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GENERAL SUMMARY 
In this thesis different approaches were used to obtain more information on 
osteoclasts and their heterogeneity. The first approach was visualization of 
osteoclast formation by life cell imaging (Chapter 2). By using this technique we 
were able to demonstrate the flexibility of osteoclasts in their formation and 
movement. During the formation, fusion of mononuclear pre-osteoclasts was 
frequently noted, but also fusion of two multinucleated cells or of a mono- and 
multinucleated cell was regularly seen. Next to these activities we registered a 
rather exciting and surprising phenomenon: fission of osteoclasts. The fission of 
multinucleated osteoclasts started with the formation of multinucleated 
compartments, connected with each other by long slender cytoplasmic extensions. 
These extensions became longer and very thin and finally broke.  This latter 
process was frequently associated with a small mononuclear cell that proved to be 
from haematopoietic origin. This process of fusion and fission might result in 
phenotypically different osteoclasts. In addition, fission may also result in removal 
of apoptotic nuclei. In this way the osteoclast is assumed to function in a more 
optimal way by getting rid of improperly functioning parts of the cell.  

The analysis of different knock-out mice gave clear indications for the existence 
of osteoclast heterogeneity. In this respect the most convincing data were obtained 
from mice that lacked 3 out of 5 isoforms of anion exchanger-2 (Ae2, or SLC4a2, 
Chapter 3). Anion exchangers play an essential role in intracellular regulation of 
the pH. This regulation is crucial for cells involved in acid secretion such as cells of 
the kidney, those in the wall of the stomach, but also in osteoclasts.  

The long bones of these Ae2 knock-out mice were osteopetrotic, indicating that 
the osteoclasts, although being present, were inactive. Surprisingly, however, the 
teeth of these mice showed a normal eruption pattern. This suggested that the 
osteoclasts at that site were active and probably also in the flat bones of the skull. 
This proved indeed to be the case. The osteoclasts found in the skull showed a 
normal activity in contrast to the osteoclasts present in the long bones. An 
explanation for this discrepancy was found in the expression of different ion 
transporters expressed by the different bone-site specific osteoclasts. In Chapter 3 
it is shown that both types of osteoclasts use Ae2, but the osteoclasts in the skull 
have also the opportunity to employ another ion transporter: SLC4a4. By the use of 
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the latter transporter the skull osteoclasts were able to overcome the absence of 
Ae2.  

In Chapter 4 osteoclasts were investigated of mice deficient for lysosome 
associated membrane protein-2 (LAMP-2). LAMP-2 is the most abundant protein 
present in the lysosomal membrane. Since the ruffled border of osteoclasts is 
formed by fusion of lysosomes and LAMP-2 is also present in the ruffled border 
membrane, we hypothesized that LAMP-2 might play a role at that site. We 
revealed that lack of LAMP-2 did not affect osteoclast generation in vitro when 
cultured with M-CSF and RANKL. However, when osteoclast precursors were co-
cultured with LAMP-2 deficient osteoblasts a complete absence of osteoclast 
formation was found. It is known that osteoclast formation in vivo depends largely 
on RANK-RANKL interaction by which the osteoclast precursors express RANK 
and the osteoblasts RANKL on their membrane. The expression of RANKL at the 
plasma membrane of LAMP-2 deficient osteoblasts seemed to be lower. Thus the 
essential interaction between RANK on the precursor membrane and RANKL on 
the osteoblast membrane was strongly hampered.  

 How is LAMP-2 involved in the membrane expression of RANKL? Since it was 
shown recently that LAMPs are involved in processes such as a correct localization 
of different proteins to the plasma membrane, we hypothesize that LAMP-2 also 
mediates the transport of RANKL to the membrane. 

Higher bone degradation is found at  inflammatory sites during periodontitis and 
rheumatoid arthritis. At these sites inflammatory cytokines (such as IL-1β) are 
present in high concentrations. Osteoclast precursors are taken to be attracted by 
the inflammatory chemokines and under the influence of IL-1β the osteoclasts 
become larger and express a higher activity. We hypothesized that precursors from 
different bones respond differently to IL-1β. This was investigated in Chapter 5 for 
osteoclast precursors isolated from calvaria and long bone. We found that the 
osteoclasts from both bone sites became larger with a higher resorptive activity. 
The calvaria cultures expressed a dose-dependent upregulation of IL-1β as well as 
the decoy receptor IL-1R2. Such an effect was not seen in the long bone cultures. 
Since it is known that binding of IL-1β to the decoy receptor IL-1R2 does not result 
in signal transduction and a subsequent release of inflammatory chemokines and 
cytokines, by expressing this decoy receptor calvaria cells might prevent an 
upregulation of inflammatory chemokines and cytokines. The formation of larger 
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osteoclasts in the long bone as well as the calvaria cultures in the presence of IL-
1β was probably due to the initial expression of IL-1R1, when the expression of IL-
1R2 was still low.  

 Several studies have shown that a side-effect of bisphosphonates can be the 
induction of osteonecrosis of the jaw. Why this phenomenon is observed 
particularly in the jaw is not clear. In Chapter 6 we have investigated the response 
of osteoclasts and their precursors to bisphosphonates. We showed that jaw 
osteoclast precursors internalized more bisphosphonates than precursors from 
long bones and the anti-apoptotic genes Bcl-2 and Bcl-xL were higher expressed in 
the jaw cells compared to the long bone cells. These data suggest that the jaw 
osteoclast precursors might be more resistant to BP-induced apoptosis.  

In conclusion, the data presented in this thesis shed new light on similarities and 
differences between osteoclast subtypes. Calvaria osteoclasts, but not those in 
long bone, express next to Ae2 also another ion transporter, SLC4a4. Furthermore, 
calvaria cells respond to IL-1β with an upregulation of IL-1β and its decoy receptor 
IL-1R2. These two findings show that, compared to long bone osteoclasts, calvaria 
osteoclast have different capacities to regulate their intracellular pH and their local 
precursors differ in their response to a cytokine like IL-1β. Next to that we showed 
differences in the response to bisphosphonates, thus providing a possible 
explanation for the occurrence of bisphosphonate-induced osteonecrosis of the 
jaw. Finally, osteoclasts were shown to be very versatile in their capacity to form 
larger cells and to split up again in smaller functional units.   
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