components play a 
role in the formation of the FSD in osteoclasts. The localization of the VSV or the 
Influenza virus glycoproteins into different surface domains here is analogous to the 
situation in neurons. In contrast to epithelia (van Meer and Simons, 1986; Simons and 
van Meer, 1988), in neurons the diffusion of lipids is inhibited over the protein diffusion 
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barrier in both the extracellular and cytoplasmic leaflets (Kobayashi, 1992). In the sperm 
cell and in neurons an immobile band of integral membrane proteins exist (Cowan et al., 
1988; Angelides et al., 1988) which together with cytoskeletal proteins possibly form the 
barrier. In some epithelial cell types the basolateral domain is divided into subdomains 
which have infoldings and are enriched in sodium pumps and anion exchangers 
(Drenckhahn et al., 1985; Koob et al. 1987). Membrane proteins in these subdomains 
interact with cell cytoskeleton (Rodriquez-Boulan and Nelson 1989; Bennett 1992). Also 
neurons have subdomains, for instance in which voltage-dependent sodium channels are 
located (Waxman and Ritchie, 1985; Angelides et al. 1988) and known to interact in a 
similar way with ankyrin and spectrin in cell cytoskeleton (Srinivasan et al., 1988). 
Whether the mechanisms preventing protein diffusion in basal membrane of active 
osteoclasts are similar to or different from those functioning in neurons or epithelial cells 
requires further studies.  

The polarity features and membrane domains in epithelial cells are formed during 
development of epithelium and are maintained continuously due to tight junctions 
between neighbouring epithelial cells. Also in neurons the polarity is constant. Once 
formed during synaptogenesis, the polarity of neurons is maintained revealing two 
different plasma membrane domains with distinct features. These features of stable 
polarity have made especially the epithelial cells a good model for studying the vesicle 
traffic and protein sorting in detail. Our results show that in osteoclasts the polarity and 
new membrane domains are formed and changed for several times under normal culture 
conditions. This particularly suggests that osteoclast can be a model to study dynamically 
the mechanisms of formation and maintenance of cell polarity and different plasma 
membrane domains. 

The term transcytosis is usually used in connection of transport from apical domain to 
basolateral domain (or vice versa). Whether it is right to use this term when talking about 
the vesicle trafficking in osteoclasts from ruffled border area to a dynamic FSD area, can 
be discussed. Basically it is a question of transcellular movement of matrix material, so 
transcytosis seems to be the most suitable term, but one has to remember that the detailed 
nature of ruffled border is still to be resolved. At the moment it seems to be a membrane 
type of its own, having mixed features from at least lysosomes (Baron) and late 
endosomes (Palokangas), so it is highly possible that analogues even to final antigen 
presentation routes from late endosomes or specialized vesicle populations to cell surface 
in macrophages can be found in the future. 

In FESEM and TEM studies organization of collagen bundles within bone matrix was 
visible. When comparing the localization of these bundles and ruffled border membrane, 
it is evident that still undegraded collagen bundles are located in recessi between the 
outvaginations of ruffled border. This may play a role in three-dimensional orientation of 
bone resorption. On the other hand it suggests that the dissolution of organic components 
can partly happen in the vicinity of the ruffled border membrane, or even by membrane 
associated enzymes. This certainly would make the matrix disruption more targeted and 
easily limited and could offer a possibility for receptor mediated recognition of bone 
matrix components. This hypothesis is reinforced by TEM observations of long ruffled 
border processes penetrating deeply into the bone, and findings in tetracycline labeled 
bone, where mineral phase is dissolved remarkably prior to the dissolution of organic 
matrix. Roughly taken, this suggests that the front of the ruffled border outvaginations 
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dissolves mineral, while the bottom of the recessi are responsible for degrading the 
organic matrix, but a lot of new work is required on the possible subdomains of the 
ruffled border membrane.  

Intracellular transport of bone matrix components may have an important role in the 
cascade of bone matrix degradation. The pH value in resorption lacuna is low enough to 
dissolve inorganic matrix, but it certainly affects the conformation of organic 
components, too. The change in pH value during transcytotic route from about 4 or below 
in the resorption lacuna to 7,4 in extracellular spaces offers an opportunity for sequential 
work of different proteinases having their particular pH optimums. This might give a clue 
to the still unresolved cascade of degradation of organic bone matrix components. 
Cathepsin K, for example, is highly expressed in osteoclasts and is highly functional in 
low pH environment (Bossard et al 1996). 

The balance of bone turnover is a clinically important question. Present methods are 
either based on bone density measurements or on detection of bone matrix protein 
components in serum or urine. However, measuring of e.g. serum osteocalcin can be 
interfered by leakage from osteoblasts during bone matrix synthesis. It would therefore 
be important to distinguish between different origins of matrix components. The present 
data do not show either direct evidence or method to particularly measure the matrix 
components released via resorption, but they suggest that it can be possible in the feature 
due to the intracellular handling of released proteins during resorption process. FESEM 
findings could not rule out the possibility that organic bone matrix components can be 
large aggregates at the moment of release the circulation. Whether these aggregates break 
down spontaneously or are actively degraded elsewhere in the body is an interesting 
question. It concerns also the degradation of extracellular matrix components in general, 
e.g. in cancer metastasizing. 

Osteoclast ruffled border faces an extremely high (40mM) extracellular calcium 
concentration. This kind of calcium concentration requires high capacity to bind and 
transport calcium. Osteoclasts synthesize calmodulin which is concentrated at the ruffled 
border area and may take part in this process. Phosphate is also released in high 
concentrations. How is it transported from the resorption site is still an open question. 
Evidence has been shown for localization of phosphate transport structures on the basal 
surface of resorbing osteoclasts (Gupta et al. 1997) suggesting some kind of transcellular 
transport. 

Osteoclasts synthesize most of these enzymes, but it has also been suggested that some 
of the enzymes involved in matrix dissolution are buried as pre-enzymes in matrix itself, 
and activated in low pH during resorption. Other, and perhaps more important, molecules 
released from the matrix are different kind of factors capable of local regulation of cells. 
The most potent candidates in this group are perhaps TGF-b and IGFs. Whether these are 
the factors mediating the coupling of resorption and synthesis of new bone matrix 
remains to be seen. 

When following the transport of biotinylated bone matrix components in osteoclasts, it 
became evident that during resorption, staining is mostly seen at the ruffled border area, 
as well as at the FSD area. Although staining is also seen between these domains, it is 
less intensive. It can be assumed that the transport between domains happens quite 
rapidly, but that the endocytosis and exocytosis take more time. In TEM samples, it was 
often seen that the biotin-positive vesicles near the ruffled border were numerous and 
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smaller than in the vicinity of FSD. Although a detailed analysis was not performed, it 
can be so that smaller vesicles are fused during transcytosis to form those larger 
aggregates seen at the FSD area.  

Electron microscopic morphology of the basal surface structures suggests that the FSD 
area can reveal the phase of the resorption cycle. Distribution of osteoclasts between 
different phases in control group corresponds to that in earlier studies based on the 
cytoskeletal changes (Lakkakorpi et al. 1991). Interestingly, stimulation or inhibition of 
resorption rate changed the distribution of osteoclasts in different resorption stages. 
Earlier findings on the effects of calcitonin on cytoskeleton are supported by the loose of 
polarity of the basal surface. Bafilomycin A1 inhibits proton pumps, and seems not to 
destroy overall osteoclast polarity. Effects seen in these studies is the decrease in number 
of clastosomes as well as debris, supporting the idea that less bone matrix components 
are dissolved and transcytosed through osteolclasts. Vitamin D highly increases the 
number of clastosomes, but does not significantly affect the amount of debris. It could 
therefore discussed that it could have more a role as a relgulator on calcium homeostasis 
than on the total breakdown of organic bone matrix components.  



7 Conclusions 

The last ten or fifteen years have revealed a lot of new information on the cell biology 
and physiology of osteoclasts. One major finding in this study is the more complex 
polarity of osteoclasts than has been known earlier. The basal membrane has at least two 
individual membrane domains which only are seen in resorption stage, but are absent in 
moving or resting osteoclasts. The central area of the basal membrane, termed functional 
secretory domain in this study, shows interesting fine structures in electron microscopic 
studies. Small gatherings of material originating in bone matrix are found in this area, and 
the number of these particles correlates to resorption activity of osteoclasts. This also 
leads to the other major finding of this study: both inorganic and organic bone matrix 
components are endocytosed at the ruffled border area, transported through osteoclast and 
secreted on the functional secretory domain area. The ruffled border area seems not 
strictly correlate to apical domain of epithelial cells as studied with targeting of viral 
marker proteins. 
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