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Abstract

Bone loss due to age and disuse contributes to osteoporosis and increases fracture risk. It has been
hypothesized that such bone loss can be attenuated by modulation of the C-C chemokine receptor
2 (CCR2) and/or its ligands. The objectives of this study were to examine the effects of genetic
elimination of CCR2 on cortical and trabecular bones in the mouse tibia and how bone loss was
impacted following disuse and estrogen loss. Female CCR2 knockout (CCR2™/") and wildtype
mice underwent ovariectomy (OVX) or denervation of musculature adjacent to the tibia (DEN) to
induce bone loss. Cortical and trabecular structural properties as well as mechanical properties
(i.e., strength) of tibial bones were measured. Compared to wildtype mice, CCR2~~ mice had
tibiae that were up to 9% larger and stronger; these differences could be explained mainly by the
17% greater body mass (p<0.001) of CCR2~~ mice. The majority of the tibia’s structural and
functional responses to OVX and DEN were similar regardless of the lack or presence of CCR2,
indicating that CCR2 is not protective against bone loss per se. These findings indicate that while
CCR2~~ mice do have larger and stronger bones than do wildtype mice, there is minimal evidence
that CCR2 elimination provides protection against bone loss during disuse and estrogen loss.
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Introduction

Bone loss occurs throughout life and is exacerbated with advanced age, as well as following
periods of decreased physical activity, injury, or disease [1]. In each of these circumstances,
the rate of bone resorption by osteoclasts exceeds the rate of bone formation by osteoblasts
[1, 2]. Many pharmacological agents, such as bisphosphonates, act directly on osteoclasts to
impede bone loss by reducing their activity thereby decreasing bone resorption and the rate
of bone remodeling [3]; however, the long-term efficacy of such treatments is controversial
[2, 4, 5]. As a result, additional approaches are warranted to minimize the loss of bone.

C-C chemokine receptor 2 (CCR2), which is highly expressed on inflammatory cells and in
particular macrophages, has been recently implicated as a potential mediator of bone loss
[6]. CCR2 is expressed on preosteoclasts and osteoclasts [7, 8] and functions as a receptor
for ligands such as Monocyte Chemoattractant Protein-1 (MCP-1) [9], which is also known
as Chemokine (C-C Motif) Ligand 2 (CCL2). The interaction of this ligand with CCR2 has
been associated with driving osteoclast fusion and maturation [7, 8, 10, 11]. MCP-1 has also
been shown to play a critical role in osteoclast recruitment and differentiation required to
initiate bone resorption [12]. Thus, the binding of MCP-1 to CCR2 (referred to as the
MCP-1/CCR2 axis) may play a role in the regulation of bone resorption. In support of this
function for the MCP-1/CCR2 axis, several studies demonstrated that elimination or
inhibition of MCP-1 [11] or CCR2 [8, 13] resulted in a decreased number and function of
mature osteoclasts and a decrease in bone resorption. CCR2 knockout (CCR27") mice also
have low serum concentrations of deoxypyridinoline (i.e., a marker of bone resorption), with
minimal effect on dynamic bone formation markers such as serum osteocalcin [6]. The
converse also supports a role for the MCP-1/CCR?2 axis in regulating bone resorption. That
is, when the MCP-1/CCR?2 axis has increased activation the result is a greater number of
osteoclasts with enhanced function [11, 12]. This translates to increased bone resorption that
was not matched with a change in bone formation, and therefore caused a negative bone
remodeling balance. Thus, manipulation of the MCP-1/CCR2 axis may be one potential
mechanism to therapeutically limit bone resorption and blunt bone loss.

There are many conditions that disrupt bone remodeling and induce bone loss. One such
condition is estrogen deficiency, which occurs in females with age or following surgical
removal of the ovaries (ovariectomy) [10, 14, 15]. Estrogen regulates bone remodeling
through directly affecting bone cells [10] and may act indirectly through the MCP-1/CCR2
axis as well [16]. Estrogen reduces inflammation which also can result in decreased activity
of the axis and may aid in preservation of existing bone mass. To our knowledge, the only
other study to have investigated the effect of CCR2 elimination on bone and bone loss was
that by Binder and co-workers [6]. This study demonstrated that bone mass was increased in
tibial and vertebral bones of CCR2~/~ mice as assessed by morphometry and peripheral
quantitative computed tomography. However, with the exception of the assessment of tibial
bone cortical thickness, this research focused on trabecular bone and therefore much remains
unknown as to the effect that CCR2 elimination has on mechanical and structural properties
of cortical bone. It is particularly important to understand those effects because these
properties more directly relate to whole bone strength and fracture risk in long bones [17,
18].
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While ovariectomy (OVX) in rodents is known to induce trabecular bone loss, the impact on
cortical bone is less [19, 20]. Therefore, to investigate the efficacy of CCR2 deficiency on
the preservation of cortical bone, a more severe model of bone loss is desirable. One such
model is denervation (DEN) of a bone’s adjacent musculature. This can cause simultaneous
loss of cortical and trabecular bone because of reduced bone loading [21]. As such, the
objective of the present study was to extend the study of Binder and colleagues [6] by: 1)
using both OVX and DEN interventions in a mouse model to examine the effects of genetic
elimination of CCR2 on preventing cortical and trabecular bone loss in the tibia and 2)
performing a more rigorous structural and mechanical analysis focusing on cortical bone.
We hypothesized that structural and mechanical properties in tibial cortical and trabecular
bone would be less detrimentally affected by OVX and DEN in CCR2™~ mice than in
wildtype mice.

Female CCR2™~ mice (n=27) that were backcrossed to C57BL/6 x strain were used in this
study [22, 23] and compared to female C57BL/6 mice (wildtype; n=30). For one month
prior to the study and for the entire study, all mice were housed in groups of 4-5 per cage,
maintained on a 12—12 hour light-dark cycle, and provided phytoestrogen-free rodent chow
and water ad libitum. All mice were 20 weeks old at the start of the study.

For surgical interventions, mice were anesthetized using an induction chamber with
isoflurane and then maintained using inhalation of 1.75% isoflurane mixed with O, at a flow
rate of 200 ml/min. Aseptic techniques were used during all surgeries. Immediately
following surgery, mice were given a subcutaneous injection of 0.3 pg buprenorphine for
analgesia. At the time of sacrifice, mice were anesthetized by an intraperitoneal injection of
sodium pentobarbital (100 mg/kg). A deep level of anesthesia was used and all animals were
checked for sufficient level of anesthetic depth during dissection. Following excision of
tissues, mice were killed by exsanguination. The animal use protocol was approved by the
Institutional Animal Care and Use Committee at the University of Minnesota.

Study Design

Wildtype and CCR2~~ mice were randomly assigned to one of three intervention groups:
non-operated control (n=10 and 9, respectively), OVX (n=10 and 8, respectively), or DEN
(n=10 for both). Body mass was measured at initiation of intervention and at time of
sacrifice. Eight weeks post-intervention, mice were sacrificed and blood was collected via
cardiac puncture to assess the circulating levels of osteocalcin (i.e., a dynamic marker of
bone turnover that is present during the initial phase of bone formation) and carboxy-
terminal collagen crosslinks (CTX) (i.e., a marker of collagen-1 degradation). Blood was
collected in heparinized capillary tubes. Plasma was separated, frozen in liquid nitrogen, and
stored at —80°C until the time of analysis. To assess bone mechanical and structural
properties, tibial bones were excised and stored in phosphate-buffered saline at —20°C until
micro-computed tomography (uCT) and mechanical tests were performed.
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Surgical Interventions

The bilateral OVX surgery procedure has been described in detail previously [24, 25].
Briefly, a dorsal skin incision was made to access the ovaries through two small incisions in
the dorsal abdominal muscle wall. The ovarian duct and artery were cauterized prior to
removal of the ovary. The abdominal wall incisions were then closed using 6-0 silk suture
while the skin incision was closed with 7-mm wound clips. Successful OVX intervention
was confirmed by assessing uterine mass at the time of sacrifice; uterine masses differ by
>5-fold in intact and ovariectomized mice.

For the DEN intervention, the tibial nerve, which innervates the posterior crural muscles,
was transected on the left hindlimb as described previously [25]. In brief, a skin incision was
made on the lateral surface of the thigh enabling access to the tibial nerve through an
incision made in the biceps femoris muscle. A ~3.5-mm length section of the exposed tibial
nerve was removed. The muscle and skin were then closed using 6-0 silk suture. Successful
DEN intervention is difficult to visually confirm; however, we have not found evidence for
nerve regeneration in the 2 month time period.

Bone Analyses

Bone geometry at the tibial mid-diaphysis and trabecular morphometry in the metaphysis of
the left tibia were assessed by pCT. The tibiae were scanned with a uCT 40 (Scanco
Medical, Briittisellen, Switzerland) at a voltage of 55 kV, current of 145 pA, integration
time of 200 ms, and voxel size of 12 pm. Global constant thresholding values to segment
bone from background were chosen based on histogram analysis and visual inspection.
These segmentation values were applied to generate 3D binarized images, which were used
to quantify bone morphometry and density. Outcome measures obtained at the mid-
diaphysis include: cross-sectional moment of inertia about the anterior-posterior axis
(CSMI), cross-sectional area (CSA), cortical thickness, volumetric bone mineral density
(vBMD), and periosteal diameter of cortical bone. In the proximal tibia, trabecular bone at
the metaphysis was assessed 60 pm distal to the growth plate for bone volume fraction,
average trabecular number, average trabecular thickness, trabecular spacing and vBMD.
Structure Model Index (SMI) was calculated using a three-dimensional image analysis
algorithm to assess the shape of trabeculae based on changes in surface are and volume by
categorizing them as more plate-like (SMI=0), rod-like (SMI=3) or sphere-like (SMI=4)
[26]. Morphometric measures were computed using direct distance transformation methods
[27]. Tibial bones were stored in phosphate-buffered saline at —20°C following scanning
until the time of mechanical testing.

Three-point bending was used to determine mechanical properties of the tibial bone at the
mid-diaphysis. This was done using a Mecmesin MultiTest 1-D test machine and a
Mecmesin AFG-25 load cell (Mecmesin, West Sussex, UK) as previously described [28—
30]. In brief, the tibia was placed on its lateral side on the two supports (1 cm separation
between supports) and a quasi-static load was applied to the mid-diaphysis of the bone until
failure; the rate of displacement for the load was 2 mm/min. The load-displacement
relationship for each bone was analyzed using a custom-written TestPoint program
(TestPoint version 7; Measurement Computing Corp., Morton, MA) to quantify the
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mechanical properties of t ibia including ultimate load and stiffness, as previously described
[28-30], toughness, defined as the amount of energy absorbed until fracture occurs, failure
load, defined as the load immediately before fractures occurs (i.e., when the load is reduced
rapidly to zero), and post-yield displacement, defined as the difference between
displacement to ultimate load and displacement at which fracture occurs [31]. Intrinsic
material properties, including ultimate stress and modulus of elasticity, were calculated from
the three-point bending and pCT outcome measures using classical beam theory [28-30].
Intrinsic material properties are approximated values that provide additional insight into the
relative contributions of the mechanical and geometric properties measured.

Markers of bone growth and collagen content

Plasma levels of osteocalcin, a marker of bone turnover, were measured by ELISA
(Biomedical Technologies Inc., Stoughton, MA). Plasma levels of CTX, a marker of
collagen-1 degradation, were also measured by ELISA (Immuno Diagnostic Systems Inc.,
Fountain Hills, AZ). ELISA assays were performed as per the manufacturer’s instructions;
sample values were determined using absorbance data from the standards fit to a 4-
parameter logistic curve. Hydroxyproline content, which can be used as an indicator of bone
collagen content, was assessed using the methods of Woessner [32]. Prior to the
hydroxyproline assay, wet and dry masses of the tibiae were measured; dry masses were
obtained after drying the bones at 113 °C for 20 hours [33].

Statistical Analyses

Results

Power analyses were performed to determine groups sizes necessary to detect significant
ANOVA main effects and interactions. These analyses determined that at an -level of 0.05
our group sizes (n=8—10) yielded >85% power to detect a medium effect (0.5) [34]. Two-
way ANOVAs (genotype x intervention) were performed to analyze the effects of genetic
elimination of CCR2 and surgical interventions on the bone measures, plasma markers, and
body mass; there were two levels of the genotype factor (i.e., CCR27~ vs. wildtype) and
three levels of the intervention factor (i.e., control vs. OVX vs. DEN). Significant
interactions were further explored using a Holms-Sidak post-hoc analysis. Because of
significant genotype differences in body mass, multiple regression analyses were performed
for bone measures where significant main effects of genotype were detected in order to
determine if the effect could be explained by the genotype difference in body mass rather
than a genotype difference not associated with body mass. In these situations, the multiple
regression analysis was done including both genotype (factor) and body mass (covariate)
with and without an interaction term. All statistical analyses were performed using
SigmaStat version 3.5 (Systat Software, Chicago, IL). Statistical significance was accepted
at an -level of 0.05.

Body mass, bone masses, and bone length

Body mass can influence bone size and strength. To determine if body mass differed
between wildtype and CCR2~~ mice or following surgical interventions (i.e., control, OVX,
and DEN), body masses at baseline and 8 weeks later at sacrifice were compared. There was
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a main effect of genotype on body mass at both baseline and following eight weeks of
intervention. CCR2~~ mice, on average, were 9% heavier than wildtype mice at baseline
and 17% heavier following intervention (Table 1). There was also a main effect of
intervention following the treatment period. OVX mice weighed 19% more than control and
DEN mice (Table 1).

There were independent main effects of genotype and intervention on tibial bone wet and

dry masses. The mean mass of tibial bones from CCR2~/~

mice was 6—8% greater than that
from wildtype mice and DEN mice tibial bones had a mean mass that was 6-9% less
compared to the control condition (Table 1). Independent main effects of genotype and
intervention were also identified for tibia length. That is, CCR2~/~ mice had, on average, 2%
longer tibia than did wildtype mice and OVX mice had 2% longer tibia than control and

DEN mice (Table 1).

Tibial bone mechanical and intrinsic material properties

Using two-way ANOVAg, it was determined that tibial bone mechanical properties were
affected independently by genotype and intervention. Specifically, bones from CCR2~/~
mice had 6% greater ultimate loads than bones from wildtype mice (Figure 1A). However,
when body mass was entered as a covariate in the multiple regression analysis predicting
ultimate load from genotype, only the covariate was statistically significant (p<0.001). This

~/~ mice was more related to those

result indicated that the greater bone strength in CCR2
mice being bigger as opposed to a genotype difference independent of body mass. For
intervention effects, tibial bone ultimate load was 11% lower in DEN mice compared to
control and OVX mice (Figure 1A), indicating that the DEN intervention was more

detrimental to bone strength than OVX.

Independent main effects of genotype and intervention (p €.032) were also found for tibial
bone stiffness with a trend towards a significant interaction (p=0.056; Figure 1B). On
average, CCR27/ tibia were 6% stiffer than wildtype tibia, but multiple regression analysis
determined that this result could be explained by the genotype difference in body mass
(p=0.003) rather than a genotype difference independent of body mass. Similar to the
findings for ultimate load, DEN reduced tibial bone stiffness by 8% compared to control
mice, but the stiffness value for DEN mice was not different from that for OVX mice
(Figure 1B). Combined, these results indicate that the genetic elimination of CCR2 resulted
in tibial bones that were stronger and stiffer; however, it appeared that these differences
were more associated with the genotype difference in body mass rather than a direct effect
of CCR?2 deficiency on bone.

Toughness exhibited a main effect of intervention but not genotype. Specifically, toughness
was 22-24% less in DEN mice compared to control and OVX mice (p= 0.004, Figure 1C).
The calculated post-yield displacement to failure was not affected by genotype or
intervention (Table 1). Tibial bone failure load exhibited a main effect of genotype but no

effect of intervention. Specifically, CCR2™/~

mice had approximately 18% greater failure
loads than wildtype mice (Table 1). The results of a multiple regression indicated that this

genotype main effect was not attributed to a genotype difference in body mass (p=0.790).
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Tibial bone cortical geometry

To determine if the observed differences in bone mechanical properties could be explained
by differences in tibial bone cortical geometry, the effects of genotype and intervention were
assessed on cortical bone CSA, CSMI, thickness, and periosteal diameter. From the 2-way
ANOV As, independent main effects of both genotype (p<0.001) and intervention (p 0.002)
were found for cortical bone CSA and CSMI (Figure 2). CCR2~~ mice had 6% larger
cortical bone CSA (Figure 2A) and 15% larger CSMI than wildtype mice (Figure 2B).
Multiple regression analysis for both measures indicated that the genotype main effect could
be explained at least partially by the genotype difference in body mass (p €.001). On
average, DEN mice had 11% smaller cortical bone CSA (Figure 2A) and 10% lower CSMI
than both control and OVX mice (Figure 2B).

Other measures of cortical bone geometry including cortical thickness and periosteal
diameter were differentially affected by genotype and intervention. Cortical thickness at the
mid-diaphysis exhibited independent main effects of genotype and intervention in the 2-way
ANOVA (Table 2). Cortical thickness was 3% larger in CCR2~/~ than wildtype mice. The
results of a multiple regression indicated that this genotype main effect was not attributed to
a genotype difference in body mass (p=0.073). Compared to control mice, cortical thickness
was 6% smaller in OVX mice and 11% smaller in DEN mice (Table 2). A significant
interaction (p=0.024) between genotype and intervention was found in the 2-way ANOVA
analyzing periosteal diameter. Compared to the control condition, wildtype mice had 3%
smaller diameters following OVX and DEN, whereas there was no difference in periosteal
diameter among the three intervention groups in CCR2~~ mice (Table 2). CCR2~~ mice
that were ovariectomized and denervated had greater periosteal diameters than wildtype
mice that underwent the same intervention (Table 2).

Cortical bone intrinsic material properties

The intrinsic material properties of tibial cortical bone were assessed using ultimate stress,
modulus of elasticity, and cortical vBMD. Multiple regressions for main effects of genotype
were not performed on mechanical intrinsic properties (ultimate stress and modulus of
elasticity) because these are expected to be independent of body mass. There was a
significant genotype X intervention interaction for ultimate stress. Specifically, compared to
OVX wildtype mice, ultimate stress was 8% lower in CCR2~/~ OVX mice (Table 2). A
significant main effect of genotype but not intervention was identified in the analysis of
modulus of elasticity (Table 2). CCR2~~ mice had a 6% lower modulus of elasticity.
Analysis of cortical vBMD identified a significant genotype main effect. On average, vBMD
was 1% greater in CCR2~/~ mice than in wildtype mice (Table 2), and the effect was not
associated with the genotype difference in body mass (p=0.347).

Trabecular bone properties at the tibial metaphysis

There were independent main effects of genotype and intervention on trabecular bone
volume fraction and trabecular thickness, but only a main effect of intervention on
trabecular number. Bone volume fraction was 32% greater in CCR2~/~ mice than in
wildtype mice (Figure 3A). This greater proportion of bone volume in CCR2™~ mice was

primarily attributed to the 11% greater trabecular thickness observed in those mice (Figure
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3B), as trabecular number was not different between genotypes (Table 2). The effect of
eliminating CCR2 on bone volume fraction was attributed to a genotype effect not related to
the difference in body mass (p=0.364). This was not the case for trabecular thickness where
the body mass covariate in the multiple regression analysis was significant (p=0.030). As
expected, up to a 41% decrease in bone volume fraction was observed following the two
interventions (p<0.001; Figure 3A). The decline in bone volume fraction resulted from 7%
thinner trabeculae (p=0.002, Figure 3B) and 3% fewer trabeculae following OVX whereas
DEN resulted in 6% fewer trabeculae compared to control (Table 2). There was no effect of
genotype on trabecular spacing; however, DEN resulted in a 7% greater spacing compared
to control (Table 2).

The effect of genotype on trabecular structure as assessed by the structure model index
(SMI) was dependent on intervention (i.e., interaction between genotype and intervention,
Table 2). In wildtype mice, SMI was not affected by OVX but was greater following DEN.
In CCR2~~ mice, both OVX and DEN resulted in a slightly greater SMI than control (Table
2). The effect of genotype on trabecular vBMD was also dependent on intervention (Table
2). Wildtype OVX mice had 2% less trabecular vBMD than controls; however, vBMD was
preserved in CCR2~~ OVX mice compared to control CCR2~/~ mice (Table 2). This
potential bone-conserving role was also apparent in CCR2~~ DEN mice that had a
significant, yet slightly greater (i.e., 1%) trabecular vVBMD than did control mice, although
no difference was detected between DEN and control wildtype mice (Table 2).

Markers of bone turnover and collagen content

There was no significant effect of genotype or intervention on plasma osteocalcin level, a
marker of bone turnover, and plasma CTX level, a marker of collagen-1 degradation (Table
1). There was also no significant effect of genotype or intervention on hydroxyproline
content normalized to dry bone mass (Table 1).

Discussion

This study addressed the hypothesis that, compared to wildtype mice, the structural and
mechanical properties of cortical bone as well as trabecular bone structure in tibiae from
CCR2~"~ mice would be less detrimentally affected by OVX and DEN. Overall, the results
did not support our hypothesis. Our results showed that genetic elimination of CCR2
resulted in tibiae that were larger and stronger, but for the most part the responses of these
bones to OVX and DEN were very similar to those for wildtype mice.

Our finding that CCR2~/~ mice had larger and stronger cortical bone and more trabecular
bone than wildtype mice lends support for the previous studies’ findings that loss of CCR2,
either through inhibition or genetic elimination, impairs the ability of osteoclasts to resorb
bone due to altered osteoclast fusion and maturation [6-8, 13]. Similar to previous reports
[6], we observed 32% greater trabecular bone volume fraction and 11% greater trabecular
thickness in tibiae from CCR2-deficient mice. Additionally, our study found 6-15% greater
cortical CSA and CSMI in tibiae from CCR2-deficient mice compared to wildtype. Our
study also found that tibiae in CCR2~/~ mice were up to 6% stronger and stiffer than those
in wildtype mice (Figure 1). This modest improvement in bone strength contrasts that of a
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previous study in which compressive strength of the LS vertebral body was 47% greater in
CCR2~"~ mice compared to wildtype [6]. Combined, these data suggest that CCR2
elimination increases bone size and strength.

The resulting larger and stronger bones in our CCR2™~ mice may not necessarily have been
due to decreased resorption but rather that the CCR2~~ mice were 17% heavier than the
wildtype mice at the time of sacrifice. Based on principles of allometry, one would expect
larger and stronger bones in heavier mice. From the multiple regression analyses, the
genotype difference in body mass could statistically account for all or part of the genotype
main effect observed in the ANOVAs for eight measures of bone structural and mechanical
properties (i.e., dry and wet bone masses, bone length, cortical CSA and CSMI, ultimate
load, stiffness, and trabecular thickness). For three bone metrics, the genotype difference in
body mass could not statistically explain any part of the significant genotype main effect
observed in the ANOVAs (i.e., cortical vBMD, cortical thickness, and trabecular bone
volume fraction). The previous study by Binder and colleagues [6] demonstrated differences

~/~ and wildtype mice but they

in bone structural and mechanical properties between CCR2
did not report body mass values. The only other study to report body mass on CCR2~/~ mice
found that body mass of the knockout mice was lower than that of wildtype mice [35];

however, methodological differences in the development of the CCR2~~ mouse strain could

perhaps differentially affect body mass.

Because a genotype difference in body mass can statistically account for all or part of
genotype difference in bone measures does not mean that the relationship is causal in nature.
Other factors, such as the effects of altered osteoclast and osteoblast activity resulting in
reduced resorption during development should also be considered. The current study
investigated the circulating level of CTX as an indication of resorption activity by
osteoclasts and found no effect of genotype on this marker, suggesting that bone resorption
is not significantly altered. This conclusion is further substantiated by the circulating
osteocalcin level, a marker of bone turnover (relative osteoclast and osteoblast activity),
which was also not affected by elimination of CCR2. OVX and DEN interventions also had
no effect on serum markers of bone resorption and turn-over, in agreement with a recent
study by Miyagawa et al [21]. This is in contrast to previous studies which found increases
in these markers with ovariectomy [6, 36]. The discrepancy between studies suggests that
timing and marker-specificity may be important as these factors tend to vary from study to
study [10, 37, 38]. A limitation of the current study is that histomorphometric analyses were
not performed. Inclusion of such measurements would be helpful in determining the relative
contribution of osteoclasts and osteoblasts to the alterations in bone that were observed.
Future experiments are warranted to distinguish a possible body mass effect from a reduced

~/~ mice. This could be accomplished by

resorption effect on bone properties in CCR2
weight matching and pair feeding CCR2~~ and wildtype mice. Though the CCR2-deficient
mouse has been referred to as a high-bone mass phenotype [6], this may be inappropriate
based on the present study’s findings. The ratio of bone mass to body mass was actually
greater in the wildtype mouse (Table 1). Thus, for CCR2~~ and wildtype mice of the same
body mass, one would predict that the wet and dry bone masses for the tibia would be on

average 8—10% greater for the wildtype mice.
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There was little evidence for a protective effect of CCR2 deficiency against OVX and/or
DEN based on the outcomes of this study’s genotype X intervention analyses. For us to have
concluded that there was a protective effective of CCR2 deficiency against OVX and/or
DEN on any given bone measure, a significant interaction between genotype and
intervention would have been required. A significant interaction occurred for only four of
the 19 bone measures (i.e., cortical periosteal diameter, ultimate stress, SMI, and trabecular
BMD). For only two of those measures (i.e., cortical periosteal diameter and trabecular
BMD) could the interaction be interpreted as the CCR2 deficiency providing protection
against OVX and/or DEN. The interaction observed for SMI suggests that elimination of
CCR2 results in a more rod-like lattice of trabeculae in CCR2~~ mice following OVX and
DEN whereas the trabeculae are more sphere-like following DEN in wildtype mice. On the
other hand, there were 10 bone measures (i.e., dry and wet bone masses, bone length,
cortical CSA, cortical CSMI, cortical thickness, ultimate load, stiffness, trabecular thickness
and trabecular bone volume fraction) for which there were significant independent effects of
genotype and intervention indicating that the effects of OVX and/or DEN on the two mouse
strains were the same. Prior to the present study, the evidence for a protective effect of
CCR2 deficiency against any bone loss was based solely on measures of tibial trabecular
and spinal BMD following OVX [6]. The findings of that study and ours are directionally
similar for tibial trabecular BMD, and if this was the only bone measure being considered,
we might also conclude that CCR2 deficiency was protective against bone loss. However,
our findings on 15 other bone measures argue against such a protective effect.

In conclusion, CCR2-deficient mice have larger and stronger tibiae than wildtype mice, but
it is unclear whether the effects were caused by reduced bone resorption and/or greater body
mass in the CCR2-deficient mice. Additional experiments, as discussed above, are required
to further tease apart these effects. Finally, based on the measures of mouse tibial bone
structural and mechanical properties we made, there was minimal evidence that CCR2
deficiency provided protection against bone loss induced by ovariectomy or muscle
denervation. As opposed to previous studies, our findings do not support the idea that CCR2
is a potential therapeutic target to reduce bone loss.
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Lack of C-C-chemokine receptor 2 (CCR2~") and intervention affect tibial mechanical

properties: a) Tibial bone ultimate load, b) Tibial bone stiffness and c) Tibial bone

toughness. Values are expressed as mean + SEM. The main effect of genotype is indicated

in text above the bars. For the main effect of intervention, differing lowercase letters above

the bars are used to indicate significant differences between interventions. Two interventions

with the same letter are not significantly different. Lowercase letters are only used for

comparisons within a given genotype.
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Lack of C-C-chemokine receptor 2 (CCR2—/-) and intervention affect tibial cortical

properties: a) Cross sectional area and b) Cross sectional moment of inertia (CSMI). Values
are expressed as mean + SEM. Statistical differences are indicated as described in Figure 1.
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are expressed as mean + SEM. Statistical differences are indicated as described in Figure 1.
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