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Summary
Aseptic loosening secondary to periprosthetic osteolysis remains a serious orthopaedic problem and
the greatest limitation of total joint replacement. This process is caused by wear debris-induced
osteoclastic bone resorption, for which effective small molecule (bisphosphonates, BPs) and biologic
(RANK antagonists) drugs have been developed. While BPs have proven to be effective in preventing
metabolic bone loss in non-inflammatory conditions such as osteoporosis, they do not have the same
efficacy in the setting of inflammatory bone loss such as that observed in periprosthetic osteolysis.
Since this difference has been attributed to the anti-apoptotic inflammatory signals that protect
osteoclasts from BP-induce apoptosis, but not RANK antagonists, we tested the hypothesis that
osteoprotegerin (OPG) is more effective in preventing wear debris-induced osteolysis than zoledronic
acid (ZA) or alendronate (Aln) in the murine calvaria model. Based on the shortcomings of previous
animal studies that focused on 2D imaging and histology endpoints, and the emergence of quantitative
3D-CT, we developed in vivo micro-CT methods for the murine calvaria model to more rigorously
test our hypothesis and correlate the osteolysis results with traditional histology. Although this
approach proved to be incompatible with titanium (Ti) particles, due to metal artifact, we were able
to demonstrate a 3.2-fold increase in osteolytic volume over 10 days induced by ultra high molecular
weight polyethylene (PE) particles vs. sham controls (0.49 +/− 0.23mm3 vs. 0.15 +/− 0.067mm3;
p<0.01). While OPG and high dose ZA completely inhibited this PE-induced osteolysis (p<0.001),
pharmacological doses of ZA and Aln were less effective but still reached statistical significance
(p<0.05). Traditional histomorphometry of the sagital suture area of calvaria from both Ti and PE
treated mice confirmed the remarkable suppression of resorption by OPG (p<0.001) vs. the lack of
effect by physiological BPs. The differences in drug effects on osteolysis were largely explained by
the significant difference in osteoclast numbers observed between OPG vs. BPs in both Ti and PE
treated calvaria; and linear regression analyses that demonstrated a highly significant correlation
between osteolysis volume and sagittal suture area vs. osteoclast numbers (p<0.001). Taken together
our results demonstrate the sensitivity and utility of in vivo 3D-CT to detect the effects of BPs on
wear debris-induced osteolysis that could not be observed by histology alone; and that the greater
suppression of bone resorption observed with OPG treatment vs. BPs is due to its ability to
dramatically reduce osteoclast numbers in the presence of inflammatory signals.
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Introduction
Although total joint replacement (TJR) is one of the most successful surgeries in all of
medicine, with more than 1 million being performed each year,1 its long-term results are limited
by periprosthetic osteolysis and subsequent aseptic loosening in approximately 20% of
patients.2 It has long been established that this process is caused by the generation of implant
wear debris that stimulates an inflammatory response and osteoclastic resorption at the bone-
implant interface, and the subject has recently been reviewed.1 Thus, it has been proposed that
drugs that inhibit the osteoclast should be effective in preventing aseptic loosening.3

Two distinct classes of drugs that specifically target the osteoclast have been developed,
bisphosphonates (BPs) and nuclear factor kappa B ligand (RANKL) antagonists.4,5 While BPs
have been widely used as anti-resorptive agents for various metabolic bone diseases (e.g.
osteoporosis, Paget's disease, bone cancer),6 they have not demonstrated clinical efficacy in
the setting of inflammatory bone loss such as rheumatoid arthritis (RA).7-11 This lack of
efficacy has been attributed to inflammation-derived anti-apoptotic signals, such as tumor
necrosis factor (TNF) induced Bcl-Xl gene expression that protect osteoclasts from BP-induced
apoptosis.12 In contrast, RANK signaling has been demonstrated to be essential for osteoclast
formation in response to both remodeling and inflammatory signals, as RANK deficient mice
have no osteoclasts 13 and do not form them in response to TNF14 or wear debris-induced
inflammation.15 Given these apparent differential effects of BPs and RANKL antagonists on
osteoclast apoptosis in the setting of inflammatory bone loss, here we aimed to test the
hypothesis that osteoprotegerin (OPG) is more effective in preventing wear debris-induced
osteolysis than zoledronic acid (ZA) or alendronate (Aln).

While various animal models have been developed to study the pathogenesis of aseptic
loosening, none of them can faithfully recapitulate the biological, biomechanical and
mechanical factors that contribute to the clinical situation.1 Thus, many investigators whose
research is focused on the biology of wear debris-induced osteolysis have found the murine
calvaria model to be particularly useful due to its cost efficiency and the ability to incorporate
genetically defined strains to test molecular hypotheses 16-18. However, until now the
quantitation of osteolysis in this model has been limited to cross-sectional 2D histology and
plain x-rays. Given the translational importance of quantitative 3D longitudinal imaging,19,
20 and the emergence of in vivo micro-CT imaging as the most sensitive outcome measure of
bone volume,21 here we aimed to develop this approach for the murine calvaria model. In so
doing, we also tested the hypothesis that volumetric micro-CT is more sensitive than 2D
histology for quantifying the differences between BP and biologic therapy of wear debris-
induced osteolysis.

Methods
Particles

Pure titanium (Ti) particles were obtained from Johnson Mathey Chemicals (Ward Hill, MA,
USA), and resuspended in phosphate-buffered saline (PBS) at a concentration of 1×108

particles/ml as previously described.22 More than 90% of the Ti particles were determined to
be <5 μm in diameter by Coulter Channelizer analysis. The UHMWPE (PE) particles (Ceridust
130), were obtained as a gift from Dr. E. M. Greenfield, and were prepared as previously
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described.18 The mean size of the particles was 7.1μm in diameter, and approximately 75% of
the particles were less than 9.1μm in diameter as determined by Coulter counter analysis.18

Due to technical difficulties in quantifying submicron particles and their biological effects that
are distinct from submicron particulate aggregates, the proportion of submicron particles in
the Ti and PE wear debris was not determined. A Limulus assay (BioWhittaker, Walkersville,
MD, USA) was used to ensure that both Ti and PE particles were free of endotoxin.

Animal surgery and drug treatment
All animal studies were performed under University of Rochester Committee for Animal
Resources approved protocols. The in vivo mouse calvaria experiments were performed as
previously described.22 Briefly, eight healthy female 8-week-old C57BL/6 mice were used in
each group. Mice were anesthetized with 70−80 mg/kg of ketamine and 5−7 mg/kg of xylazine
by intraperitoneal (i.p.) injection. A 0.5cm × 0.5cm area of calvarial bone was exposed by
making a midline sagittal incision over the calvaria, leaving the periosteum intact. No particles
(sham surgery), 20 mg Ti particles, or 5mg PE particles were spread over the area and the
incision was closed with sutures. A single intraperitoneal (i.p.) injection of PBS was performed
(placebo). For drug treatments, we chose to study OPG and ZA based on pre-clinical and
clinical testing that has determined that are the most potent drugs in their respective class4,5
We also studied Aln since it is to most commonly prescribed BP. For drug administration, we
used 5 mg/kg of OPG (Amgen Inc, Thousand Oaks, CA)23 and 0.1 mg/kg ZA (Amgen Inc,
Thousand Oaks, CA),24 based on safety and efficacy clinical trials that have determined these
levels to be the maximal pharmacological doses in a single injection, and their successful use
in the mouse calvaria model of wear debris-induced osteolysis.25,26 Although its toxic profile
is unfit for human use, we also tested high dose ZA (0.15 mg/kg) based on murine arthritis
studies that have demonstrated it ability to prevent focal erosions.27 These drugs were
administered to the mice three days after surgery as previously described 28. Intermittent
intraperitoneal (i.p.) injections of Aln (10 μg/kg, Calbiochem, San Diego, CA) were
administered to a separate group of mice 3, 6 and 9 days after surgery as previously described.
22

In vivo micro-CT imaging and volumetric osteolysis analysis
High resolution in vivo micro computed tomography (VivaCT40, ScanCo Medical Basserdorf
Switzerland) of calvarial bone structure was performed on day 0 (before surgery) and day 10
(after surgery). The mice were anesthetized with 2% isofluorine and 1 L/min oxygen. The
skulls were scanned with isometric resolution of 35.8 μm. The X-ray source was set at a voltage
of 45 kV and a current of 155 μA using an integration time of 300 msec. Mice were scanned
for 33.3 minutes with an average of 528 slices. The Viva CT40 software was used to create
DICOM files, which were transferred to Amira 3.1 (TGS, Mercury Computer Systems, Inc.,
San Diego, CA) for quantitative analysis. Quantification of the osteolytic volume was
performed by subtracting a registered 3D day 10 image from its baseline counter part in Amira
3.1 as follows. The protocol for registration of calvaria at different time points and
quantification of erosion in Amira 3.1 from microCT data is as follows. First, the DICOM
images from day 0 and day 10 calvaria were imported into Amira 3. 1 with an automatic
registration module (Optimizer: LineSearch; Optimizer step: initial: 0.336 and final: 0.0001;
Metric: Euclidean). Then the Arithmetic module was used to subtract the registered day 10
image from the day 0 image. Next, a region of interest defined by the operator as the largest
osteolytic volume that fits in a 125×125×125 voxel template (89.6 mm3) on the subtracted
image was manually isolated using the Crop Editor. Within this sectioned volume, the
Segmentation Editor was used to “label” all voxels over a gray scale threshold value of 5,000
(arbitrary units) as bone. Finally, the TissueStatistics module then converted this positive
volume to the osteolytic volume of the sample.
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Histologic evaluation of osteolysis and osteoclast numbers
Ten days after surgery the mice were sacrificed and the calvaria were harvested for decalcified
histology as previously described29. Osteolysis was quantified from three contiguous 3 μm
sections 500 μm apart, stained with orange/G by measuring the soft tissue space between the
parietal bones (Sagital Suture Area, SSA) as previously described 22, using ScionImage
software (Scion Corporation, Frederick, MD, USA). Osteoclasts were quantified as previously
described 22; using three contiguous 3 μm sections 500μm apart, which were stained for
tartrate-resistant acid phosphatase (TRAP) using the Diagnostics Acid Phosphatase Kit (Sigma,
St. Louis, MO, USA).

Statistical analysis
All values are presented as means ± SD. Statistical significance was determined using a one-
way ANOVA with multiple comparison of Tukey of six treatment groups where p<0.05 was
considered significant. Correlations between 3D and 2D osteolysis versus osteoclast number
were estimated using Pearson's correlation coefficient and tested for significance using a two-
sided t-test.

Results
Effects of OPG vs. ZA on Ti-induced osteolysis

Figure 1 shows the histology data from experiments in which we compared the effects of OPG
and ZA on Ti-induced osteolysis. The results are consistent with our previous findings that
RANK-ligand inhibition completely inhibits Ti-induce bone resorption and osteoclast
formation.15,25 While the ZA treatment also inhibited osteolysis as previously described,26 its
effects were more variable and less significant (Figure 1A). TRAP staining for osteoclasts in
these sections provides a clear explanation for these differential drug effects (Figure 1B). While
most of the sections from OPG-treated mice were completely devoid of osteoclasts (Figure
1I), TRAP-stained sections from ZA treated mice were variable and contained evidence of
active osteoclasts (Figure 1J, L) and apoptotic osteoclasts (Figure 1J, M). This finding supports
our central hypothesis that BPs are ineffective at inducing osteoclast apoptosis in the setting
of inflammatory bone loss such as wear debris-induced osteolysis.

To see if we could further distinguish the differences between OPG and BP therapy in our
model by using a more sensitive outcome measure, we develop a longitudinal in vivo micro-
CT approach that would quantify volumetric osteolysis directly rather than from 2D histology.
Unfortunately, several attempts to subtract the Ti particles from the bone (Figure 2A) via
threshold segmentation failed due to the similar density of the Ti and bone. This led us to
conclude that rendering quantitative volumetric Ti-induced osteolysis in this model is not
feasible. However, when we repeated these studies with radio transparent PE particles as
previously described,18 we were able to clearly image 2D micro-CT slices of the calvaria
without any particle interference (Figure 2A). This allowed for the volumetric quantification
of osteolysis from an 89.6 mm3 region of interest (Figure 2B).

Having developed a volumetric micro-CT approach to quantify wear debris-induced osteolysis
and the differential drug effects, we decided to include a high dose ZA group that has
unacceptable side effects in humans, but has been successfully used to inhibit focal erosions
in mice.27 We also included an intermittent Aln group, since it has also been demonstrated to
inhibit wear debris-induced osteolysis in murine22 and canine30 models. The results of this
volumetric osteolysis analysis are presented in Figure 3, which reveal several remarkable
findings. First, 3D reconstruction of the calvaria demonstrated the significant 3.2-fold increase
in volume of soft tissue between the parietal bones of PE-treated mice vs. sham surgery controls
(p<0.01). From the drug studies, it was clear that the OPG treatment completely inhibited the
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PE-induced osteolysis, and perhaps normal bone remodeling as well, as very little soft tissue
could be identified from the subtractive analysis. The high dose ZA treatment achieved a similar
level of osteolysis inhibition compared to the OPG treatment (p<0.001), however the results
we more variable. In contrast, the low dose ZA and Aln groups demonstrated inferior inhibition,
but still achieved statistically significant effects (p<0.05).

Histomorphometry of the SSA (Figure 4A, C-F) and TRAP+ osteoclasts (Figure 4B, G-M)
corroborated all of the findings in the Ti study in Figure 1. However, while this 2D approach
was able to detect the highly significant effects of OPG vs. PBS (p<0.001), it was not able to
see any significant effects of the low dose ZA and Aln. Furthermore, while the high dose ZA
significantly inhibited osteolysis (p<0.05), these effects did not achieve the same level of
significance as OPG treatment. Moreover, the data demonstrate the power of 3D micro-CT as
a more sensitive measure of osteolysis inhibition compared to 2D histology based on its ability
to distinguish significant differences between drug groups in a small pilot study.

Given that the differences in osteolysis appeared to closely resemble the differences in
osteoclast numbers between the OPG and BP treatment groups, we performed a linear
regression analyses with data for all of the drug treatment groups. Figure 5 demonstrates that
osteolysis measured by both 3D micro-CT and 2D histomorphometry significant (p<0.001)
correlates with osteoclast numbers in the calvaria. Moreover, osteoclast numbers alone can
explain approximately 50% of the drug effects on osteolysis.

Discussion
Considering that the etiology of aseptic loosening has been largely understood for over 3
decades,31 and clinically proven anti-resorptive therapy has been available for millions of
postmenopausal women with osteoporosis for over ten years,6 the absence of a therapeutic
intervention for wear debris-induced osteolysis is very disappointing. The primary reason for
this appears to be a fundamental difference between inflammatory vs. non-inflammatory bone
loss, in which BPs appears to be effective only in non-inflammatory settings.7-11

Previously, we have reported that osteoclasts obtain resistance to BP-induced apoptosis in the
setting of inflammatory bone loss due to TNF upregulation of the anti-apoptosis factor Bcl-
Xl.12 Since TNF is known to be expressed during wear debris-induced osteolysis,16,32 TNF is
present at high levels in retrieved interfacial membranes,33 and a polymorphism in the TNF
gene promoter has been associated with aseptic loosening,34 it is of interest to see if this
mechanism of BP resistance applies to osteoclasts that mediate wear debris-induced osteolysis.
Here we demonstrate that clinically relevant doses of BP are unable to significantly reduce
osteoclast numbers in the murine calvaria model, and that this correlates with their inability to
prevent wear debris-induced osteolysis. Remarkably, this is not the case for OPG treatment,
which consistently eliminated osteoclasts and prevented both Ti and PE induced osteolysis.
While this provides optimism that a RANKL antagonist like denosumab (Amgen, Thousand
Oaks, CA), which is currently in phase 3 clinical trials,35 might be an effective drug for aseptic
loosening, the major limitations of this animal model need to be acknowledged. Specifically,
the clinical condition involves osteolysis adjacent to a joint, which is exposed to continuous
joint fluid pressure and newly generated wear debris particles. Another important clinical
consideration is the duration of treatment, and potential side effects due to chronic osteoclast
inhibition. However, many of these potential concerns will likely be addressed in the current
phase 3 trials.
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Figure 1. OPG vs. ZA inhibition of Ti-induced osteolysis
Mice (n=8) received sham or Ti surgeries to induce osteolysis over 10 days, and were given
PBS, OPG or ZA (0.1mg/kg) treatment as indicated. Afterwards, calvaria were harvested for
Orange/G and TRAP stained histology to quantify the SSA (A) and osteoclast numbers (B) as
described in Materials and Methods. The data are presented as the mean +/− SD (* p<0.05, **
p<0.01, *** p<0.001 vs. PBS control with Tukey test). Representative Orange/G (C-F) and
TRAP (G-M) stained histology are presented at 100X (C-J). High power images of the boxed
regions in H and J are also shown at 400X (K-M). Of note are the large number of active
osteoclasts in the PBS group (H & K), the complete absence of osteoclasts in the OPG group
(I) and the presence of both active (L) and apoptotic (M) osteoclasts in the ZA groups.
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Figure 2. Development of 3D Micro-CT quantification of PE-induced osteolysis
2D in vivo micro-CT images of calvaria 10 days after implantation of Ti and PE particles (A).
Of note is the high signal produced by the Ti particles (arrow), which could not be accurately
segmented away from the bone. In contrast, the absence of a Micro-CT signal from the PE
particles allows for reconstruction of the bone volume from the day 0 and day 10 scans, and
subtraction of the day 10-bone volume from the day 0-bone volume of a defined region of
interest to quantify the volume of osteolysis (B).
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Figure 3. OPG vs. BP inhibition of Ceridust-induced osteolysis assessed by longitudinal 3D micro-
CT
Mice (n=8) received baseline in vivo micro-CT scans before sham or PE surgeries to induce
osteolysis over 10 days, and were given PBS, OPG, low dose ZA, high dose ZA or Aln
treatment as indicated. Afterwards, the mice received an in vivo micro-CT scan to quantify
volumetric osteolysis as described in Figure 2. Representative reconstructed images of the
calvaria and osteolytic volume from each group are shown (A). The osteolytic volumes from
each group are presented as the mean +/− SD (* p<0.05, ** p<0.01, *** p<0.001 vs. PBS
control with Tukey test) (B).
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Figure 4. OPG vs. BP inhibition of Ceridust-induced osteolysis assessed by histology
After the day 10 in vivo micro-CT scans, the mice described in Figure 3 were sacrificed and
their calvaria were harvested for Orange/G and TRAP stained histology to quantify the SSA
(A) and osteoclast numbers (B) as described in Figure 1. The data are presented as the mean
+/− SD (* p<0.05, ** p<0.01, *** p<0.001 vs. PBS control in Tukey test). Representative
Orange/G (C-F) and TRAP (G-M) stained histology are presented at 100X (C-J). High power
images of the boxed regions in H and J are also shown at 400X (K-M). Of note are the large
number of active osteoclasts in the PBS group (H & K), the complete absence of osteoclasts
in the OPG group (I) and the presence of both active (L) and apoptotic (M) osteoclasts in the
low dose ZA group.
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Figure 5. Differences in osteolysis between OPG vs. BP treated mice correlate with osteoclast
number
Linear regression analyses were performed to assess the relationship between osteolysis
determined by 3D micro-CT in Figure 3B (A) and 2D histomorphometry in Figure 4A (B),
versus the number of osteoclasts in Figure 4B.
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