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Summary
Currently, the standard treatment for osteogenesis imperfecta (OI) is bisphosphonate therapy. Recent
studies, however, have shown delayed healing of osteotomies in a subset of OI patients treated with
such agents. The current study sought to determine the effects of another therapy, RANKL inhibition,
on bone healing and bone strength in the growing oim/oim mouse, a model of moderate-to-severe
OI. Mice (73 oim/oim and 69 wildtype (WT)) were injected twice weekly with either soluble murine
RANK (RANK-Fc) (1.5mg/kg) or saline beginning at 6 weeks of age. At 8 weeks of age, the animals
underwent transverse mid-diaphyseal osteotomies of the right femur. Therapy was continued until
sacrifice at 2, 3, 4 or 6 weeks post-fracture. At 6 weeks post-fracture, greater callus area (6.59
±3.78mm2 vs 2.67±2.05mm2, p=0.003) and increased radiographic intensity (mineral density) (0.48
± 0.14 vs. 0.30 ± 0.80, p=0.005) were found in the RANK-Fc vs saline oim/oim group, indicating a
delay in callus remodeling. Despite this delay, mechanical tests at 6 weeks post-fracture revealed no
significant differences in whole bone properties of stiffness and failure moment. Further, RANKL
inhibition resulted in a greater failure moment and greater work to failure for the non-fractured
contralateral WT bones compared to the non-fractured saline WT bones. Together, these results
demonstrate that RANKL-inhibition does not adversely affect the mechanical properties of healing
bone in the oim/oim mice, and is associated with increased strength in intact bone in the WT mice.
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Introduction
Osteogenesis imperfecta (OI) is a heritable connective tissue disorder with an incidence
estimated at approximately 1:20,000 to 1:60,000 live births (50). It is characterized by
heterogeneous mutations in the genes encoding for type I collagen, with clinical manifestations
that include but are not limited to short stature, tissue fragility, skeletal deformities, joint laxity
and death (46). In the last two decades, a number of observational studies of bisphosphonate-
treated OI patients, most utilizing cyclic intravenous pamidronate, have demonstrated a decline
in chronic bone pain, enhanced sense of well-being, and increased muscle strength with regular
treatment (1,2,6,17,18,28,38,45,47-49,52,58). Recently, several randomized, clinical trials
have also shown bisphosphonates to raise bone mineral density and lower the risk of fracture
in OI patients though benefits in functional outcome are equivocal (16,30,51). Despite the
advantages to bisphosphonate therapy, there are still issues regarding overall safety. A recent
study found delayed healing in OI osteotomy patients treated with pamidronate, but no delay
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in fracture healing (39). Other issues found in pre-clinical studies surround possible delays in
longitudinal growth (12), which is of particular concern to children and adolescents receiving
these types of therapies. Bisphosphonates are also known to persist in bone tissue for many
years (24), and it is unclear whether a maternal skeleton that contains bisphosphonates may
lead to complications in fetal development (46). Optimal dose range and interval, as well as
duration of treatment are also unknown. Consequently, new therapies that do not persist in the
body for long periods in the body are being pursued.

One such group of compounds, known as RANKL inhibitors, bind to the receptor activator of
nuclear factor-κB ligand (RANKL) which is produced by osteoblasts and by other cells.
RANKL inhibitors inhibit the formation, activation and survival of osteoclasts (27).
Osteoprotegerin (OPG) is a secretory glycoprotein which acts as a circulating decoy receptor
of RANKL, effectively blocking its actions (53). Alterations of the RANKL/OPG ratio are
implicated in bone destruction across a broad range of conditions (20). Randomized controlled
clinical trials that evaluated the effects of a single dose of OPG-Fc fusion protein on
biochemical bone markers in humans found marked and sustained suppression of bone
resorption markers in a postmenopausal, osteoporotic population (3,4), and also found
decreased bone resorption marker levels in a myeloma and female skeletal metastatic
population to a degree comparable to that of pamidronate (3,4). Recently, a soluble,
recombinant form of murine RANK (RANK-Fc), with properties similar to OPG, has been
developed by combining the extracellular domain of the murine RANK molecule with the Fc
region of human IgG1 (43). RANK-Fc binds to RANKL and prevents the substrate from
ligating to physiologic membrane receptor RANK, thereby inhibiting the signal transduction
process. In a murine study of SCID mice with prostate cancer, RANK-Fc was shown to decrease
progression of cancer cells through inhibition of bone resorption (59).

RANKL inhibition holds great promise as an adjunct treatment for OI if it can be shown to
reduce fracture rate in this population. Previous work by our group has demonstrated that
alendronate therapy can increase bone mineral density (BMD) and reduce the incidence of
fracture in this species of mouse (7). However, it is unclear how RANKL inhibition therapy
would affect bone healing once fractures occur. Flick et al (14) evaluated RANKL inhibition
in wildtype mice and found no significant delays by 28 days post-fracture. To address the
effects of RANK-Fc therapy on fracture healing in OI, we utilized the oim/oim mouse, a model
of OI that is deficient in proα2(I) collagen, resulting in production of type I collagen
homotrimer. Animals homozygous for the oim mutation exhibit a moderate-to-severe OI
phenotype characterized by skeletal fractures and deformities, osteopenia, and small body size
(10). In the current study, oim/oim mice were treated with RANK-Fc and fracture healing was
monitored longitudinally to test the hypothesis that such therapy would not result in delays in
remodeling or in significant changes in whole bone mechanical properties.

Methods and Materials
Animals and RANK-Fc Therapy

All animal procedures were performed under an IACUC-approved protocol. Homozygous oim/
oim mice and wildtype (WT) controls were purchased from Jackson Laboratory (Bar Harbor,
ME) for breeding. Animals were housed in a light-controlled environment (12-hour light-dark
cycles), given autoclaved tap water ad libitum, and were fed whole and powdered Rodent Diet
#5001 (Purina, St. Louis, MO) that contained % 0.95 calcium, % 0.67 phosphorus, with 4.5
IU/gm vitamin D3 added. Mice were housed up to 4 mice/500 cm2 cage according to genotype
and sex. Weaning was conducted at 3 weeks for WT mice and at 4 weeks for oim/oim mice.
A total of 142 mice were divided into groups according to genotype, therapy, and post-fracture
time until sacrifice (Figure 1). Four different post-fracture timepoints were selected based on
healing rates in prior studies (34,56): 2 weeks, 3 weeks, 4 weeks, and 6 weeks. In the 2, 3, and
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4 week groups, n=5-6 per group. In all the 6 week groups, n=18-20 per group. Starting at six
weeks of age, mice were injected subcutaneously with either soluble RANK-Fc (generously
supplied by Amgen Inc., Thousand Oaks, CA) or saline, twice per week, for a period of 4, 5,
6 or 8 consecutive weeks (as determined prior to the start of the study). Experimental mice
received RANK-Fc at a dose of 1.5mg/kg while saline controls received equivalent volumes
based on weight. This dose of RANK-Fc was selected based on prior studies indicating ability
to significantly reduce osteoclast numbers (14), and on pilot studies in our laboratory that
showed increased bone density with treatment. All animals underwent osteotomy at 8 weeks
of age, as described in the section below. Pre-treatment with experimental drug or saline control
at 6 weeks of age, two weeks prior to osteotomy, was performed to mirror the clinical scenario
where OI patients fracture while on anti-resorptive therapy.

Femoral Fracture Model
Given that oim/oim mice display severe bone fragility, we utilized a semi-open osteotomy
model in an attempt to minimize fracture comminution. This technique is a modification of the
semi-open diaphyseal rat femoral fracture model (5), and has been shown to provide
reproducible results in prior studies of the oim/oim mice in our laboratory (57). All mice
underwent surgery at 8 weeks of age. Wildtype mice were anesthetized with a cocktail of
ketamine (50mg/kg), xylazine (10mg/kg), and ace promazine (2mg/kg) administered
intraperitoneally (i.p.), while oim/oim received an i.p. injection of ketamine (35mg/kg) and ace
promazine (1mg/kg), due to decreased capacity to tolerate anesthesia. The mouse’s right hip,
thigh, and knee were prepared with Betadine (povidone-iodine) solution and a 1.0cm right
medial parapatellar incision was made. In cases of oim/oim where fracture of the right femur
was already present, the procedure was performed on the left lower extremity. The longitudinal
fibers of the quadriceps mechanism were divided medially, and the patella was dislocated
laterally to expose the femoral condyles. The femoral intramedullary canal was reamed with
a 27gauge needle inserted between the condyles. The needle was introduced into the canal and
driven in a retrograde fashion up the shaft of the femur to the level of the greater trochanter.
Distally, the pin was cut flush with the cortex so as not to interfere with motion at the knee.
Using a surgical scissor, an open transverse osteotomy was made through the mid-shaft of the
femur. The wound was closed in layers with vicryl sutures in standard fashion. Lateral
radiographs with the hindlimbs in external rotation and anteroposterior (AP) radiographs were
taken post-operatively from a subset of mice to ensure correct positioning of the pin. These
radiographs were subsequently graded for comminution. Mice were cared for after surgery
according to standard AAALAC protocols and allowed unrestricted cage activity. Animals
were sacrificed via CO2 inhalation.

Radioagraphic Image Acquisition and Image Analysis
Radiographs of the fracture site obtained on the day of fracture were graded for comminution
according to the Winquist classification, where Winquist grades 1 - 4 represent increasing
levels of comminution (55). Whole body radiographs were taken at the time of sacrifice.
Femora were harvested bilaterally and the soft tissue was carefully removed. High resolution
digital Faxitron radiographs (Faxitron X-Ray Corporation, Wheeling, IL) in the
anterioposterior (AP) and mediolateral (ML) planes were obtained. Each image included an
aluminum alloy step radiographic intensity standard for calibration purposes. Femora were
then wrapped in gauze soaked in saline and kept frozen at -20° C until use.

AP and ML radiographs of the femora were analyzed using Image J software (National
Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/). Each individual image was
calibrated against known intensity and length standards using an aluminum alloy step intensity
standard. Previous work by our group has demonstrated that radiographically-determined
density values obtained using the aluminum alloy step intensity standard correlated well with
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bone mineral density (BMD) as determined by micro CT analysis (21). Several prior studies
have also utilized this method (7,35). Periosteal and external callus tissue was carefully outlined
on both sides of the femur. Callus area for an individual femur was calculated as the sum of
areas obtained from both the AP and ML images. Callus intensity for a particular femur was
calculated as the average of all the callus intensities from both the AP and ML images.

Biomechanical Testing
The mechanical properties of the fractured and non-fractured contralateral femora were
evaluated by four-point bend tests for all groups at the 6-week post-fracture timepoint (n =13-15
per group). The four-point bend test was chosen to ensure that failure occurred within the
segment along the middle of the femoral shaft that contained the fracture. Tests were conducted
at room temperature on a precision electromagnetic-based load frame (EnduraTEC ELF 3200,
Bose Corporation, Minnetonka, MN). Prior to testing, bones were thawed completely and the
intramedullary pins of the fractured femora were carefully removed. Femora were kept moist
throughout the duration of the test. Femora were tested such that the anterior side was loaded
in compression and the posterior side in tension. The posterior surface was placed on the lower
supports, which were set 7.9mm apart for WT and 7.1mm apart for the oim/oim. The upper
posts were 2.1mm apart for the WT and 1.9mm apart for the oim/oim. Load was applied at
0.05mm/sec until failure occurred.

Structural mechanical properties that are dependent on geometry were measured. Failure
moment was calculated according to the formula:

where a = distance in mm between the inner and outer posts, and Fmax = the maximum load
the bone sustained during testing. Bending stiffness, a measure of the rigidity of the whole
bone, was determined according to the following formula:

where m = the slope of the elastic region of the load-displacement curve, a = distance in mm
between the inner and outer posts, and L = distance in mm between the outer posts. Total
displacement equaled the displacement at the failure load. Since post-yield displacement is
minimal in the four-point bend test, the degree of displacement before failure was taken as a
measure of the specimen’s brittleness. Work to failure, a measure of the energy required to
fracture the bone, was calculated as the area under the entire load-displacement curve.
Mechanical properties of the fractured femur (failure moment, bending stiffness, total
displacement, and work to failure) were compared to the corresponding mechanical property
data from the non-fractured contralateral femur. Contralateral femora from the oim/oim groups
that sustained spontaneous fractures were not mechanically tested.

Histology
Harvested fractured femora (n=3-5 per group) were fixed in 10% buffered neutral formalin for
24 hours, and decalcified in 10% EDTA (pH 7.2-7.4) for approximately two weeks.
Intramedullary pins were then removed prior to embedding the specimens in paraffin. Sections
6μm thick were obtained along the coronal plane from anterior to posterior and stained with
alcian blue to identify proteoglycans in cartilage as follows: Deparaffinized, rehydrated
sections were incubated in 3% acetic acid for 3-5 minutes and stained with alcian blue solution
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for 30 minutes, followed by rinsing in distilled water. They were then counterstained with
Kernechtrot for 5 minutes before rinsing, dehydrating and clearing in xylene. Analysis was
performed with the BioQuant Image Analysis system (BIOQUANT Image Analysis
Corporation Nashville, TN) using a threshold function. The amount of cartilage was measured
by quantitation of the proteoglycan staining, which appeared as a deep blue color. The
percentage of cartilage within the callus region was calculated as follows:

Since specimens from later timepoints lacked any discernable cartilage, only the 2 week post-
fracture groups were analyzed quantitatively.

Statistical analysis
Statistical analyses were performed with SigmaStat software (SPSS Inc., Chicago, IL). For
each measurement, the means and standard deviation were calculated for each group. For the
biomechanical tests at 6 weeks post-fracture and for the histological analysis at two weeks
post-fracture, two-way ANOVA tests were performed to test for the simultaneous effects of
genotype and RANK-Fc treatment on the outcome variables. For the radiographic data, three-
way ANOVA tests were performed to test for the simultaneous effects of genotype, RANK-
Fc treatment, and time on the outcome variables. Bonferroni post-hoc tests were performed for
comparison of groups with values significant at p<0.05.

Results
Radiographic image analysis

Post-Fracture Radiographs—The inital fractures created in the oim/oim mice had more
comminution than those created in the WT mice (Table 1). The fractures created in the WT
mice were generally stable, and there were no Winquist Grade III or IV fractures. In contrast,
17% of the RANK-Fc and 11% of the saline-treated oim/oim mice had Winquist Grade III
fractures, and 5% of the saline-treated oim/oim mice had Winquist Grade IV fractures.

Bony union of the fracture occurred in all mice regardless of genotype or treatment by 6 weeks
post-fracture. Callus area generally decreased from 2 weeks to 6 weeks post-fracture for the
saline groups, indicating remodeling of the callus (Figure 2A). Among the 6 week groups, a
significant difference between oim/oim RANK-Fc and oim/oim saline was detected, indicating
a delay in callus remodeling. Significantly reduced callus area was observed for the 6 week
WT saline group compared to the 2 week WT saline treated group. At six weeks post-fracture,
the callus intensity was significantly greater in the oim/oim RANK-Fc group compared to the
oim/oim saline group, indicating persistence of callus and delayed remodeling (Figure 2B).
Callus intensity decreased from 4 weeks to 6 weeks post-fracture for the RANK-Fc treated WT
groups. Qualitative differences in callus at six weeks post-fracture can be appreciated by
comparison of radiographic images (Figure 2C).

Mechanical testing
Oim/oim Bones—In the specimens tested, failure occurred consistently through the fracture
site. Functional assessment by mechanical testing revealed that RANK-Fc had no significant
effect on failure moment and bending stiffness as compared to saline controls. Failure moment
was lower in fractured versus contralateral non-fractured oim/oim bones in both saline and
RANK-Fc treated mice (Figure 3), suggesting that the fractured oim/oim bones were not
completely healed at 6 weeks. Bending stiffness was also lower in the fractured versus non-
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fractured oim/oim bones for mice treated with RANK-Fc. (Figure 4). There were no differences
in total displacement for the RANK-Fc or saline-treated fractured oim/oim bones versus their
contralateral non-fractured bones (Figure 5), and no significant differences in work to failure
(Figure 6).

WT Bones—Similar to the oim/oim bones, failure occurred consistently through the fracture
site. Failure moment was greater for the WT RANK-Fc non-fractured bone versus the saline
non-fractured bone (Figure 3). For the fractured WT bones, bending stiffness was greater in
the RANK-Fc treatment group compared to saline controls (Figure 4), but total displacement
was diminished (Figure 5). In contrast, total displacement increased for the WT non-fractured
RANK-Fc bones compared to the non-fractured saline bones (Figure 5). Work to failure was
greater for the WT RANK-Fc non-fractured bone compared to the saline non-fractured group
(Figure 6), but was diminished for the WT RANK-Fc fractured bone compared to the saline
fractured group (Figure 6). However, no significant differences were observed in work to
failure for the RANK Fc fractured WT bones compared to saline non-fractured bones,
demonstrating that after fracture repair, RANK-Fc bones were equally as strong a normal, non-
fractured WT bones.

Histological analysis
No significant differences in quantity of callus cartilage was found for the RANK-Fc treated
groups (10.22% ± 7.48 for WT; 10.36 % ± 4.89 for oim/oim) compared to the saline treated
groups (6.49% ± 3.44 for WT; 5.04% ± 1.81 for oim/oim) at two weeks post-fracture, indicative
of no delays in early endochondral bone healing.

Discussion
Fracture healing is a multifaceted physiologic process intended to restore the functional and
biomechanical competency of the injured bone, as well its original geometry. A complex array
of cytokines, growth factors, and other chemical messengers steer the process in a spatio-
temporal manner through three major phases: inflammatory, reparative, and remodeling. After
hematoma formation and the initial inflammatory response, osteoblasts predominate, laying
down new bone via intramembranous ossification as well as endochondral ossification (11).
In the remodeling phase that follows, woven bone is replaced by lamellar bone, with osteoclasts
responsible for resorption and osteoblasts in charge of laying down new matrix. A recent study
on fracture healing in mice revealed that expression profiles for OPG, RANKL, and
macrophage colony-stimulating factor (M-CSF), three key signaling molecules that modulate
osteoclast formation, function and survival, are tightly coupled during the healing process
(26). Kon et al (26) have shown that RANKL expression levels are virtually undetectable in
intact bones but can be induced with trauma, peaking on day 3 and day 14 after fracture but
remaining strongly induced throughout the period of fracture healing. It would not be
unreasonable, therefore, to predict that RANKL inhibition, if conducted early in the fracture
healing process and continuously, will exert a measurable effect. The results of this study do
indeed provide evidence that RANKL inhibition with RANK-Fc can delay remodeling in oim/
oim mice, contrary to our original hypothesis. In spite of this, however, adverse affects on the
mechanical properties of the healing oim/oim bone were not found.

Although the mice utilized in this study fracture spontaneously, this is the first large-scale study
that establishes a fracture healing model for oim/oim mice whereby fractures can be monitored
over a known time course. In a closed femoral fracture healing model in the mouse, Manigrasso
et al (34) found that peak fracture callus volume was evident at 10-14 days post-fracture, with
fracture bridging apparent by 3 weeks, which is approximately 1 week faster than rats. Bone
remodeling, as evidenced by histologic sampling, was observed as early as 3 weeks post-
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fracture, though mechanical testing indicated that significant increases in structural or material
strength did not occur until 6-12 weeks after fracture (34). In the current study, radiographic
image analysis indicates that RANK-Fc administration does not prevent the initiation or
formation of callus, since all groups demonstrated callus formation by 2 weeks. This
corroborates findings by Flick et al (14) who showed that uncoupling the bone formation/
resorption processes by RANKL inhibition had no adverse effect on callus formation. Our
results also show that callus area and density were significantly greater in the RANK-Fc treated
oim/oim group at 6 weeks post-fracture compared to time-equivalent saline controls, suggesting
delays in remodeling, possibly due to reduced osteoclast activity. Wildtype mice, however,
showed no differences with RANK-Fc treatment compared to saline controls. A study from
our laboratory has also found enhanced callus area and density in fractured oim/oim mice
treated with the anti-resorptive alendronate compared to saline controls (57). Similarly, other
studies on fracture healing in animals treated with bisphosphonates demonstrated either no
influence on callus size or increased callus size, but none have shown evidence of decreased
callus (8,19,22,25,31,33,41,44).

Restoration of mechanical stability is usually considered the most important functional
outcome in fracture healing, making evaluation of bone strength critical to analysis (9,29,32,
44). In fracture healing studies of bisphosphonate therapy, mechanical parameters were usually
unaltered (25,33,42,44) or even improved (8,19,31,32) compared to controls. In this
experiment, there were no significant differences in the mechanical properties of the treated
oim/oim mice bone compared to saline controls. This is likely due to the larger callus which
may serve as compensation for weaker bone, and is actually an adaptation governed by a
feedback mechanism (13). An unexpected finding in our data was that in WT mice, treatment
with RANK-Fc actually left fractured bones stiffer but more brittle (as evidenced by the
decreased total displacement) compared to WT controls. Similarly, with alendronate treatment,
intact WT bone was found to become more brittle (37). It is uncertain what the underlying
mechanism is for the increased brittleness, but possibilities include osteoclastic inhibition that
allows for excess woven bone at the fracture site with minimal progression to the structurally
and mechanically superior lamellar bone, as discussed by Jepsen et al (23) when considering
possible contributors to increased bone brittleness in mice. Alternatively, there could be
increased mineralization density in the intact cortical bone, as was found in the alendronate-
treated bone. A recent study found that soluble OPG was able to reverse woven bone to a
lamellar structure in the cortices of OPG knockout mice (36), lending support to the increased
mineralization density as the primary contributor to increased brittleness. Unfortunately, in the
current study, limited sample size for histology prevented systematic quantitative assessment
of the woven bone at the fracture site, and therefore it is not possible to drawn firm conclusions
concerning the composition of the fracture callus.

Notwithstanding this limitation, and despite the increased brittleness, there was no difference
in work to failure for the RANK-Fc fractured WT bones compared to the saline non-fractured
WT bones, demonstrating that RANK-Fc fractured bones are equally as strong as normal, non-
fractured bones, an important clinical outcome. RANK-Fc was also shown to improve bone
properties in non-fractured WT bone, including increasing total displacement, in contrast to
the effects seen in alendronate-treated WT bone where displacement was decreased (37).

In the Flick et al study (14), it was observed that RANKL inhibition seemed to generate an
increase in persistent, uncalcified cartilage matrix. Here, we show that the percentage of
cartilage in the fracture callus was not significantly different in mice treated with RANK-Fc
compared to those treated with saline at 2 weeks post-fracture though our sample size was
limited to 3-5 specimens per group. Further, there was not a measurable amount of calcified
cartilage left at 3, 4 or 6 weeks post-fracture, an indication of callus remodeling.
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We are aware of some limitations to this study, including the choice of fracture model. As oim/
oim bone is inherently brittle and prone to fracture easily, a surgical procedure that results in
consistent and reproducible fractures is of paramount importance. Though other models besides
the open osteotomy utilized here are commonly used in murine fracture healing studies, none
have been applied to oim/oim mice. The selection of the osteotomy model for this study was
based on prior experience that showed it enabled creation of fractures that minimized the risk
of comminution in these extremely fragile animals. In spite of this, increased comminution
was still evident in the initial oim/oim mice fractures, regardless of treatment, and could
possibly contribute to the finding of increased callus area at six weeks post-fracture. Since this
study did not follow healing to completion in all the mice, an experiment that allows for a
protracted recuperative period would be able to provide more information on the long-term
effects of RANK-Fc on healing. In humans, it usually takes 1-4 years to replace callus with
functionally competent lamellar bone (15), whereas in dogs remodeling of the fracture site may
be completed in approximately 32 weeks (40). The time to complete fracture healing in mice
has not been established, but it is apparent from the presence of callus at the terminal timepoint
in this study that it is greater than 6 weeks.

Another limitation concerns the number of mice per group for the comparison of mechanical
properties. Only one parameter of the fractured bones was found to be significantly different
between a RANK-Fc treated group and a saline group of the same genotype - the increased
stiffness of the fractured RANK-Fc WT bones compared to fractured saline controls. Although
a power analysis had been performed prior to the current study based on data from three point
bend tests on intact bones (37), the experimental variation in the four point bend data was
greater than expected, possibly due to the variability in the fracture healing process.
Consequently, it is possible that some of the other differences in mechanical properties may
not have reached statistical significance due to inadequate sample size in each group, such as
the non-statistical increase in work to failure (p=0.07) for the fractured RANK-Fc treated oim/
oim bones compared to the fractured saline controls. One further limitation concerns the
inability to extract material properties from the mechanical testing data in this study. A change
in either cross-sectional area or material properties, or both, could contribute to the observed
increase in stiffness for the fractured WT bones in the RANK-Fc treatment group compared
to saline controls. Unfortunately, normalization of structural properties to bone geometry was
not possible here, as the non-uniform distribution of callus made it very difficult to assess cross-
sectional properties. However, in a prior study where we investigated the effects of alendronate
on non-fractured mouse bone, we found that increased stiffness in the WT bone occurred with
increased bone diameter but no difference in material properties (35).

In conclusion, RANK-Fc delays bone remodeling in growing oim/oim mice but does not
diminish mechanical strength. We do not know what the effects of RANK-Fc would be on
more mature mouse bone, and what, if any, systemic side effects may be attributed to chronic
RANK-Fc administration. However, no toxicities have been found with OPG administration,
which acts similarly via a RANKL inhibitory mechanism (54). Future fracture healing studies
utilizing this therapy should further address issues of long-term effects, particularly in light of
the two randomized, controlled trials utilizing an OPG-Fc fusion protein which demonstrate
that RANKL inhibition is an efficient modality to treat altered bone metabolism in humans
(3,4).
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Figure 1. Experimental Design Flow Chart
Flow chart detailing commencement and length of RANK-Fc (or saline) treatment, timepoint
of fracture and sacrifice, and analyses performed at each timepoint. N = approximate number
of animals at each timepoint for each genotype and treatment. S/R/H = sacrifice, radiographs
obtained, and histology performed. S/R/B = sacrifice, radiographs obtained, and biomechanical
studies performed. Fx=fracture.
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Figure 2.
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(A) Quantification of Callus Area by Radiographic Image Analysis. Saline-treated groups
show a general decline in callus area from 2 weeks to 6 weeks post-fracture, whereas RANK-
Fc treated groups demonstrate persistence of callus, with significantly greater callus area at 6
weeks post-fracture for the oim/oim RANK-Fc group compared to control. (Values shown are
means ± standard deviation; values that are significantly different from each other are noted
with matching lower case letters. Number per group is shown within each bar). (B)
Quantification of Radiographic Intensity of Callus Callus intensity is significantly greater
at 6 weeks post-fracture for the oim/oim RANK-Fc group compared to controls. (Values shown
are means ± standard deviation; values that are significantly different from each other are noted
with matching lower case letters. Number per group is shown within each bar). (C)
Radiographs of Fractured Femora at 6 weeks Post-Fracture AP radiographs of femora
taken 6 weeks post-fracture. Treatment with RANK-Fc leads to qualitative, visible differences
in healing bone most readily observed in the oim/oim mice as increased callus area and
intensity. (From left to right: WT RANK-Fc, WT Saline, oim/oim RANK-Fc, oim/oim Saline).
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Figure 3. Failure Moment of Fractured and Non-Fractured Femora (6 weeks post-fracture)
Both RANK-Fc and saline treatment resulted in a lower failure moment for the fractured
compared to the contralateral non-fractured oim/oim bones indicating incomplete healing. For
the non-fractured contralateral WT bones, RANK-Fc treatment resulted in a greater failure
moment. (Values shown are means ± standard deviation; values that are significantly different
from each other are noted with matching lower case letters. Number per group is shown within
each bar).
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Figure 4. Bending Stiffness of Fractured and Non-Fractured Femora (6 weeks post-fracture)
RANK-Fc treatment resulted in a lower bending stiffness in the fractured compared to the non-
fractured oim/oim bones, results reflective of the fact that the fractured oim/oim bones were
not completely healed at 6 weeks. For the fractured WT bones, RANK-Fc treatment resulted
in a greater bending stiffness compared to saline WT. (Values shown are means ± standard
deviation; values that are significantly different from each other are noted with matching lower
case letters. Number per group is shown within each bar).
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Figure 5. Total Displacement of Fractured and Non-Fractured Femora (6 weeks post-fracture)
For the fractured WT bones, RANK-Fc treatment resulted in diminished total displacement
compared to saline WT. RANK-Fc treatment also resulted in a lower displacement in the
fractured vs non-fractured WT bone. (Values shown are means ± standard deviation; values
that are significantly different from each other are noted with matching lower case letters.
Number per group is shown within each bar).
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Figure 6. Work to Failure of Fractured and Non-Fractured Femora (6 weeks post-fracture)
RANK-Fc treatment resulted in a lower work to failure in the fractured vs non-fractured WT
bone, but for the non-fractured contralateral WT bones, RANK-Fc treatment resulted in a
greater work to failure compared to the non-fractured WT saline. A non-significant (p=0.07)
increase in work to failure for the oim/oim RANK-Fc group vs the oim/oim saline group is
noted. (Values shown are means ± standard deviation; values that are significantly different
from each other are noted with matching lower case letters. Number per group is shown within
each bar).
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Table 1
Winquist Classification of Femoral Fracture Comminution at T = 0 weeks

Winquist I Winquist II Winquist III Winquist IV

WT RANK-FC (n=5) 5 (100%) 0 0 0

WT Saline (n=8) 7 (88%) 1 (12%) 0 0

WT (Total n=13) 12 (93%) 1 (7%) 0 0

oim/oim RANK-Fc (n=18) 8 (44%) 7 (39%) 3 (17%) 0

oim/oim Saline (n=37) 25 (68%) 6 (16%) 4 (11%) 2 (5%)

oim/oim (Total n=55) 33 (60%) 13 (24%) 7 (13%) 2 (3%)
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