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Abstract  

Osteoclasts, the multinucleated cells responsible for bone resorption, have an enormous destructive 

power which demands to be kept under tight control. Accordingly, the identification of molecular signals 

directing osteoclastogenesis and switching on their resorptive activity have received much attention. 

Mandatory factors were identified, but a very essential aspect of the control mechanism of osteoclastic 

resorption, i.e. its spatial control, remains poorly understood. Under physiological conditions, 

multinucleated osteoclasts are only detected on the bone surface, while their mono-nucleated precursors 

are only in the bone marrow. How are pre-osteoclasts targeted to the bone surface? How is their 

progressive differentiation coordinated with their approach to the bone surface sites to be resorbed, which 

is where they finally fuse? Here we review the information on the bone marrow distribution of 

differentiating pre-osteoclasts relative to the position of the mandatory factors for their differentiation as 

well as relative to physical entities that may affect their access to the remodelling sites. This info allows 

recognizing an “osteoclastogenesis route” through the bone marrow and leading to the coincident 

fusion/resorption site – but also points to what still remains to be clarified regarding this route and 

regarding the restriction of fusion at the resorption site. Finally, we discuss the mechanism responsible of 

the start of resorption and its spatial extension. This review underscores that fully understanding the 

control of the bone resorption mechanism requires considering it in both space and time - which demands 

taking into account the context of bone tissue. 
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1. Introduction 

For decades the origin and formation of osteoclasts (OCs1) has been investigated in great detail, both using animal 

and human models. Some of the milestones have been to discover that 1) OCs are large multinucleated cells formed 

through fusion [1,2], 2) receptor activator of nuclear factor kappa-B ligand (RANKL) is the key cytokine for OC 

formation and activity [3–5], 3) peripheral blood monocytes are precursors for OCs [6–10], and 4) macrophage 

colony stimulating factor (M-CSF) and RANKL is sufficient to generate OCs from hematopoietic/monocytic cells in 

vitro [11–16]. In addition, tremendous progress has been made on the molecular pathways required for OC 

formation and bone erosion. These requirements are reviewed elsewhere [17,18]. Thus, impressive progress has 

been made at the cellular and intra-cellular level, however, our understanding of how OCs form in vivo within the 

bone marrow cavity is far less understood. In particular, the importance of structural elements, matrix, and 

intercellular communication is limited. In the present review we will try to give an overview of what is known at this 

stage, but also to emphasize where our knowledge is scarce. Although many references are included in our review, 

we are aware that they only represent a fraction of papers published on this topic. We apologize that we due to 

space restrictions have had to limit the number of references.        

2. Bone marrow cavity 

The bone marrow cavity is the home of a series hematopoietic progenitor cells that ensure the vital supply of cells to 

blood. They can be subdivided into myeloid or lymphoid progenitor cells.  The latter result in lymphoblasts that 

differentiate into lymphocytes and natural killer cells entering blood circulation. The myeloid progenitor cells have a 

multitude of cell fates that all reside in the bone marrow upon differentiation: 1. megakaryocyte, which releases 

platelets into blood circulation, 2. the proerythroblast that eventually turn into erythrocytes released into blood 

circulation, 3. the myeloblast can through a series of differentiation stages result in four different cell types that are 

released into blood circulation: a. basophils, b. neutrophils, c. eosinophils, and d. monocytes - but also a cell type 

that remains in the bone marrow - the bone resorbing OC. 

Besides the myeloid and lymphoid progenitors, the bone marrow cavity is also rich in mesenchymal stem cells 

(MSCs). These cells have the potential to differentiate into a number of different tissues such as neurons and muscle 

cells, but especially chondrocytes, adipocytes and osteoblasts are of particular interest when considering MSCs 

situated in the bone marrow cavity. Myeloid progenitor cells are quite evenly distributed throughout the bone 

marrow cavity. However, the more precise location of MSCs within the bone marrow is debated - especially the 

location of dedicated MSCs that turn into osteoprogenitors. Osteoprogenitors have been proposed to reside in the 

bone marrow in general, but also more specifically in e.g.  the perivascular space in the form of pericytes [19], the 

canopy of the bone remodelling compartment [20,21], bone lining cells [20–22], bone marrow envelope/sac [23] etc. 

Knowing the location of these osteoprogenitors in the bone marrow is key when it comes down to understanding 

where e.g.  monocytes into preOCs and finally matured OCs. This is because osteoprogenitors are key regulators of 

                                                           
1 RANKL, receptor activator of nuclear factor kappa-B ligand; M-CSF, macrophage colony stimulating factor; OC, 

osteoclast; MSCs, mesenchymal stem cells; CSF-1, colony stimulating factor 1; Cxcl12/SDF-1, C-X-C motif chemokine 

12/stromal cell-derived factor 1; Alpl, gene encoding alkaline phosphatase; Ng2+, gene encoding neuron-glial antigen 

2; CAR, Cxcl12-abundant-reticular; Mgp, gene encoding matrix gla protein; Lpl, gene encoding lipoprotein lipase; c-

fms, colony-stimulating factor-1 receptor; ISH, in-situ hybridization; TRAcP5, tartrate resistant acid phosphatase; 

ACP5, gene encoding tartrate resistant acid phosphatase; NFκB, nuclear factor kappa-light-chain-enhancer of 

activated B cells; NFATc1, nuclear factor of activated T-cells cytoplasmic 1; S1P, sphingosine-1-phosphate; MMP, 

matrix metalloproteinase; OSCAR, osteoclast-associated immunoglobulin-like receptor; VEGF, vascular endothelial 

growth factor; CCL, chemokine ligand; TNF, tumor necrosis factor; IL, interleukin; TGF-β, transforming growth factor 

β; MIP1α, macrophage inflammatory protein 1α 
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where preOCs will form. Osteoprogenitors express both cytokines that are sufficient to generate OCs – M-CSF and 

RANKL. Thus, in order to understand how and where osteoclastogenesis is initiated in vivo it is important to look at 

where these factors are expressed in the bone marrow space.  

3. Sites of M-CSF and RANKL expression 

3.1 M-CSF 

M-CSF (also called colony stimulating factor 1(CSF-1)) is expressed by cells of the mesenchymal lineage within the 

bone marrow. Not much is known about where in the human marrow cavity these cells are situated. However, 

studies using human bone marrow aspirate to generate OCs in vitro have suggested that these cultures do not 

support effective formation of OCs in the presence of VitD3 (later known to induce RANKL) – only after the addition 

of purified M-CSF [24–26]. This suggests that cells which are readily aspired from the marrow may not express M-CSF 

at sufficient levels. This in turn may suggest that cells expressing M-CSF may adhere more strongly to a surface or 

matrix – possibly the bone surface or blood vessels. Precisely this was found by Ohtsuki and co-workers. They 

performed immunohistochemistry (IHC) to stain for M-CSF in human vertebral bone specimens and found it to be 

strongly expressed in cells identified as bone lining cells, but also vascular endothelial cells [27]. Precisely these cells 

may be difficult to extract in bone marrow aspirates. Regarding spatial expression of M-CSF in mouse bone marrow a 

very recent and elegant study by Baccin and colleagues was published [28]. They combined spatial and single-cell 

transcriptomics and found that four different cell types account for roughly ¾ of Csf1 gene expression in the bone 

marrow. These are Cxcl12+ cells that are either positive or negative for Alpl gene expression (Osteo-CAR or Adipo-

CAR, respectively), as well as Ng2+ MSCs and endosteal fibroblasts. The first three cell types express similar high 

levels, while endosteal fibroblasts only express a small fraction. Interestingly, the authors also found that osteo- and 

adipo-CAR were closely associated to arterioles and sinosoids, respectively, while Ng2+ MSCs were most 

predominant close to arterioles and the endosteal surface, the latter also being the site of endosteal fibroblasts [28]. 

Endosteal fibroblasts may be the same as cells of the bone marrow envelope and/or bone lining cells. A similar study 

was done on mouse bones, but using labelling of cellular subsets by Cre/LoxP. Tikhonova et al. [29] performed single 

cell RNAseq on sorted cells and found that leptin receptor positive cells were expressing M-CSF at the highest level 

of all cellular subsets analysed. Of those, Mgp+ and Lpl+ were the highest expressing cell types. Those cell types 

mainly represent adipogeneic MSCs and are preferentially located close to sinosoids [29] and thereby support the 

data of Baccin and colleagues [28], who also found that Adipo-CAR were those cell types expressing the highest 

levels of M-CSF preferentially located at sinusoid structures. Thus, concluding on observations made in both mouse 

and man, M-CSF is predominantly expressed by adipogenic MSCs close to the bone marrow vasculature and to a 

smaller extent by cells close to the endosteal surface [27–29] (Figure 1, left).   

Given that M-CSF is a pre-requisite for myeloid cells to express RANK and thereby its ability to commit for 

osteoclastogenesis [11,30]– one could imagine that preOCs would form where M-CSF is expressed. Therefore, it is 

interesting to consider where colony-stimulating factor-1 receptor (c-fms) positive cells are located. Unfortunately, 

only few studies have addressed their specific location within human bone marrow. Jemtland and colleagues showed 

by in-situ hybridization (ISH) in fetal and young mice that c-fms expression occurs in close proximity of the bone 

surface [31], which was also supported by other studies [32,33]. In adult mice Hamon and colleagues [34] used two-

photon imaging to follow c-fms/Csf1r labelled monocytes in the calvarial bone marrow cavity. These cells were very 

common and widely dispersed in the bone marrow. Also, they were able to slowly migrate in the bone marrow at a 

mean velocity of 2 µm/min. So there is indeed very little known about where in the bone marrow cavity c-fms 

positive cells can be found. However, in the case of e.g. op/op mice (that lack endogenous M-CSF expression) a 

single injection of M-CSF is sufficient to rapidly form OCs vouching for the high level of these cells present in the 

bone marrow [35]. 

3.2 RANKL 
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But where is RANKL expressed? In mice this has been addressed intensively for the past years. For many years it has 

been speculated and demonstrated by ex vivo/in vitro cultures that early osteoblast-lineage cells in the bone 

marrow in general are those responsible for RANKL expression [26], but it was less clear where in the bone marrow 

these cells are physically situated.  

However, in 2011 two ground breaking papers were published by Xiong et al. and Nakashima et al. Both papers 

propose that the vast amount of RANKL in vivo is produced by osteocytes, late stage osteoblast lineage cells, and not 

so much by pre-osteoblastic cells [36,37]. However, in these studies promotors of Dmp1 and SOST genes were used 

to drive the deletion of the RANKL gene (Tnfsf11) and their specificity for osteocytes is not fully clear [22,36,38]. A 

study by Matic and colleagues suggested that bone lining cells may also be a source of RANKL as well as M-CSF [22]. 

Also other papers reported RANKL expression in both osteocytes, osteoblasts, bone lining cells, as well as stromal 

cells [14,39–41]. So, although the information, about where in bone tissues M-CSF and RANKL is primarily expressed, 

is scarce, it does seem that the available information places cells that express both key cytokines for 

osteoclastogenesis at or below the bone surface (Figure 1, left). But since two seminating papers were published in 

2001 and 2009 [42,43] it has also become clear that it is not only osteoblasts and bone lining cells that are present at 

the bone surface, but also a physical structure called the bone remodelling compartment, of which the canopy cells 

are also osteoblast lineage cells [21,42–44]. Precisely these cells have also been reported to express RANKL in human 

bone along with reversal cells, at least in patients with chronic kidney disease [45]. In mice, the osteoblastic nature 

of the canopy cells has been questioned by studies showing F4/80 positive osteal macrophages forming canopy-like 

structures above the bone surfaces [46,47]. Later studies in mice and humans have confirmed that osteal 

macrophages are abundant proximate to the bone surface, where they more likely line the marrow side of the 

osteoblastic canopy cells. In mice, these osteoblastic canopy cells seem to constitute an extremely thin layer 

rendering them hardly visible by light microscopy, but can be appreciated by e.g. transmission electron microscopy 

[48].  

4. Where in the bone marrow does osteoclastogenesis start? 

Based on the findings described in section 3, it seems that all factors necessary to initiate early osteoclastogenesis 

are located in the vicinity of blood vessels and near the bone surface. The first sign that a myeloid stem cell is 

committed to differentiate towards an OC would be that contact to M-CSF initiates gene expression of the RANK 

gene. So where is RANK found to be expressed in the bone marrow cavity? 

Once cells express RANK and are exposed to RANKL one of the early characteristics is that TRAcP5 is induced. In a 

recent paper, the spatial 3D localization of TRAcP5+ cells in the bone marrow was shown [49]. Roughly 70% of TRAcP+ 

mononucleated cells in the bone marrow were in direct contact with collagen type I - forming a spatial framework 

throughout the bone marrow. This collagen network proved to be particularly dense around blood vessels. The 

TRAcP5+ cells were found to be spread out fairly evenly throughout the bone marrow, but with a tendency to cluster. 

This spatial localization raises the question that if both M-CSF and RANKL are expressed mainly at the bone surface 

or within the bone, how can pre-OCs in the bone marrow be found so far away from the bone surface? One 

possibility could be that M-CSF and RANKL is expressed at sufficient levels in cells surrounding the blood vessels as 

proposed for M-CSF  [27] as well as both M-CSF and RANKL [50] (Figure 1, left). The work of Collin-Osdoby and 

colleagues is one of the rare studies that has addressed this and managed to show that human primary vascular 

endothelial cells do indeed express both RANKL and M-CSF [51]. However, too few studies have directly addressed 

this issue and therefore the spatial expression of both M-CSF and RANKL still remains a mystery, especially in the 

human context – but a mystery that is important to solve!    

5. How do osteoclasts arrive at the bone surface? 

A hallmark of OC development in healthy cancellous bone is that they fuse and become multinucleated on or at the 

bone surface [35,52]. In order to enable such a strict regulation of cell-cell fusion there must be several mechanisms 

to ensure that cells under physiological conditions do not fuse in the bone marrow, but only on the bone surface. 
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This is an area where only very little information is available, but physical structures and heterogeneity amongst cells 

may be one possible explanation. 

5.1 Activation of preOCs in the bone marrow  

Upon activation with M-CSF, myeloid lineage cells in the bone marrow start to express RANK. However, at this stage 

the precursors have not yet started to express TRAcP5. According to our present knowledge this only occurs when 

RANKL binds to RANK receptor, thereby activating NFκB and NFATc1, and eventually initiate the expression of a 

series of OC related genes – such as ACP5 [18]. Of note, both activated macrophages/giants cells and OCs express 

TRAcP5, but while macrophages/giants cells are mostly rich in TRAcP5a, preOCs and OCs are mostly rich in TRAcP5b. 

So in order to distinguish between these two types of cells it is important to use antibodies that can distinguish 

between them. In this aspect it is therefore relevant to note that in a recent publication a 3D reconstruction showed 

that TRAcP5b+ cells are indeed abundant in human bone marrow [49]. Thus, RANK+ preOCs are exposed to RANKL in 

the bone marrow cavity. Where does this bone marrow present RANKL come from? As highlighted before it is 

debated whether it is only RANKL from osteocytes that drives the differentiation into OCs or whether other sites 

may also play a role. From the 3D reconstruction of TRAcP5+ cells in the bone marrow [49] it is clearly illustrated that 

the distance to the bone surfaces is considerable to some of the TRAcP5+ cells. Is it realistic that these are activated 

by RANKL originating from osteocytes? Everything is possible because we know so little about such structural details. 

However, we propose that the initial differentiation events into preOCs in the bone marrow cavity originate from 

stromal cells e.g. close to vascular structures [51]. It is possible that these cells express lower levels of RANKL than 

e.g. osteocytes, however it may be sufficient to induce an initial commitment towards osteoclastogenesis. 

Once RANK expressing cells are committed towards OCs it is important that they at this stage do not fuse with the 

neighbour preOC - since they can be located quite closely to each other [49]. No clear-cut mechanism has been 

identified which ensures that two neighbouring preOCs do NOT fuse. However, it is a possibility that they at this 

stage are too alike to enable fusion. In a series of publications it has been suggested that fusion of cells to form 

multinucleated OCs to some extent depend on heterogeneity between fusion partners [53–58]. It is possible that 

they at this early stage, where they are still located in the bone marrow, have not yet developed a sufficient degree 

of heterogeneity. 

5.2 preOCs arrive at the bone surface through migration and/or circulation 

In order to fuse preOCs must arrive at the bone surface. We propose that this process maybe due to convergence 

between physical and molecular guidance. A possible route for the preOCs to arrive at the bone surface is to follow 

physical structures present throughout the bone marrow cavity and thereby reach the bone surface.  In this context, 

it is interesting to note that capillaries were found to be 2-3x more frequent over remodelling surfaces than over 

quiescent surfaces and that at these sites they were either in direct or close contact (50 µm) to the canopy of the 

bone remodelling compartment [43,59]. Also it was found that capillaries are surrounded by a particularly dense 

mesh of collagen type I and III, but which is also present throughout the bone marrow in general [49](Figure 1). 

Collagen has been reported to induce a migratory phenotype on many cell types [60,61], also pre-OCs/OCs [49,62–

64]. Thus, as proposed in a recent publication [49], the collagen network of the bone marrow may serve as a “road” 

and guidance to sites where bone resorption should be initiated. Possibly, migration on collagen along vascular 

structures may be a preferred route because they seem to be targeted to sites of bone erosion. When the cells 

migrate along these fibres this may in itself trigger further differentiation e.g. through an autocrine action of IL1β 

[49,65–68], while interaction with collagen fragments is more complex [69–71]. 

Another alternative to migration of preOCs from the bone marrow cavity is that they circulate through the blood to 

arrive at the site where resorption is about to start. Already in very early studies it was demonstrated through 

parabiotic union that congenital osteopetrosis in mice could be cured by introducing healthy cells from littermates 

[6,7]. This demonstrates very clearly that circulating progenitors can serve as preOCs in vivo. In a very recent study 

this was also demonstrated by Jacome-Galarza et al. [72] where they reported that a single transfusion of wt 
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monocytes into cathepsin K-/- mice was sufficient to rescue the osteopetrotic phenotype. When it comes to a 

physiological recruitment of circulating preOCs a factor such as sphingosine-1-phosphate (S1P) has been described to 

recruit osteoclast precursors into circulation [73].  

But no matter if the precursor comes from circulation or migrates through the bone marrow, it must still be guided 

to the site where it is needed. Here a factor such as stromal cell-derived factor 1 (SDF-1) may play a role in inducing 

chemotaxis [74,75], but also release of factors such as RANKL, M-CSF, and VEGF from bone surface cells and 

apoptotic osteocytes [76,77]. In addition, chemokine ligands such as CCL2 (MCP-1) and CCL5, [78,79] but also TNFα 

and IL1β [65] may be involved in chemotactic guidance of preOCs. 

5.3 preOCs arrive and migrate through layer of bone lining cells  

Once preOCs arrive at the bone surface – irrespective of the route – it must penetrate through the cell layers 

covering resting bone surfaces, the bone marrow envelope and bone lining cells. Since it is known that the bone 

marrow envelope and bone lining cells are intermixed with a collagen network that may bring structural support 

[49], these preOCs must first be able to migrate through this network. Precisely this is something that pre OCs are 

well equipped to do. They produce and secrete foremost a variety of matrix metalloproteases (MMPs), such as 

MMP9 and MMP14, that have been shown to selectively cleave collagen fibres allowing transmigration [64,74,80–

82] (Figure 1, right). An alternative role for the collagen network at the bone marrow envelope and lining cells may 

also be to guide e.g. preOCs to the bone surface. However, since no systematic studies have been performed on the 

nature of these collagen structures, it is hard to say whether it has one or both functions. However, once the preOCs 

have successfully reached the bone surface another obstacle will prevent it from becoming a matured 

multinucleated OC. Underneath bone lining cells it has long been known that a layer of unmineralized collagen is 

present [83,84]. This layer will prevent the polarization of OCs required for activating bone resorption. Therefore, 

this layer must be removed in order to enable bone resorption. In pioneering studies, it was proposed and shown 

that the bone lining cells themselves can do this job [85–88]. But since it has also recently been found that 

osteocytes, at least under some circumstances, can express and release collagenases such as cathepsin K and 

MMP13 [89–93], it may also be speculated that osteocytes stretching to the bone surface may participate in the 

removal of the unmineralized collagen layer. However, since cathepsin K requires an acidic pH to become active its 

role is still unclear, while MMP13 may be readily active. More research is required to gain more insight on this very 

early step to initiate bone remodelling.   

6. Controlled fusion of OCs on the bone surface 

Once the thin layer of collagen underneath bone lining cells has been removed a migrating preOC will get in contact 

with the mineralized bone surface. Such a contact will induce an immobile cell and an expression pattern that will 

convert this pioneering preOC into a fusion “acceptor” cell [53], also called a “founder” cell [56]. Through continued 

recruiting, more preOCs arrive at the site and will one after the other fuse with the acceptor cell that eventually will 

become a multinucleated OC (Figure 1, right). Several lines of evidence indicate that OCs become multinucleated by 

adding one nucleus at a time. Through time-lapse recording of fusing human OCs in vitro it was shown that 70% of all 

fusion events involving multinucleated OCs were with mono-nucleated pre-OCs [53]. Something which is also 

supported by in vivo findings in mice and dogs [72,94], where tracing of labelled nuclei into OCs showed that at least 

90% of OCs were formed through sequential fusion with mono-nucleated preOCs [72]. 

The contact with mineral/bone surface alters the expression profile of preOCs and renders them molecularly 

different from preOCs in contact with unmineralized collagen fibres [49]. As an example, CD47 was found to cluster 

in preOCs on collagen but not on mineral [49] and clustering of fusion factors in lipid rafts has been shown to favour 

fusion of OCs [54,95,96] as well as other cell types [97,98]. In further support of collagen’s importance for OC fusion, 

the collagen receptor, OSCAR, is preferentially expressed on preOCs in contact with collagen in the marrow space 

compared to OCs on the bone surface [49] and that OSCAR favours the formation of OCs in vivo and in the presence 

of collagen in vitro [68]. Furthermore, the conformational changes in aged compared to young collagen [99] as well 
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as density and modifications of collagen fibres is sufficient to stimulate OC formation [66], further highlighting that 

contact to collagen indeed favours OC formation. 

Thus, changes in the microenvironment based on contacts with extracellular matrices and soluble factors may in 

itself trigger the required heterogeneity in OC fusion partners. Here the immediate contact of preOCs/OCs on the 

bone surface to osteocyte filopodia may also help to induce a different expression profile compared to those that 

just arrive at the fusion site [100,101]. Based on the existing studies regarding sites and levels of e.g. RANKL 

expression it is likely that the concentration of RANKL is higher at the bone surface than in the bone marrow space 

[14,36,37,39,40]. This may accelerate differentiation and facilitate a difference in maturity between preOCs that are 

on the bone surface compared to those deeper in the marrow space. Precisely this difference in maturity due to 

different exposure time to RANKL between two potential fusion partners has been shown to favour OC fusion as 

opposed to preOCs exposed to RANKL for the same duration of time [53,56]. Our proposed model of OC fusion is 

primarily based on considering structural features, something which is often overlooked. However, this should not 

be considered as an alternative but rather a supplement to our vast knowledge on the effects of cytokines on OC 

fusion such as VEGF, TGF-β, IL1β, IL8, VEGF, TNFα, CCL2, MIP1α, etc..      

7. Initiation and continuation of bone resorption 

Once OCs are multinucleated they may be polarized. This only occurs when the OC has contact to mineralized bone 

matrix, not if it is un- or de-mineralized. The precise mechanism is not fully understood. However, when organic 

matrix has been removed from cortical bone slices, OCs are still perfectly able to become activated and dissolve the 

mineral [88,102], which has also been demonstrated using hydroxyapatite coating of artificial surfaces [63]. Despite 

these findings, it is not precisely known how and why the presence of mineral is required. When this has been 

addressed in cell culture it has in general been done so in the presence of foetal bovine serum which may result in a 

protein-coating of the hydroxyapatite and it has been stated that in the absence of serum OCs fail to attach to 

hydroxyapatite [103,104]. However, a stiff/rough substrate will facilitate firm contacts between substrate and 

podosomes [104–106] and may explain why mineral favours the activation of OCs.  However, it is still not clear 

whether only hydroxyapatite in the complete absence of protein is able to activate OC resorption. Only few 

observations have been made e.g. using oyster shell as a substrate (which at the surface only consists of calcite) in 

the absence of serum and osteoclastic resorption was observed [107], but more analyses are needed in order to 

address specifically this issue. 

However, it is indeed known that partly mineralized protein elements will enable activation of OCs. It is in particular 

RGD-containing proteins that are known to mediate this activation. These are e.g. collagen type I (only when partially 

or fully denatured), vitronectin, fibronectin, bone sialoprotein, and osteopontin [108]. Integrins are known for 

recognizing and binding to these RGD-containing proteins, and in OCs it is in particular αVβ3. McHugh and colleagues 

[109] demonstrated that knocking down β3 in mice resulted in osteopetrosis in vivo and OCs in vitro were strongly 

affected with respect to spreading and bone resorption. αVβ3 has been suggested  to be particularly rich at 

podosomes in OCs. These are actin rich structures that make small protrusions of the cellular membrane ensuring a 

privileged contact to the bone matrix and in particular RGD-containing protein [105,110,111]. However, although the 

phenotype in vitro is severe, OCs deficient for β3 are not incapable of resorbing bone [109]. A possible explanation 

may be that αVβ3 in particular binds to vitronectin while other integrins/receptors can still mediate binding through 

e.g. fibronectin or collagen type I and thereby partly compensate [103,104,112]. However, it should also be noted 

that distribution of αVβ3 particularly at podosomes is questioned since other groups have rather found αVβ3 to be 

located throughout the cell membrane and to be devoid at e.g. the actin ring [113]. Nonetheless, αVβ3 is a central 

player for activating OCs and a proper functional actin ring which is mediated through e.g. c-Src signalling upon 

binding of αVβ3 to its ligand [109,114]. Once an actin ring/sealing zone is established the OC is able to initiate proper 

bone resorption.   

Through the coordinated release of protons and proteases onto the bone surface within the sealing zone bone 

resorption is initiated. For many years it was an established dogma that OCs resorb bone through a resorption cycle 



9 
 

involving alternating stages of bone resorption, migration, and reinitiating resorption at a new site [63,110,115–

118]. This is based on the assumption that OCs must remain stationary in order to establish a tight sealing zone 

facilitated through the dense organization of podosomes pushing onto the bone surface. This resorption cycle model 

explains nicely how rounded resorption cavities, called pits, are generated. However, it has been difficult to explain 

the elongated resorption cavities that have been termed tracks, trails, or trenches. As noted, these cavities have 

been given many names during the years, however, we find that the term “trenches” most accurately describes their 

physical appearance and how they are generated. Recently, through 72 h time-lapse recording of actively resorbing 

human OCs in vitro, it was demonstrated that OCs making trenches resorb continuously for several days while 

migrating without any kind of interruption. In contrast, OCs making pits behaved precisely as described for the 

resorption cycle model [119]. The discovery that OCs has two ways to resorb bone is not just a peculiar detail, but 

has in multiple studies been shown to affect the sensitive of OCs to drugs differently depending on the resorption 

mode – some of which are also used for treating patients (e.g. prednisolone and zoledronic acid) [102,120–126]. 

Based on histological observations it was also proposed by both Parfitt and Delaissé that OCs in vivo may rather 

resorb laterally than perpendicular to the bone surface [20,127]. Furthermore, both types of resorption cavities also 

exist in vivo as demonstrated through SEM imaging of both human and animal bones [121,128–131] also affecting 

stiffness of bone [132].  

8 Conclusions and outlook  

In our review we have focused on the specific sites in the bone marrow where preOCs arise, how and why they move 

towards the bone surface, how they arrive at the right site, why and how they fuse at the bone surface, what may 

trigger resorption and continuation thereof. In this regard, we have especially focussed on the structural elements, 

matrix, and intercellular communication in a site specific manner within the bone marrow. In Figure 1, we give a 

simplified overview of what we have presented in the present review and which is according to our current state of 

knowledge. Although we try to present an overview of what evidence is present in the scientific literature regarding 

this topic, we find that this is something which in general is not well investigated and where our knowledge 

therefore is fairly limited. Throughout the review, we have tried to highlight our current lack of knowledge. It is our 

hope that scientists within the bone research field will take up the challenge and address these open questions that 

are important to address regarding how OC development and activity is regulated under physiological conditions – 

not just molecularly, but also considering structural elements, extracellular matrix, and the spatial distribution of 

cells within the bone marrow cavity. We find that it is only if we also improve our knowledge in these areas that it 

will be possible to transfer our detailed molecular knowledge into the clinical setting at the benefit of patients. It is 

particularly important to also expand our knowledge on human OCs. Not all information from mice can be directly 

mirrored onto humans, but if we give more attention to understanding human OCs in vitro and in vivo the better we 

can also use all the beautiful work done on e.g. mouse models. 

It is important to improve our knowledge on the issues raised in this review in order to understand human 

physiology, but certainly also for pathologies where OCs are known to play an important role. Such pathologies could 

for example be cancer metastases to bone. In these cases the finely tuned site specific expression of cytokines is 

disrupted and there is uncontrolled matrix production through-out the bone marrow. This matrix will to a large 

extent consist of collagen and can therefore, independently of the cytokines, affect where OCs form, where they will 

become active, and whether they become multinucleated already in the marrow space. Especially the latter may 

bring the site specific coupling between OC and osteoblasts out of balance, and clastokines secreted from 

multinucleated OCs [133] in the marrow space may trigger new bone formation in the marrow space that is well-

known as sclerotic bone often seen in the case of breast cancer, but especially in the case of prostate cancer. This 

may in general contribute to enhancing the “vicious cycle” between cancer and bone cells, since the latter in this 

way become active within the bone marrow space and not only at the bone surface.   
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Figure legend 

Figure 1: Schematic model giving an overview of key structures, cells, and cytokines discussed in the review. 

Arterioles (red), venules (blue) and collagen (purple) are drawn as a structural background with no reference to 

actual dimensions but rather to demonstrate the location of cells and cytokines within the marrow-bone interface. 

Pre-osteoclasts (Pre-OCs) are distributed throughout the marrow-bone interface, whereas RANK+ preOCs are located 

preferentially around the vessels, where M-CSF is more abundant. As preOCs approach the bone surface (guided by 

the network of vessels and collagen) RANKL becomes more abundant and preOCs initiate expression of TRAcP. 

Before fusion into multinucleated OCs, TRAcP+ pre-OCs secrete MMPs to be able to penetrate the collagen network 

surrounding the bone marrow envelope and bone lining cells at the bone surface, this is highlighted in the zoom-in 

(right figure).    
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