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It was a dry wind 
And it swept across the desert 

And it curled into the circle of birth 
 

Boy in the bubble – Paul Simon 
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General Discussion  

Bone tissue constantly adapts and renews its structure where bone 

formation and bone resorption play pivotal roles. These two cell-mediated 

processes are tightly balanced and regulated by intercellular signaling 

between the different bone cells1-4. An imbalance can lead to excessive bone 

formation or degradation and diseases such as osteopetrosis or 

osteoporosis 5-8. Although extensive research has focused on the activity 

and formation of bone resorbing osteoclasts in health and disease, little is 

known about the role of cell-cell interactions during these events. To better 

understand the mechanisms underlying the formation of osteoclasts, new 

models that take into account the role of the cell’s environment are needed. 

An important aspect is the interaction of osteoclast precursors with other 

cells, such as bone lining cells, fellow osteoclast precursors and 

differentiated multinucleated cells. In this thesis we analyzed the importance 

of these cell-cell interactions during different stages of osteoclast 

differentiation.  

In chapter 2  we investigated the expression of the adhesion 

molecule intercellular adhesion molecule-1 (ICAM-1) by both the osteoblast-

like bone lining cells and osteoclast precursors. We hypothesized that ICAM-

1 plays different roles during osteoclast formation, depending on the cell 

type and the differentiation stage and therefore analyzed the expression of 

this molecule on both the bone lining cells and osteoclast precursors 

throughout osteoclast formation.  

We demonstrate that ICAM-1 expression strongly increased on the 

osteoclast precursors whereas it disappeared on the bone lining cells 

(chapter 2 ). Moreover, the molecule became clustered and co-localized with 

F-actin at the baso-lateral membrane of the osteoclast precursors, 

suggesting an activation state of these cells. The clustering of ICAM-1 and 

the possible activation of osteoclast precursors were induced by M-CSF and 

RANKL, two important molecules produced by osteoblast-like cells. These 

findings might indicate a novel role for ICAM-1 during osteoclast formation: 

clustered ICAM-1 on osteoclast precursors concomitantly with changes in 

their cytoskeleton is plausibly associated with cell movement, required for 

migration and the encounter of fellow fusing cells. 

Based on these results, we hypothesized that the presence of 

bone lining cells could also stimulate the expression of other genes 

important in osteoclast formation additional to the effect of the cytokines M-
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CSF and RANKL hereupon. Besides bone lining cells also periodontal 

ligament fibroblasts are able to support osteoclastogenesis and they do so in 

a similar way. In chapter 3 we could therefore use osteoclast precursors and 

periodontal ligament fibroblasts to elucidate the effects of cell-cell contact on 

the expression of a range of osteoclastogenesis-related genes.  

Interestingly, cell-cell interactions highly up-regulated gene 

expression of osteoclastogenesis-related genes in the co-cultures. These 

interactions turned out to be a far more important stimulus for osteoclast 

differentiation than the frequently used inducers of osteoclastogenesis 

1,25(OH)2VitD3 and dexamethasone. Direct cell-cell contact was needed for 

the up-regulation of all genes investigated except ICAM-1. This gene was 

the only gene which expression was increased by the fibroblasts when 

osteoclast precursors were cultured at a distance where adhesion between 

those two cell types was prevented. This may imply that periodontal ligament 

fibroblasts can be driven towards an osteoclastogenesis supporting 

phenotype, probably via the release of autocrine factors by osteoclast 

precursors.  

The early effects of cell-cell interaction on mRNA expression likely 

contribute to the increase in multinucleated cells formed. However, high 

OPG expression levels found in the co-culture seem to contradict this. Such 

high levels of OPG have been found previously for cells from the periodontal 

ligament 9,10. Could it be that cell-cell interaction counteracts or even 

eliminates OPG’s inhibiting role? We suggest that an intimate RANK:RANKL 

interaction between the osteoclast precursor and the osteoclastogenesis 

stimulating cell to which it is firmly attached inhibits the binding of OPG to 

RANKL. In the mean time the latter cells produce relatively high levels of 

OPG and we propose that this OPG fraction may block RANKL on cells not 

yet attached to the osteoblast-like cells. In this way formation of osteoclasts 

is prevented at sites where they are not (yet) wanted. Alternatively, high 

OPG levels could also trigger a RANK:RANKL independent pathway of 

osteoclastogenesis 11 by increasing the expression of the inflammatory 

cytokines TNF-α and IL-1β which were also up-regulated by heterotypic cell-

cell interactions in our study. Taken together, our findings suggest that a 

direct cell-cell communication between osteoblast-like cells, such as 

periodontal ligament fibroblasts, and osteoclast precursors is an important 

mechanism in the regulation of osteoclast formation in order to control bone 

remodeling.  
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Do similar processes occur in a diseased situation? Bone diseases are often 

caused by an inflammation and the interplay between bone cells and the 

immune system is an emerging field of research nowadays 12-15. To 

investigate the role of cell-cell interaction in such a situation, we analyzed 

the adhesion of osteoclast precursors to periodontal ligament fibroblasts that 

were stimulated with IL-1β for only 6 h. In addition, we assessed the 

formation of multinucleated cells in these co-cultures.  

In chapter 4  we suggest that IL-1β amplifies the effects of cell-cell 

interaction during osteoclastogenesis by activating the supporting 

osteoblast-like cells. This was reflected in an augmented adhesion of 

osteoclast precursors and an increase in the formation of osteoclasts, which 

was highly increased in the IL-1β induced culture. Inflammatory conditions 

thus seem to alter the phenotype of the periodontal ligament in a way 

beneficial for osteoclast formation. This hitherto under recognised influence 

of IL-1β on osteoclastogenesis supporting cells adds to the mechanisms 

involved in the IL-1β-induced osteoclast-mediated bone resorption.  

Besides cell-cell-interaction between bone lining cells and 

osteoclast precursors, also the interactions among the latter cells are crucial 

for osteoclast formation. Moreover, hardly any attention has been paid to the 

migration process of osteoclast precursors throughout the process of 

osteoclast formation. When do they migrate and how is their interaction with 

neighbouring cells during this process? To get insight into these dynamic 

aspects, we monitored osteoclast precursors at different time intervals and 

we analyzed their migratory behavior. Chapter 5 describes intriguing 

differences in migration between the different time points. At an early stage a 

subpopulation of cells migrated further away from their initial position 

whereas at a later stage the cells were still motile but more stationary and 

seemed to interact with neighboring cells. The early stage corresponds to 

the differentiation stage wherein osteoclast precursors need to migrate to the 

surface to meet possible fusion candidates. This could explain their 

migratory behavior, namely their traveling lengthy distances, at that time 

point. It is plausible that at a later stage vivid migration is no longer needed 

but that instead a stationary hyper-movement is required to interact with 

other precursors to explore whether the candidate cell is ready for fusion. 

These findings show that specific sequential modes of migration events exist 

suggesting that these modes are required for the differentiation of osteoclast 

precursors. Further research is needed to investigate this as well as to what 
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extent the interaction of bone lining cells and osteoclast precursors could 

influence the migratory properties of the latter cells.  

  While almost no research has been done on migration of 

osteoclast precursors, some studies report migration properties of mature 

multinucleated osteoclasts 16,17. The migration of osteoclasts has been 

studied in relation to their bone resorbing activity and it was shown that 

osteoclasts cease resorption while migrating and vice versa. Since we 

suggested that cell-cell interaction is important for cell migration, we 

wondered how mature osteoclasts interact with the cells in their vicinity. We 

show that osteoblast-like cells enclosed the osteoclast at a distance by 

forming a cell-free area between them and the osteoclast. The highly motile 

osteoclast seemed to actively interact with these neighboring osteoblast-like 

cells. A very interesting finding was that osteoclasts migrated underneath the 

confluent layer of osteoblast-like cells. Vesely et al. described this 

phenomenon as the osteoclastic ability of underlappping 18. Is this event an 

extra mechanism to facilitate and optimize its bone resorbing activity? Since 

the bone surface is covered with bone lining cells in vivo, we suggest that 

this phenomenon is possibly regulated by these latter cells. Osteoclasts then 

migrate underneath the osteoblast-like cells and start resorption until not 

necessary anymore. Andersen et al. similarly demonstrated that osteoclasts 

at sites of bone remodeling in vivo are covered by a canopy of flat, 

osteoblast-like cells 19.  

We next describe the intriguing finding that mature osteoclasts can 

undergo fission and generate multinucleated compartments that either 

contain apoptotic nuclei or are functional smaller osteoclasts. We are the first 

to report fission of osteoclasts and accordingly nothing is known about this 

phenomenon. It might be that osteoclasts possess a mechanism to split in 

order to increase the number of bone resorbing cells when bone resorption 

is needed at several places simultaneously. In addition, this mechanism 

could also be used to split off non-functional nuclei after resorption. The 

shedding of apoptotic nuclei has also been observed in the multinucleated 

syncytiotrophoblast (STB). Aggregation of STB nuclei occurs in early 

pregnancy (syncytial sprouts) and towards term (syncytial knots). The nuclei 

in the syncytial knots display apoptosis whereas syncytial sprouts, on the 

other hand, contain euchromatic nuclei that do not show signs of 

degeneration 20. Likewise, here we show for the multinucleated osteoclast 

that similar phenomena may exist. Is this process dependent on the size of 
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the osteoclast? Does fission take place randomly or only at specific bone 

sites? Are certain signals released from the bone matrix in order to trigger 

the osteoclast to undergo fission? It is completely unclear at the present time 

what the mechanisms are behind the fission of osteoclasts with its 

concomitant allocation of nuclei into various compartments.  

Apart from the dynamics and different events that take place during 

osteoclastogenesis, also major intracellular changes occur during 

differentiation. Osteoclasts have been identified as mitochondria-rich cells 

whereas their monocytic precursors contain only basal numbers of 

mitochondria 21. Mitochondrial biogenesis is thus an important process 

during osteoclastogenesis. However, and rather surprisingly, thus far only 

one recent study has focused on this aspect of osteoclast differentiation. In 

the latter study, the involvement of the transcription factor PGC-1β was 

reported in the genesis of mitochondria in M-CSF and RANKL-stimulated 

cultures 21.  To further reveal and refine the expression pattern of genes 

involved in this process and to investigate the specific contribution of M-CSF 

and RANKL in it, we analyzed the mRNA expression of mitochondria-related 

genes, quantified the mitochondrial activity per cell and described 

morphological differences between mitochondria of cells in the cultures with 

or without M-CSF and/or RANKL. 

Chapter 6 shows that M-CSF strongly stimulated the mitochondrial 

activity per cell and increased the percentage of cells with highly-active 

mitochondria. We therefore suggest that M-CSF selects osteoclast 

precursors and stimulates their differentiation towards the osteoclast lineage. 

In addition, we found a differential up-regulation of mitochondria-related 

genes in cultures of macrophages (M-CSF alone) and osteoclasts (M-CSF 

and RANKL). Next, mitochondria in the osteoclast precursors were larger 

compared to the ones in the cells only stimulated with M-CSF. This 

morphological difference in mitochondria may reflect a functional difference 

of these organelles in both cell types. Taken together, since M-CSF and 

RANKL are molecules expressed by bone lining cells these findings indicate 

that cell-cell interaction even plays an important role for osteoclastogenesis 

at the level of the genesis of mitochondria.  

Collectively our results emphasize the crucial role of cell-cell 

interaction in different stages of osteoclast formation. From the IL-1β study 

we comprehend that in an inflamed situation these interactions are 

stimulated in a way that favors osteoclastogenesis. Since several bone 
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diseases are caused by inflammation, these cell-cell interactions are 

important targets for drug development. Our findings on cell-cell interaction 

urge for a modification of the existing model of osteoclast formation.  

We propose the following adapted model of osteoclast formation 

where cell-cell interactions play a more central role (Fig. 1): (1) osteoclast 

precursors send signals to induce adhesion molecules by bone lining cells. 

This subpopulation of bone lining cells then selects the osteoclast precursors 

and adhesion takes place. (2) The direct contact between those two cell 

types stimulates the expression of osteoclastogenesis-related genes such as 

M-CSF, RANKL, TNF-α and IL-1β and this drives the precursors towards the 

osteoclast lineage. In addition, ICAM-1 expression and a subsequent 

activation of the precursor cell occur under the influence of bone lining cells. 

The following step (3) is the retraction of the bone lining cells and migration 

of the osteoclast precursors towards the bone surface. This stage is 

characterized by a selective interaction between osteoclast precursors, 

probably needed to explore whether fellow osteoclast precursors are ready 

for fusion. (4)  Differentiated osteoclast precursors eventually fuse. 

Subsequently a cell-cell interaction between precursors and osteoclasts or 

between osteoclasts can lead to the fusion of different multinucleated cells to 

form a giant cell. (5) Active osteoclasts then move around at the bone 

surface and migrate underneath a layer of bone lining cells to resorb bone. 

(6) This process is optimized by fission of the osteoclast in a number of 

functional osteoclast compartments as well as in the separation of 

compartments that contain non-functional nuclei.  
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Figure 1. An adapted model of osteoclast formation.   
For color figure see p.163.  

Concluding remarks 

This thesis revealed the importance of cell-cell interactions between bone 

lining cells, osteoclast precursors and osteoclasts during the sequence of 

events that results in the formation of osteoclasts and their activity. First of 

all do these cell-cell interactions lead to an increase in osteoclastogenesis-

related gene expression and do they regulate the migratory behavior of the 

different cell types. Next, they favor the ultimate formation of multinucleated 

osteoclasts. The results on the role of M-CSF in the biogenesis of 

mitochondria further underline the important role of the supporting 

osteoblast-like cells in osteoclastogenesis and the intriguing finding of 

osteoclasts that undergo fission opens new paths for investigation.   
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