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Understanding how relevant cell types respond to wear particles will reveal new avenues for treating osteolysis
following joint replacements. In this study, we investigate the effects of ultrahigh molecular weight polyethylene
(UHMWPE) particles on preosteoblast migration and function. We infused UHMWPE particles or saline into the
left femur of mice and injected luciferase-expressing preosteoblasts (MC3T3 cells) into each left ventricle. Bio-
luminescence imaging (BLI) confirmed systemic administration of MC3T3 cells. BLI throughout the 28-day
experiment showed greater MC3T3 migration to the site of particle infusion than to the site of saline infusion,
with significant differences on days 0, 4, and 6 ( p £ 0.055). Immunostaining revealed a greater number of
osteoblasts and osteoclasts in the particle-infused femora, indicating greater bone turnover. The bone mineral-
ization of the particle-infused femora increased significantly when compared to saline-infused femora (an in-
crease of 146.4 – 27.9 vs. 12.8 – 8.7 mg/mL, p = 0.008). These results show that infused preosteoblasts can migrate
to the site of wear particles. Additionally, as the migrated cells were associated with increased bone minerali-
zation in spite of the presence of particles, increasing osteoblast recruitment is a potential strategy for combating
bone loss due to increased osteoclast/macrophage number and decreased osteoblast function.

Introduction

In 2006, surgeons in the United States performed 542,000
total knee replacements and 482,000 hip replacements.

However, that same year, surgeons also performed 39,000
revision knee and 38,000 revision hip replacements due to
complications following the primary procedures.1 The most
common etiology leading to these revision surgeries was
aseptic loosening and osteolysis associated with particulate
wear debris.2,3 Wear particles exert their effect by altering the
proliferation and function of cells from the monocyte/mac-
rophage and mesenchymal lineages.4–10 Ultimately, if one
can elucidate the mechanisms underlying this biological re-
sponse to wear particles, novel pharmacological interven-
tions may facilitate the slowing or reversal of osteolysis
progression.

Cells of monocyte/macrophage origin have a clearly
demonstrated role in the progression of osteolysis.4–10 Par-
ticles stimulate macrophages to release cytokines, chemo-
kines, and other inflammatory substances. These factors then
recruit circulating monocytes/macrophages and promote the

differentiation and proliferation of osteoclasts.4–10 This re-
cruitment of macrophages is not just local, but systemic in
nature.10–12 The increased number of macrophages and os-
teoclasts increase bone resorption, leading to osteolysis.

Although cells of the monocyte/macrophage lineage play a
prominent role in osteolysis, cells of mesenchymal origin
(i.e., mesenchymal stem cells [MSCs], preosteoblasts, etc.) also
participate. In addition to increased bone resorption by oste-
oclasts, increased bone formation by osteoblasts is a hall-
mark sign of osteolysis, in an attempt to re-establish bone
homeostasis.13 However, wear particles adversely affect the
health of osteoblasts and their precursors by impairing their
proliferation, differentiation, and osteogenicity.14–16 Ulti-
mately, maintaining the number and health of osteoblasts
could help slow or reverse the progression of osteolysis. To
this end, it has recently been shown that polymethyl meth-
acrylate particle-conditioned media induced migration of
MSCs, an effect that was blocked by neutralizing the mac-
rophage inflammatory protein-1a (MIP-1a), a chemokine
also known to attract monocyte/macrophages.17 These pre-
liminary results suggest that some of the same chemokines
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that recruit circulating monocytes/macrophages could also
recruit osteoprogenitor cells.

MSCs, the source of osteoprogenitor cells, have wide ap-
plications for therapeutic use, and thus researchers in varied
fields have studied their migration in a variety of experi-
mental models. Such studies have revealed the importance of
monocyte chemoattractant protein-1 (MCP-1) in MSC mi-
gration in breast cancer18 and in the ischemic heart19 of
stromal cell-derived factor-1 in fracture healing,20,21 and of
MCP-1, MIP-1a, and interleukin-6 in MSC migration to the
ischemic brain.22 However, to date, no one has explored the
effect of clinically relevant wear debris on the in vivo mi-
gration of osteoblast precursors.

To study cell migration, researchers often use biolumines-
cence imaging (BLI), which detects a luminescent signal emit-
ted from reporter cells engineered to express luciferase.23–25

These cells are generally injected intravenously into the lateral
tail vein. A significant problem of this method remains the
accumulation of the cells in the lungs during the cells’ first
pass from venous to arterial circulation.11,12,26,27 Intracardiac
injection (ICI) into the left ventricle, on the other hand, di-
rectly introduces the cells into systemic circulation. Cancer
researchers have explored this method of cell delivery as a
model for metastasis, but its utility in other fields has not
been established.28–30

In this study, we aim to (1) demonstrate the in vivo mi-
gration of exogenously injected osteoprogenitor cells to the
site of ultrahigh molecular weight polyethylene (UHMWPE)
particle infusion and (2) determine the effect of these mi-
grated cells on bone quantity at the site of particle infusion.
In addition, we present ICI as a successful method of de-
livering preosteoblasts in bone cell migration studies.

Materials and Methods

Animals and experimental design

Our university’s animal facility housed and cared for the
sixteen 12-week-old male nude mice (Charles River Labora-
tories) used in the experiment. Eight control animals received
pumps containing saline, and eight experimental animals
received pumps containing UHMWPE particles. In the
course of the 28-day experiment, two of the pumps in the
control animals became disconnected, and thus the analysis
excluded them.

UHMWPE particles and pumps

Metal-on-conventional (nonhighly cross-linked) UHMWPE
wear simulator testing generated the UHMWPE particles used
in this study (generously donated by Dr. Timothy Wright of
the Hospital for Special Surgery). After isolation by ultracen-
trifugation,1 scanning electron microscopy (Hitachi S-3400N;
Hitachi High-Tech) determined the length of the particles to
be 1.0 – 0.1 mm (mean – standard error [SE]). A Limulus
Amebocyte Lysate kit (BioWhittaker) confirmed the absence
of endotoxin on the particles. Particles were suspended in
sterile saline at a concentration of 15 mg/mL, or based on the
volume and density of the isolated particles, 3.1 · 1010 par-
ticles/mL. The suspended particles were loaded into a Model
2006 Alzet osmotic pump (Durect Corp.) with a mean load-
ing volume of 243mL and a pumping rate of 0.15mL/h. Based
on the pumping rate and duration of the study, *100mL

(3.0 · 109 particles) of the pump contents emptied into the
medullary canal during the experiment. A silicon tube con-
nected the pump to a 6-mm-long hollow titanium rod.

Surgical procedure

Our university’s guidelines for the care and use of labora-
tory animals were strictly followed. The procedure was
adapted from a previously described rat model31 and has been
validated.32,33 The animals were anesthetized using 3%–5%
isoflurane in 100% oxygen and kept on a warm, sterile small
animal surgery station. A medial parapatellar incision was
made and the medullary cavity was exposed via the inter-
condylar notch of the distal left femur. Drilling with pro-
gressively smaller needles (25–21 gauge) into the medullary
canal created a hole slightly smaller than the titanium rod that
would act as a conduit to infuse the particles. A second inci-
sion between the scapulae exposed a subcutaneous pouch for
the diffusion pump. From the interscapular space, we then
passed the tubing that connects the osmotic pump to the ti-
tanium rod subcutaneously toward the region of the left distal
femur, where the titanium rod was press fit into the drill hole.
The quadriceps–patellar complex was then relocated and the
parapatellar arthrotomy and dorsal incision were repaired
with sutures and biocompatible glue. A subcutaneous bupre-
norphine (0.1 mg/kg; Ben Venue Laboratories) injection con-
trolled animal pain immediately after surgery.

Cells, ICI and BLI

Lentiviral transfected murine MC3T3-E1 subclone 14
preosteoblasts (Cat. No. CRL-2594; ATCC) expressed the
bioluminescent optical reporter gene firefly luciferase, which
allowed for bioluminescent tracking of the injected cells.23–25

We injected these cells after the animals’ wounds had healed
(7–10 days postoperation). Animals were anesthetized using
3%–5% isoflurane in 100% oxygen during cell injection and
imaging. After suspending the cells in 0.1 mL of phosphate-
buffered saline with 30 units/mL heparin, we injected the
cells directly into each mouse’s left ventricle.34 Immediately
after cell injection, each mouse received an intraperitoneal
injection of 3 mg of luciferase substrate D-luciferin (Biosynth
International). Five minutes later, an in vitro imaging system
coupled with a cooled charge-coupled camera (Caliper Life
Sciences; housed in our university’s Small Animal Imaging
Facility) detected the luminescence signal from the mouse.
We imaged the entire prone mouse at 0, 2, 4, 6, 8, 14, 21, and
28 days following cell injection. During analysis, we drew a
two-dimensional, uniform region of interest (ROI) around
the implant area and recorded the radiance values in units of
photon/second/cm2/steradian (p/s/cm2/sr). Dividing the
signal in the operated limb by the signal in the nonoperated
limb allowed for comparison between the two groups. To
compare the distribution of cells after ICI to that after tail
vein injection, we used BL images from an unpublished
preliminary experiment from our laboratory in which we
intravenously injected MC3T3 cells into the tail veins of
comparable animals.

Histology and immunohistochemistry

After completion of the imaging studies, we harvested the
femora from three randomly chosen experimental animals
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and three randomly chosen control animals. Frozen sections
from throughout the distal half of each femur were collected
for histological analysis.

With immunostaining, we aimed to identify exogenous
cells, total osteoblasts, and total osteoclasts. In the first
staining protocol, the rabbit antiluciferase polyclonal anti-
body (Santa Cruz Biotechnology) tagged exogenous cells and
goat anti-rabbit IgG conjugated with Alexa Fluor 488 (In-
vitrogen) identified the tagged cells. In the second staining
protocol, the mouse anti-human vitronectin receptor aVb3
and the rabbit anti-mouse osteocalcin (both Santa Cruz Bio-
technology) tagged osteoclasts and osteoblasts, respectively.
The cross reactivity of the mouse anti-human vitronectin
receptor antibody was previously confirmed in our labora-
tory. Goat anti-mouse IgG conjugated with Alexa Fluor 488
identified tagged osteoclasts and goat anti-rabbit IgG con-
jugated with Alexa Fluor 594 (both Invitrogen) identified
tagged osteoblasts. Briefly, we first fixed sections in a phos-
phate-buffered saline-buffered paraformaldehyde solution
(4%) and blocked inherent tissue fluorescence with Image-
iT� FX Signal Enhancer (Invitrogen) for 1 h. We then incu-
bated the sections overnight with the appropriate primary
antibodies at 4�C followed by 1 h at room temperature with
the secondary antibodies. ProLong Gold Antifade Reagent
with DAPI (Invitrogen) was used to mount the slides. For
reach randomly selected sample, we imaged six to eight
sections with a fluorescent microscope (Axio Observer Z1;
Carl Zeiss, Inc.). Hematoxylin and eosin (H&E) (Sigma)
staining revealed general tissue morphology and a leukocyte
acid phosphatase kit stained for tartrate-resistant acid
phosphatase (TRAP) (Sigma), thus identifying osteoclasts.

MicroCT

On five anesthetized animals from each group, we per-
formed two mCT scans: the first immediately before pump
implantation and the second at the end of the experiment.
Before scanning, we taped each animal gently into the
scanning bed to minimize motion artifacts and then scanned
each using an eXplore RS microCT scanner (GE Medical
Systems) at a resolution of 49 mm. After euthanasia by carbon
dioxide, but before microCT scanning, we removed the ti-
tanium rods from each left femur. Each image was acquired
and reconstructed using the eXplore Evolver and eXplore
Reconstruction interface software (GE Medical Systems), re-
spectively. Scans were calibrated using the calibration func-
tion in the GEMS MicroView software (GE Medical Systems)
and a Hounsfield unit (HU) placed under the mice in each
scan. After calibration, we drew a three-dimensional ROI
with dimensions 4 · 4 · 3 mm (distal–proximal · anterior–
posterior · left–right) around the distal femur, beginning
3 mm from the end of the femoral condyles and proceeding
proximally along the femur. Dividing the bone mineral
content (threshold: 1700 HU) of each ROI by the volume of
the ROI yielded the bone mineral density (BMD) of each ROI
in mg/mL. Subtracting pretreatment values from post-
treatment values normalized each animal’s BMD.

Data analysis

A two-tailed heteroscedastic student t-test was used to
analyze the BL ratio of the operated femora to the non-

operated femora within the ROI, as well as for analysis of
TRAP staining and antiluciferase immunostaining. A two-
tailed Mann–Whitney U test was used to analyze the BMD
data. Both tests were implemented using statistiXL.

Results

Bioluminescence imaging

Immediately after injection, the BL signal after MC3T3 ICI
was either diffuse throughout the body (Fig. 1A) or slightly
concentrated in the lung region (Fig. 1B). In contrast, the
signal after tail vein MC3T3 injection (in a preliminary ex-
periment) was highly concentrated only in the lung region
(Fig. 1C). By the fourth day after cell ICI, the signal in the left
femur intensified (Fig. 2). This intensity of the signal in the
left femur (the site of UHMWPE infusion) continued to in-
crease throughout the remainder of the 28-day experiment,
while the BLI signal elsewhere in the body decreased. In the
saline controls, a qualitative difference between the signals in
the right and left femora did not appear until day eight, after
which the signal in the left femur steadily increased (images
not shown). When cells were injected via the intravenous
route (in a previous study), no signal was appreciated em-
anating from either femur using BLI.

The BL signal ratio between the left and right femora of
the animals infused with particles increased steadily from
day 0 to 14 (Fig. 3). In the saline controls, the signal remained
relatively unchanged for the first 6 days, after which it in-
creased steadily. The signal from the animals receiving par-
ticles exceeded the signal in control animals from day 0 to 21.
At day 0, the ratio of 1.17 – 0.13 (mean – SE) in the experi-
mental animals was significantly higher than the ratio of
0.70 – 0.08 in the saline controls ( p = 0.006). This trend

FIG. 1. Representative bioluminescence images immedi-
ately following intracardiac injection (ICI) of MC3T3 cells
(A, B) and intravenous injection (C) via the tail vein. ICI was
associated with either a completely diffuse bioluminescence
signal (A) or a diffuse signal with a slight concentration in
the lungs (B). In contrast, the entire bioluminescence signal
came from the lungs following intravenous (tail vein) injec-
tion (C). The maximum signal in all three images is *50,000
photon/second/cm2/steradian (p/sec/cm2/sr). Color ima-
ges available online at www.liebertpub.com/tea
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continued at day 4 (1.90 – 0.28 vs. 1.07 – 0.15, p = 0.026) and
day 6 (2.12 – 0.42 vs. 1.06 – 0.27, p = 0.055).

Histology and immunohistochemistry

H&E staining highlighted the characteristic femoral cross
section; TRAP staining showed increased numbers of TRAP-
positive cells evident in the particle-infused (3.61 – 0.20) com-
pared to saline-infused femora (0.65 – 0.11, p = 0.0002) (Fig. 4).

The reliability of BLI decreases as a function of time after
cell injection, due to cell death, cell differentiation, gene si-
lencing, and post-transcriptional modifications. Thus, we

utilized immunohistochemistry to directly identify reporter
cells. Exogenous cells (luciferase-expressing MC3T3 cells)
were detected in both groups using an antiluciferase anti-
body (Fig. 5). A greater number of migrated cells were
identified in the cortex of the particle-infused femora
(33.43 – 3.99) than in the cortex of the saline-infused femora
(13.71 – 2.61) ( p = 0.0014). To confirm the specificity of the
antiluciferase antibody, an identical staining protocol was
repeated on control femora from a prior experiment from our
laboratory, in which no cells were injected and either saline
or UHMWPE was infused from the pump.12 No luciferase-
positive cell staining was seen in these sections.

FIG. 2. The bioluminescent signal at selected time points from a representative experimental animal with particle infusion
in the left femur. By day 4, the signal begins to localize at the left femur. The intensity of the signal in the left femur compared
to the intensity of the signal elsewhere increases throughout the experiment. White arrows denote a signal in the left femur.
The MAX values listed indicate the maximum luminescence value in the image (the value corresponding to the red regions).
Color images available online at www.liebertpub.com/tea

FIG. 3. The ratio of the bioluminescence signal in the op-
erated limb to that in the nonoperated limb at chosen inter-
vals after MC3T3 injection. When compared to the saline
control animals, the ultrahigh molecular weight polyethylene
(UHMWPE)-receiving animals had a higher BL signal from
days 0 to 21, with a significantly higher signal at days 0, 4,
and 6. Error bars correspond to standard error.

FIG. 4. TRAP staining identified osteoclast activity in saline
and particle-infused femora. Images were taken at 40 · and
TRAP-positive cells were manually counted for five sections
per femur, with three femurs per group. Particle-infused
femora had 3.61 – 0.20 TRAP-positive cells compared to sa-
line-infused femora with 0.65 – 0.11 ( p = 0.0002).
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The antivitronectin receptor aVb3 identified osteoclasts
and antiosteocalcin identified osteoblasts in both control and
experimental femoral sections (Fig. 6). Osteoclasts were
predominantly found along the trabecular bone and the
endosteal cortices in the saline controls. In particle-infused

femora, osteoclasts were found within the cortical bone as
well. Qualitatively, there was very little osteoblast staining in
saline-infused femora and a high degree of osteoblast stain-
ing in particle-infused femora.

MicroCT

The BMD in both femora of the two groups increased
throughout the course of the experiment (Fig. 7). In the op-
erated limb, BMD increased by 146.4 – 27.9 mg/mL in par-
ticle-infused animals, compared to an increase of
12.8 – 8.7 mg/mL in the control animals ( p = 0.008). In the
nonoperated femora, the BMD of the experimental animals
increased more than in the control animals (65.7 – 42.3 mg/
mL vs. 14.1 – 65.7 mg/mL), though this result was not sig-
nificant. The cortical thickness of the particle-infused femur
appeared thicker than that of the saline-infused femur (Fig.
8A, B) and the BMD in the diaphysis of the particle-infused
femur appeared greater than in the saline-infused femur (Fig.
8C, D).

Discussion

In this study, we aimed to demonstrate the migration of
exogenous preosteoblastic cells to particle-infused femora
and to quantify the effect on bone quantity. In addition, we
hoped to present the utility of ICI as a cell-delivery method.
We conclude that polyethylene particles elicit the migration
of circulating preosteoblasts to the site of particle infusion,
and that the recruited osteoblasts in turn increase BMD.
These circulating preosteoblasts were successfully delivered
via ICI.

The diffusely systemic bioluminescence signal detected
after ICI of the MC3T3 cells (Fig. 1) indicates successful de-
livery of the cells into the systemic circulation and agrees
with the distribution seen in other experiments utilizing
ICI.29,30 Conversely, the concentrated BL signal in the lungs
after tail vein injection points to cell entrapment by the lung
capillary system. Previous research has confirmed the

FIG. 5. Antiluciferase staining of sections from a particle-
infused femur and a saline-infused femur at day 28 postcell
injection. All sections were obtained from the diaphyseal
cortex. DAPI identified all cells, antiluciferase antibody
identified exogenous cells, and an overlay identified any
costaining. Sections were imaged at 20 · , and cells that were
positive for both DAPI and antiluciferase staining were
counted using ImageJ Software. A greater number of exog-
enous cells was found in sections from particle-infused
femora. The increase in luciferase-positive staining cells in
the PE-infused femur confirms that MC3T3 cells were re-
cruited systemically to the site of wear-particle-induced os-
teolysis.

FIG. 6. Immunohistochemical staining of a particle-infused femur (left block) and a saline-infused femur (right block). All
sections were obtained from the diaphyseal cortex. DAPI identified all cells (A), antihuman vitronectin receptor aVb3
identified osteoclasts (B), antiosteocalcin identified osteoblasts (C), and overlaying all three identified any costaining (D).
Osteoclasts reside along the trabecular bone and the endosteal cortices (representative areas denoted by *), predominantly so
in the case of saline-infused femora. The experimental femora had a much greater extent of osteoblast staining (representative
areas indicated with #). All images are 200 · magnification. Color images available online at www.liebertpub.com/tea
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presence of circulating osteoprogenitor cells available for
recruitment.35,36 The distribution seen after ICI more accu-
rately mimics this in vivo distribution of osteoprogenitors, in
which cells are evenly distributed in the bloodstream rather
than concentrated in the lungs. Additionally, previous work
by Ren et al. demonstrated that there was no increase in
bioluminescence (reflecting systemic exogenous reporter cell
trafficking) if reporter cells were not injected.12

Injecting cells into a small, rapidly beating heart is more
difficult than injecting cells into the tail vein, which is visible
and remains still. We used the presence of blood in the sy-
ringe to indicate correct placement of the needle, but its
placement throughout the duration of the injection is difficult
to confirm. However, the utility of BLI is that it can corrob-
orate successful injection within a few minutes by revealing a
diffuse signal throughout the entire mouse vasculature.

The localization of the BL signal to the site of particle
infusion beginning on day 4 indicates that luciferase-ex-
pressing MC3T3 cells migrated to this site (Fig. 2). This signal
continued to intensify throughout the experiment, suggest-
ing either continued migration of MC3T3 cells to the site of
particle infusion or their proliferation at the site (Figs. 2 and
3). Based on qualitative image review, localization of the BLI
signal in the control animals did not occur until day 8, but
given the sensitivity of the technique, reporter cells most
likely migrated earlier to this site. The surgical procedure
and continued infusion of saline do cause some local tissue
damage and inflammation, and it is not surprising that they
caused minor migration of preosteoblastic cells, which have
the potential for repair. However, the higher BLI ratio in the
experimental animals, when compared to the control ani-
mals, during the first 8 days of the experiment indicates that
the presence of wear particles elicited migration of exoge-
nous cells more quickly than the infusion of saline alone (Fig.
3). Interestingly, there was a small, but persistent BLI signal
from the contralateral limb in the majority of experimental
animals, but in none of the control animals (Fig. 2). Previous
work studying fracture healing,37 macrophage migration in

osteolysis,11 and rheumatoid arthritis38 have all demon-
strated this paired response.

The reliability of BLI decreases as a function of time after
cell injection due to the fact that the reporter cells will con-
tinue to divide, differentiate, and die with time. While cell
division and continued migration will presumably increase
the signal in an area,39 a combination of cell death, cell dif-
ferentiation, gene silencing, and post-transcriptional modifi-
cations all work to simultaneously decrease the amount and
activity of luciferase.40 Given this information, we utilized

FIG. 7. The average change in the bone mineral density
(BMD) of the distal femur, found by subtracting the pre-
operated BMD from the postoperated BMD. The injection of
MC3T3 cells was correlated with increased BMD in both
limbs, with a significant increase in BMD in the operated
limb. Error bars correspond to standard error.

FIG. 8. MicroCT images of a representative particle-infused
(A, C) and saline-infused (B, D) femur. The drill hole is
visible in both femora (arrows). The cortex of the particle-
infused femur appears thicker than that of the saline-infused
femur (transverse sections, A and B). The BMD in the di-
aphysis of the particle-infused femur (*) appears greater than
that in the saline-infused femur (coronal sections, C and D).

2564 FRITTON ET AL.



immunohistochemistry to directly identify exogenous cells
present at the end of the experiment rather than relying on
BLI alone.

Immunohistochemical staining confirmed the migration of
exogenous MC3T3 cells to the femora. Sections from particle-
infused femora had a large degree of luciferase-positive
staining, indicating the presence of exogenous cells (Fig. 5).
As expected, the infusion of saline elicited a much smaller
cell migration, as evidenced by the slight degree of lucifer-
ase-positive staining. The contralateral limb in the experi-
mental animals stained positively for luciferase, though not
to the extent of the operated, particle-infused limb. This is
consistent with the presence of a small BLI signal from the
nonoperated limb in the experimental animals (Fig. 2). Fe-
moral sections obtained from animals in a different experi-
ment from our laboratory, one in which no cells were
injected, only displayed background antiluciferase staining.
This result confirms the specificity of our antibody.

Together, the results of BLI and immunohistochemistry
confirm the migration of circulating preosteoblastic cells to
the site of particle infusion. Although in vivo osteoprogenitor
migration to wear particles had not been studied before this
experiment, others have confirmed their migration in re-
sponse to fracture.41,42 Taken together, these results suggest
that osteoprogenitor cells have the ability to migrate from
distant sites to areas of bone trauma or inflammatory stimuli
to re-establish bone homeostasis.

Immunohistochemistry also allowed a comparison of the
relative number of osteoblasts and osteoclasts between the
particle-infused and saline-infused femora (Fig. 6). TRAP
staining confirmed the presence of osteoclasts in both
groups, but with a greater degree of staining in the experi-
mental femora. Inflammatory stimuli induced by phagocy-
tosed UHMWPE particles lead to the recruitment of
monocyte/macrophages to the particle infusion site. This
occurs primarily through the MCP-1-CCR2 ligand receptor
axis.12,43 These cells become activated, further releasing
chemokines for macrophages and reparative cells, such as
preosteoblasts, and also stimulate osteoclast differentiation
and maturation. Osteoclasts locally resorb bone, thereby re-
leasing other chemotactic substances, such as osteocalcin,
and may make the bony matrix available as a scaffold for the
injected MC3T3 cells to increase bone mass and mitigate
wear particle-induced bone loss. The large number of oste-
oblasts in the particle-infused femora agrees with the results
of the BLI and immunohistochemistry, which demonstrated
the migration of preosteoblasts to the particle-infused fem-
ora. Histological evidence confirmed that UHMWPE parti-
cles stimulated osteoclast and osteoblast activity, a result that
is consistent with other studies.4–10,13

One critical question of our study was whether the re-
cruited preosteoblasts would have a beneficial effect on bone.
Increased osteoblast number is a characteristic sign of os-
teolysis, but this increased osteoblast presence does not
translate into improved bone quality or quantity.13 Kadoya
et al. previously showed a significant increase in osteoblast
activity and bone formation at the interface membrane in
aseptically loosened joint replacements, suggesting that
systemic recruitment of preosteoblastic cells could help tip
the balance between ongoing bone resorption and formation
toward reparative formation and healing in patients.13 Ad-
ditionally, it has been shown that wear particles adversely

affect the differentiation, proliferation, and osteogenicity of
osteoblast precursors.14–16 However, in our study, the mi-
grated exogenous MC3T3 cells correlated with a significant
local increase in BMD and cortical thickness. The increased
BMD is a combined effect of resident osteoblasts and mi-
grated preosteoblasts that were able to differentiate into
mature osteoblasts. Given the fact that the BMD in the saline-
infused group remained low despite the injection of MC3T3
cells, the increased BMD is probably due to chemokine-in-
duced reporter cell migration. Whether these effects are due
to a paracrine effect of the migrated cells on host mesen-
chymal lineage cells, or direct bone formation by the injected
migrated cells is unknown. The end result suggests that
continued, substantial recruitment of preosteoblasts can
mitigate or potentially reverse the decrease in BMD attrib-
utable to the presence of wear particles.

Although our model does not involve a weight-bearing
prosthesis similar to the human situation, it provides a pre-
clinical model that simulates the cellular processes involved
during continuous infusion of wear particles and subsequent
bone destruction and attempts at repair. Furthermore, the
model provides a potential strategy for mitigating osteolysis
by increasing mesenchymal lineage recruitment.

Conclusion

The local and systemic response of osteoclasts, osteoblasts,
and their precursors to wear particles determines the success
of total joint replacements. Elucidating the mechanisms un-
derlying osteolysis will reveal new methods with which to
combat its progression. In this study, we show that the ex-
ogenous preosteoblasts migrate to the site of wear particles,
thus confirming that wear particles have not only a local, but
also a systemic effect on osteoblast precursors. Further, the
recruited preosteoblasts significantly increased BMD com-
pared to controls. This reveals the potential use of osteo-
progenitor cell therapies to treat osteolysis.
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