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Background   Interaction between wear particle debris 
and the cells at the implant-bone interface is an impor-
tant contributory factor to periprosthetic bone loss seen 
in arthroplasties. 

Method   To investigate the effect of this particle-
induced response on different stages of osteoclast matu-
ration, polymethylmethacrylate (PMMA) particles were 
added to a murine osteoclastogenic bone marrow cell 
culture system at either day 0, day 4, or day 8 of cul-
ture, which represented PMMA particle stimulation of 
precursor osteoclasts, mature osteoclasts, or end-stage 
osteoclasts, respectively. The number of TRAP-posi-
tive multinucleate cells (MNCs) and the degree of bone 
resorption in culture were measured

Results   Treatment of precursor osteoclasts with 
PMMA particles resulted in a statistically significant 
increase in TRAP-positive MNCs that persisted for 
4 days, but there was no significant increase in bone 
resorption. Addition of particles to mature osteoclasts 
resulted in a significant increase in the number of 
TRAP-positive MNCs that lasted for 8 days, and also 
a significant increase in bone resorption. Treatment 
of end-stage osteoclasts with PMMA particles did not 
result in an increased number of TRAP-positive MNCs 
and there was no increase in bone resorption.

Interpretation   Treatment of mature osteoclasts with 
PMMA particles resulted in an elevated number of 
TRAP-positive cells. This persisted over a longer period 
of time than at the other stages of osteoclast develop-
ment, and there was also a greater increase in bone 
resorption. 

■

Osteolysis, or periprosthetic bone loss, has been 
implicated as a major cause of aseptic loosening 
seen in arthroplasties (Amstutz et al. 1992). Clini-
cally, increased bone resorption and multinucleate 
cell (MNC) formation have been found to accom-
pany an inflammatory reaction that occurs in the 
tissue surrounding the implant (Willert et al. 1990, 
Jiranek et al. 1993). Mature macrophages and 
mononuclear phagocytes involved in this inflam-
matory response are capable of differentiating 
into osteoclasts, which are in turn capable of bone 
resorption (Sabokbar et al. 1997, Haynes et al. 
2001). 

Wear particles from biomaterials have been 
implicated as one cause of increased osteoclas-
togenesis and bone resorption (Maloney et al. 
1996, Sabokbar et al. 1996, Kobayashi et al. 
1997, Haynes et al. 2004). Wear debris particles 
might cause an increased recruitment of precursor 
osteoclasts to the microenvironment surrounding 
the implant, increased differentiation of precur-
sor osteoclasts into mature osteoclasts, activation 
of mature osteoclasts already present at the bone 
surface, and/or extended survival time of mature 
osteoclasts (Greenfield et al. 2002). 

The area surrounding the prosthesis contains 
a mixed population of osteoclast cells: precur-
sor osteoclasts, mature osteoclasts, and end-stage 
osteoclasts. We believe that each of these devel-
opmental stages of the osteoclast may contribute 
to the increased bone resorption and osteoclas-
togenesis that occurs in response to the presence 
of PMMA particles. To examine these individual 
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contributions, we quantified the in vitro effects on 
osteoclastogenesis and bone resorption of adding 
PMMA particles to each of these developmental 
stages of the osteoclast.

Material and methods

Cell culture

Commercially available spherical PMMA particles 
(Polysciences Inc., Warrington, PA) were used for 
all experiments. The particles were 1–10 µm in 
diameter (95% were < 10 µm in diameter), with a 
mean diameter of 4.5 µm. The particles were rinsed 
in ethanol 4 times, sterilized in ethanol overnight, 
and then rinsed 4 times with phosphate-buffered 
saline (PBS). They were resuspended in serum-free 
alpha-minimal essential medium (alpha-MEM) 
and stored at 20ºC. For culture experiments with 
whole bone marrow, an optimal PMMA particle 
concentration represented 4.5 × 106 particles per 
1.0 × 106 plated cells in 1 mL of medium.

Osteoclastogenic bone marrow cultures were 
obtained by isolating whole bone marrow cells from 
the tibia and femur of 4–6-week-old C57BL/6J 
mice (Jackson Laboratory, Bar Harbor, ME). Ani-
mals were killed using CO2. Bone marrow was 
harvested as described previously, with slight mod-
ification (Murrills et al. 1990). Briefly, the femurs 
and tibias of mice were aseptically removed and 
dissected free of adhering tissue. The bone ends 
were cut off with scissors and the bone marrow 
was flushed from the diaphysis with a syringe and 
25-gauge needle, and collected in primary culture 
medium (alpha-MEM containing L-glutamine, 
nucleosides, 10% fetal bovine serum, and 1% 
antibiotics (penicillin and streptomycin) (all from 
GIBCO). Red blood cells were lysed by treatment 
with 1X H2O-phosphate-buffered saline (PBS) 
solution (GIBCO). Bone marrow cells were cul-
tured overnight in a 25-mL cell culture flask in the 
presence of 5 ng/mL recombinant murine macro-
phage-colony stimulating factor (M-CSF) (Pepro 
Tech, Rocky Hill, NJ). Non-adherent cells were 
collected and plated at a density of 1 × 105/well 
in a 96-well plate with devitalized bovine bone 
slices (4 × 4 mm2) on the bottom of the plate. After 
removal of non-adherent cells by rinsing in PBS, 
the bone slices were transferred to another 96-well 

plate. At this time, the cells were cultured in pri-
mary culture medium in the presence of 20 ng/mL 
M-CSF and 60 ng/mL recombinant murine recep-
tor activator of nuclear factor-κβ (NF- κβ) ligand 
(RANKL) (Pepro Tech). The slices were then incu-
bated at 37°C for 12 days in an atmosphere of 5% 
CO2. Changes of media with M-CSF and RANKL 
were performed every 2 days, for up to 12 days. 

Particles were added to the culture at day 0, day 
4, or day 8 of culture. Particles added at day 0 rep-
resented particle stimulation of precursor osteo-
clasts, which were defined as mononuclear cells 
that did not stain positive for tartrate-resistant acid 
phosphatase (TRAP). Samples from addition of 
PMMA to precursor osteoclasts were harvested at 
days 4, 8, and 12, corresponding to 4 days, 8 days, 
and 12 days of particle stimulation.

Particles added at day 4 of culture represented 
particle stimulation of mature osteoclasts, which 
were defined as TRAP-positive cells with 3 or 
more visible nuclei. These cells began to appear 
in the control cultures at day 4. The samples from 
addition of PMMA to mature osteoclasts were har-
vested at days 8 and 12 of culture, corresponding to 
4 days and 8 days of particle stimulation. 

Particles added at day 8 of culture represented 
particle stimulation of end-stage osteoclasts. These 
were defined as TRAP-positive cells that had an 
appearance consistent with reduced cellular activ-
ity (smaller size, condensed cytoplasm, and visibly 
condensed nucleus). These samples were harvested 
at day 12, which corresponded to 4 days of particle 
stimulation in this group of cells. Osteoclast cul-
tures without particles served as controls.

Tartrate-resistant acid phosphatase staining

Upon harvesting of the bone slices, the cells were 
fixed and TRAP stained to detect osteoclast cells in 
culture (Minkin 1982). TRAP-positive multinucle-
ate cells (MNCs) were defined as those having 3 
or more nuclei (Hata et al. 1992). The bone slices 
were scanned using brightfield optics on a Nikon 
Eclipse 800 upright microscope at a magnifica-
tion of 450×, and analyzed using the Metamorph 
image analyzer (Molecular Devices Corporation, 
Downingtown, PA). For each bone slice, 5 images 
(each with an area of 0.182 mm2) were obtained, 
1 at each corner and 1 in the center. The number 
of TRAP-positive cells was counted and data were 
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expressed as the number of cells per unit area 
(number/mm2). 5 bone slices were used for each 
group at each time point (n = 5). The number of 
TRAP-positive MNCs present on the bone slice 
was used as a measure of osteoclast differentiation. 
All analyses was performed on coded sections by 
an independent observer.

Assessment of bone resorption

Bone resorption was assayed using the disaggre-
gated osteoclast resorption assay (Boyde et al. 
1984). After TRAP staining analysis, the cells 
were soaked in 1M NH4OH for 3 min to remove 
adherent cells. Resorption pits were visualized 
using a Nikon Eclipse ME600L brightfield/dark-
field reflected light microscope at 200× magnifi-
cation, and resorption pit area measurements were 
done using Bioquant Nova histomorphometry soft-
ware (Bioquant Image Analysis Corp., Nashville, 
TN). The size of the pits was measured manually 
by outlining the perimeter of the pits on the bone 
slice. The results were expressed as the percentage 
of bone slice occupied by resorption pits. 5 bone 
slices were used for each group at each time point 
(n = 5). All analyses was performed on coded sec-
tions by an independent observer. 

Statistics

All data are presented as mean (SD). The data 
were analyzed using a one-way analysis of vari-
ance (ANOVA) to identify significant differences. 
A Bonferroni post hoc test was used to identify sig-
nificance for pairwise comparisons between treat-
ment groups. A p-value of < 0.05 was considered 
significant in all analyses.

Results

No addition of PMMA particles

At day 0 in the control group, all cells in the cul-
ture were mononuclear and negative for TRAP. At 
day 4, TRAP-positive mononuclear cells began to 
fuse to form TRAP-positive multinucleate cells 
(MNCs), and on average there were 21 (1.6) TRAP-
positive MNCs/mm2 in the control. At days 8 and 
12, the number of TRAP-positive MNCs decreased 
(8.5 (5.6) TRAP-positive MNCs/mm2 and 6.3 (2.3) 
TRAP-positive MNCs/mm2, respectively), and 

some of the cells appeared to be smaller in size 
with no visible nucleus (Figure 1). 

In the controls, lacunar bone resorption began at 
day 4, at which time 7.2 (2.0) percent of the bone 
surface was covered by resorption pits. The per-
centage of bone surface occupied by resorption 
pits increased at day 8 and day 12 to 17% (2.1) and 
21% (5.4), respectively (Figure 2).

Stimulation of precursor osteoclast cells with 
PMMA particles

In the particle-stimulated precursor osteoclasts at 
day 4, there were 40 (8.0) TRAP-positive MNCs/
mm2 as compared to 21.0 (1.5) in the control 
(p < 0.001) (Figures 1 and 3). At days 8 and 12, 
there were 9.1 (1.6) and 6.0 (1.0) TRAP-positive 
MNCs/mm2, respectively, in the particle-stimu-
lated precursor osteoclasts, compared to 8.5 (5.6) 
and 6.3 (2.3) TRAP-positive MNCs/mm2, respec-
tively, in the control group (Figure 1) (p = 0.82, p = 
0.80, respectively).

Figure 1. Number of TRAP-positive MNCs in culture. Par-
ticles were added to precursor osteoclasts, mature osteo-
clasts, or end-stage osteoclasts, and a corresponding cul-
ture system without PMMA particles served as a control. 
The results are expressed as the number of TRAP-posi-
tive MNCs per mm2 ± SD. The particle-stimulated mature 
osteoclasts had an increased number of TRAP-positive 
MNCs at days 8 and 12 compared to the control group, 
the particle-stimulated precursor osteoclasts, and particle-
stimulated end-stage osteoclasts at the same time points. 
(Asterisk denotes significance at the p < 0.05 level).
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The particle-stimulated precursor osteoclasts 
had 14% (1.3), 23% (4.9), and 25% (7.2) of the 
bone surface covered by resorption pits at days 4, 
8, and 12, respectively, as compared to 7.2% (2.0), 
17% (2.1) and 21% (5.4), respectively, in the con-
trols at the same time points (p < 0.001, p < 0.05, 
p = 0.3, respectively) (Figures 2 and 4).

Stimulation of mature osteoclast cells with 
PMMA particles

In the particle-stimulated mature osteoclasts at day 
8, there were 35 (6.0) TRAP-positive MNCs/mm2, 
which was significantly greater than for the con-
trol (8.5 (5.6) TRAP-positive MNCs/mm2) and 
for the particle-stimulated precursor osteoclasts 
(9.1 (1.6) TRAP-positive MNCs/mm2) (p < 0.001 
and p < 0.001, respectively) (Figures 1 and 5). At 
day 12, there were 22 (6.3) TRAP-positive MNCs/
mm2 in the particle-stimulated mature osteoclasts, 
which was greater than for the control (6.3 (2.3) 
TRAP-positive MNCs/mm2), for the particle-stim-
ulated precursor osteoclasts (6.0 (1.0) TRAP-posi-
tive MNCs/mm2), and for the particle-stimulated 
end-stage osteoclasts (5.3 (0.9) TRAP-positive 
MNCs/mm2) (p < 0.001, p < 0.001, and p < 0.001, 
respectively). In addition, the number of TRAP-
positive MNCs in the particle-stimulated mature 
osteoclasts at day 12 was greater than in the con-
trol, and greater than in the particle-stimulated 
precursor osteoclasts at day 8 (p = 0.001 and p = 
0.002, respectively) (Figure 1). 

At day 8, the particle-stimulated mature osteo-
clasts had 38.% (3.5) of the bone surface occupied 
by resorption pits, which was greater than in the 
control (17.% (2.1)) and in the particle-stimulated 
precursor osteoclasts (23.% (4.9)) (p < 0.001 and p 
= 0.02, respectively) (Figure 2). At day 12, the par-
ticle-stimulated mature osteoclasts had 38.% (SD 
8.6) of the bone surface occupied by resorption 
pits, which was greater than for the control group 
(21% (5.4)), for the particle-stimulated precursor 
osteoclasts (25% (SD 7.2)), and for the end-stage 

Figure 2. Percentage of resorbed bone surface. Particles 
were added to precursor osteoclasts, mature osteoclasts, 
or end-stage osteoclasts while one group with no particles 
added served as a control. The results are expressed as 
percentage of the bone slice surface occupied by resorp-
tion pits ± SD. The particle-stimulated mature osteoclasts 
had a significantly higher percentage of the bone surface 
occupied by resorption pits at day 8 and day 12, compared 
to all other groups. (Asterisk denotes significance at the 
p < 0.05 level).
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Figure 3. Light microscope image of TRAP-positive mononuclear and multinucleate cells at 
(A) day 4 in the control group, and (B) day 4 in the particle-stimulated precursor osteoclasts 
(450× magnification).
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osteoclasts (21% (2.4)) (p < 0.001, p = 0.004, and 
p = 0.008, respectively) (Figures 2 and 4).

Stimulation of end-stage osteoclast cells with 
PMMA particles

In the particle-stimulated end-stage osteoclasts at 
day 12, there were 5.3 (0.9) TRAP-positive MNCs/
mm2, which was not statistically significantly dif-
ferent from the control (6.3 (2.3)) (Figure 1).

At day 12, the particle-stimulated end-stage 
osteoclasts had 21% (2.4) of the bone surface 

occupied by resorption pits. This was not statisti-
cally significantly different from the control (21% 
(5.4)) (Figures 2 and 4).

Discussion

A correlation has been found in clinical studies 
between the presence of wear particles, multinucle-
ate cells, and increased bone resorption in patients 
who experience aseptic failure of arthroplasties 

Figure 4. Reflectance microscope image of bovine bone slices. Bone resorption pits appeared 
as a dark shade on the gray scale. Images were taken (A) at day 12 in the control group, (B) at 
day 12 in the particle-stimulated precursor osteoclasts, (C) at day 12 in the particle-stimulated 
mature osteoclasts, and (D) at day 12 in the particle-stimulated end-stage osteoclasts (200× 
magnification).

Figure 5. Light microscope image of TRAP-positive mononuclear and multinucleate cells in (A) the control group at day 
8, (B) the particle-stimulated precursor osteoclasts at day 8, and (C) the particle-stimulated mature osteoclasts at day 8 
(450× magnification). 
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(Wang et al. 1997, Haynes et al. 2001). Studies 
that have attempted to examine this relationship in 
vitro have mainly focused on the role of precur-
sor osteoclast differentiation in response to debris 
resulting from wear particles. One study by Sab-
okbar et al. (1996) found that PMMA particles 
added to a mouse monocyte cell culture system at 
day 0 resulted in an increase in both the number of 
TRAP-positive MNCs after 7 days of culture and 
in bone resorption after 14 days of culture. Other 
studies have also suggested that wear particles 
increase the degree of differentiation of precursor 
osteoclasts into mature osteoclasts, which leads 
to an increase in bone resorption in the culture 
(Pandey et al. 1996, Quinn et al. 1996, Sabokbar et 
al. 1997, Bi et al. 2001). 

In contrast to these past studies, in which the 
responses of the different stages of osteoclast devel-
opment were not differentiated from one another, 
we attempted to isolate the effects of PMMA par-
ticles on precursor osteoclasts, mature osteoclasts, 
and end-stage osteoclasts. Particles added in the 
presence of mature osteoclasts caused an increase 
in osteoclastogenesis that persisted over a longer 
time period than in the particle-stimulated precur-
sor osteoclast culture. Also, of all the stages of par-
ticle-stimulated osteoclast development, addition 
of particles to mature osteoclasts resulted in the 
greatest increase in bone resorption. 

In this work, all osteoclast cell cultures were 
treated with receptor activator of NF-κβ ligand 
(RANKL). In precursor and mature osteoclasts, 
the interaction between RANKL and its receptor, 
receptor activator of NF-κβ (RANK), is a primary 
regulator of osteoclast differentiation and activ-
ity (Lacey et al. 1998, Burgess et al. 1999, Hsu et 
al. 1999, Clohisy et al. 2003, Boyce et al. 2005). 
Previously published experiments in vivo and in 
vitro have illustrated the importance of the RANK/
RANKL interaction in mediating the osteoclas-
togenic and bone resorption response resulting 
from particle stimulation of precursor and mature 
osteoclasts (Haynes et al. 2001, Mandelin et al. 
2003, Wei et al. 2005). One study by Clohisy et al. 
(2003) demonstrated that PMMA particles induce 
osteoclastogensis partly through a tumor necrosis 
factor-α (TNF-α)- and RANKL-dependent mecha-
nism. In a subsequent study, the use of a block-
ade of transcription factor NF-κβ was found to 

block mature osteoclast formation due to PMMA 
particle stimulation of precursor osteoclasts, sug-
gesting that this transcription factor is important in 
RANKL- and TNF-α-mediated osteoclastogenesis 
(Clohisy et al. 2004). 

Both precursor osteoclasts and mature osteo-
clasts have been shown to have the capacity to 
phagocytose PMMA particles (Murray and Rush-
ton 1990, Wang et al. 1997), and this is consistent 
with our observations. PMMA-mediated stimula-
tion of precursor osteoclasts resulted in an increase 
in osteoclastogenesis, which is consistent with the 
findings of previous studies (Sabokbar 1996, Clo-
hisy et al. 2002). The effects of addition of PMMA 
particles on osteoclastogenesis were restricted to 
the first 4 days in culture, indicating that the pres-
ence of particles did not lengthen the time that the 
resulting osteoclasts spent on the bone surface. In 
addition, no significant increase in bone resorption 
occurred in the particle-stimulated precursor osteo-
clasts compared to the control group, suggesting 
that these newly formed osteoclasts were not able 
to increase the amount of bone resorption above 
that of the control. In contrast, addition of PMMA 
particles to the mature osteoclasts resulted in an 
increase in the number of osteoclasts, which per-
sisted for 8 days in culture. This increase in osteo-
clastogenesis was accompanied by an increase in 
bone resorption relative to the control and to pre-
cursor osteoclasts. 

In the present work, osteoclastogenesis was 
stimulated in the control group in the absence of 
support cells, by administration of soluble RANKL 
to the culture medium. The addition of PMMA 
particles to both mature osteoclasts and precursor 
osteoclasts further enhanced the osteoclastogenic 
response above the levels seen due to RANKL 
administration in the control group. Ingestion of 
wear particles by monocytes/precursor osteoclasts 
has been shown to increase the expression of cyto-
kines and growth factors such as RANKL, TNF-α, 
interleukin-6 (IL-6), and IL-1β, which can stimu-
late osteoclastogenesis (Blaine et al. 1996, Merkel 
et al. 1999, Haynes et al. 2001, Hirashima et al. 
2001, Clohisy et al. 2003, Wei et al. 2005). A pre-
vious study has shown that TNF-α in particular 
is capable of potently enhancing RANKL-medi-
ated osteoclastogenesis (O’Gradaigh et al. 2004). 
In addition, stimulatory factors such as RANKL 
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and TNF-α have been shown to increase the sur-
vival and the bone resorption activity of mature 
osteoclasts (Kudo et al. 2002, Shiotani et al. 2002, 
Glantschnig et al. 2003, Wu et al. 2005). Differ-
ent responses of the precursor osteoclasts, mature 
osteoclasts, and end-stage osteoclasts to these 
inflammatory mediators might explain our results. 

Precursor osteoclasts do not have a fully devel-
oped bone resorption function after treatment 
with PMMA particles, and they may not be able 
to respond to inflammatory mediators over a 
short time span by increasing their bone resorp-
tion capacity. In contrast, mature osteoclasts have 
the capacity for bone resorption before treatment 
with PMMA particles—and as a result they could 
respond to inflammatory mediators produced in the 
presence of PMMA particles by increasing their 
bone resorption function. In addition, PMMA-
stimulated mature osteoclasts remained on the 
bone surface longer than cells at other stages of 
osteoclast development, which may also have con-
tributed to their increased bone resorption. This 
response to treatment with PMMA particles was 
limited in its time span, however, because the loss 
of bone resorption function and osteoclastogenic 
ability could not be rescued in end-stage osteo-
clasts. It is possible that our findings after treat-
ment of cultures with PMMA particles may have 
been the result of differences in the cellular path-
ways that are activated in response to inflammatory 
mediator production that results upon exposure to 
the PMMA particles,  and this possibility will be 
investigated in future studies. 

In conclusion, our findings suggest that the 
results of stimulation with PMMA particles may 
be closely related to the cellular activity levels at 
the different stages of osteoclast development. The 
response to PMMA particles was the strongest in 
mature osteoclasts: there was an elevated number 
of TRAP-positive cells—which persisted until 8 
days after particle addition—and increased bone 
resorption. In contrast, PMMA particles exposed 
to precursor osteoclasts alone showed a similar 
increase in cell number, but this only persisted for 
4 days and resulted in no significant increases in 
bone resorption. In end-stage osteoclast cultures, 
the reduced numbers of cells and loss of resorp-
tion activity could not be rescued by exposure to 
PMMA particles. 
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