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ABSTRACT

Recent development in three-dimensional (3D) imaging of cancellous bone has made possible true 3D
quantification of trabecular architecture. This provides a significant improvement in the measures available
to study and understand the mechanical functions of cancellous bone. We recently reported that the presence
of osteopontin (OPN) was required for the effects of mechanical stress on bone as OPN-null (OPN�/�) mice
showed neither enhancement of bone resorption nor suppression of bone formation when they were subjected
to unloading by tail suspension. However, in this previous study, morphological analyses were limited to
two-dimensional (2D) evaluation. Although bone structure is 3D and thus stress effect should be evaluated
based on 3D parameters, no such 3D morphological features underlying the phenomenon have been known.
To elucidate the role of OPN in mediating mechanical stress effect based on true quantitative examination of
bone, we evaluated 3D trabecular structures of hindlimb bones of OPN�/� mice after tail suspension. Tail
suspension significantly reduced 3D parameters of bone volume (BV/TV), trabecular number (Tb.N), trabec-
ular thickness (Tb.Th), and anisotropy and increased 3D parameters on trabecular separation (Tb.Sp) in
wild-type mice. In contrast, these 3D parameters were not altered after tail suspension in OPN�/� mice. These
data provided evidence that OPN is required for unloading-induced 3D bone loss. (J Bone Miner Res 2002;
17:661–667)
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INTRODUCTION

BONE RESORPTION and formation are under a balanced
control to maintain bone mass. This balance is regulated

not only by hormones and cytokines but also by mechanical
stimuli.(1) For instance, loss of mechanical stress results in
disruption of connectivity and the reduction in the number
of trabecular bones to lead to osteopenia and thus signifi-
cantly increases fracture risk in the bones composed primar-
ily of trabecular structures such as vertebral body and fem-

oral neck.(2) Similarly, strenuous exercise increases while
microgravity reduces bone mass and strength.(3) Although
these phenomena are well known, the underlying mecha-
nisms have not yet been fully elucidated.

Osteopontin (OPN) is a secreted phosphoprotein present
in extracellular matrix of mineralized tissues and is one of
the abundant noncollagenous proteins in bone matrix pro-
duced by osteoblasts as well as osteoclasts.(4–6) This protein
contains an arginine-glycine-aspartate (RGD) sequence that
is a major integrin binding site and supports adhesion of
bone cells to the mineralized matrix. Although OPN is
expressed early in bone development, OPN per se is notThe authors have no conflict of interest.
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required for the development of bones because these min-
eralized tissues are essentially normal in the OPN-null
mice.(7–9) On the other hand, OPN plays an important role in
the process of pathological bone resorption observed after
ovariectomy or in the resorption of ectopically implanted
bone discs.(10,11)

OPN expression is regulated by mechanical stress both in
vitro and in vivo.(12–19) These observations could be related
to the function of OPN in bone remodeling. However, the
precise role of OPN in the regulation of bone response to the
mechanical stress remains to be elucidated. Recently, we
reported that unloading-induced enhancement of bone re-
sorption and suppression of bone formation did not occur in
the absence of OPN based on two-dimensional (2D) anal-
yses of bone,(20) suggesting that OPN plays a key role in
conveying the effect of mechanical stress to osteoclasts and
osteoblasts.

Although bone structure should be evaluated in a 3D
manner, which is not impossible but virtually very difficult,
studies on the relationship between mechanical properties of
bone and structure as well as bone mineral density (BMD)
have been conducted based on conventional approaches
such as histomorphometry.(21,22) Recent development in
microcomputed tomography (�CT) imaging of cancellous
bone could make 3D quantification of trabecular architec-
ture more practical than before. Information on the 3D
parameters is expected to provide precise evaluation on the
mechanical features of cancellous bone.(23–26) However, no
3D parameter analyses were reported on the structural al-
teration in the cancellous bones in tail-suspended mice.
Therefore, to truly determine the effect of OPN on
unloading-induced bone loss, we conducted 3D analyses of
the bones of wild-type and OPN�/� mice subjected to tail
suspension.

MATERIALS AND METHODS

Animals

Female wild-type and OPN�/� mice in a 129/SV X
C57BL/6 F2 background(8) derived from the original het-
erozygous crosses were maintained as separate colonies.
These mice were kept under controlled conditions at 24°C
on 12:12 light/dark cycles with the light cycle starting at
7:00 a.m., fed with standard laboratory chow (MF; Oriental
Yeast, Tokyo, Japan) and given tap water. Twelve-week-old
female OPN�/� and wild-type mice (24 mice total), 18–23
g of body weight, were used in the experiments and ran-
domly assigned in equal numbers to loaded control and
tail-suspension groups. All experiments were conducted
according to the institutional guidelines for animal welfare.

Tail-suspension model

The mice were subjected to tail suspension as described
previously.(20) Briefly, a tape was applied to the surface of
the tail to set a metal clip. The end of the clip was fixed to
the overhead bar and the height of the bar was adjusted to
maintain in an �30° head-down tilt with the hindlimbs
elevated above the floor of the cage. Mice were permitted to

move within the cage using their forelimbs while their
hindlimbs were kept free of weight bearing. The mice in the
unloading group were subjected to tail suspension for 4
weeks (n � 6/group). Loaded control mice were also housed
individually under the same conditions except for tail sus-
pension for 4 weeks. After 4 weeks of tail suspension, the
mice were anesthetized with pentobarbital and were killed
by cervical dislocation. The femora and tibias were sepa-
rated from adherent muscles and connective tissues other
than periosteum. The left tibias and the femora were fixed
with 70% ethyl alcohol solution for subsequent analysis of
bone.

Body weight of the animals

To monitor the effects of tail suspension on the general
body condition of these animals, body weight was measured
everyday during the experimental periods. When the mice
were weighted, the tail-suspended mice were permitted to
stand on all four legs for periods of no longer than 10 s.

Measurement of BMD

BMDs of the entire femora and the tibias including both
proximal and distal ends as well as midcortical shafts were
measured based on dual-energy X-ray absorptiometry
(DXA) using an apparatus (PIXI; GE Lunar, Madison, WI,
USA) equipped with a laptop computer. In vitro and in vivo
coefficients of variation (%CV) were 0.5 and 0.87, respec-
tively. The %CV was obtained by dividing the SD by the
observed mean BMD (g/cm2).

3D �CT analysis of bone

The bones were subjected to 3D �CT analysis using an
algorithm equipped in a desktop 3D �CT system (�CT20;
Scanco Medical AG, Zürich, Switzerland).(21,27) The spatial
resolution is �28 �m. Software based on an Image Pro-
cessing Language (IPL; Institute for Biomedical Engineer-
ing, Swiss Federal Institute of Technology (ETH), and
University of Zürich) package(28) equipped in the Scanco
apparatus was used for the analysis of the parameters in-
cluding bone volume (BV/TV, fractional bone volume),
trabecular number (Tb.N), trabecular thickness (Tb.Th), tra-
becular separation (Tb.Sp), and anisotropy. The bone sur-
face was calculated using surface triangulation of the binary
data based on the marching cube method. The trabecular
bone volume was calculated using tetrahedrons representing
the enclosed volume of the triangulated surface used for the
surface area calculation. The 3D bone volume was normal-
ized against 3D total volume to obtain the fractional bone
volume (BV/TV). Mean Tb.Th was determined based on the
local thickness at each voxel representing bone. With this
technique, thickness can be calculated without a model
assumption. Tb.Sp was calculated by applying the same
technique as used for the direct thickness calculation of the
nonbone parts of the 3D image. The Tb.N was calculated by
taking the inverse of the mean distance between the middle
axes of the structure. The anisotropy was determined from
the ratio between the maximal and minimal radii of the
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mean intercept length (MIL) in the ellipsoid.(29) The MIL
distribution was calculated by superimposing parallel test
lines in different directions on the 3D image, where MIL
denotes the mean distance between the bone/marrow inter-
faces. The MIL ellipsoid was calculated by fitting the MIL
values to a directed ellipsoid.(21) Quantification of 3D anal-
ysis was made in the spherical area with a diameter of 0.54
mm, centered at 0.27 mm distal to the primary spongiosa of
the proximal ends of the tibias. Threshold for the measure-
ments was set at 275 for 3D analyses according to the
manufacture’s protocol.

Statistical evaluations

The results were presented as mean value � SEM. Sta-
tistical analysis was performed by Mann-Whitney’s U-test.
A value of p � 0.05 was considered to be statistically
significant.

RESULTS

3D analysis of the effects of OPN deficiency on
unloading-induced bone loss

To examine 3D structural features of the effect of OPN
deficiency on unloading-induced cancellous bone loss in
OPN�/� mice, �CT-based analyses of the metaphyseal
regions of the tibias were conducted. As presented in Fig. 1,
3D structures of the trabecular bone in the center of the
metaphyseal region in the tibia of wild-type mice were lost
after 4 weeks of tail suspension compared with the wild-
type loaded group. In addition, trabecular bones adjacent to
the endosteal surface of the metaphyses were disrupted in
wild-type tail-suspended mice (Fig. 1). In contrast, 3D
structures of the trabecular bones in the center as well as in
the periphery in the endosteal regions of the metaphyses of
the tibias in the tail-suspended OPN�/� mice were main-
tained and revealed similar features to those in loaded mice
(Fig. 1, OPN�/� suspended vs. loaded).

Quantification of the 3D structures was conducted in a
spherical area, which was just adjacent to the growth plate
within the metaphyseal cancellous bone in the proximal
ends of the tibias (Fig. 2A). Quantification of the 3D BV/TV
indicated �80% reduction by 4 weeks of unloading in
wild-type mice (p � 0.05; Fig. 2B), whereas no major
reduction was observed after unloading in OPN�/� mice
(Fig. 2B). 3D Tb.N in the metaphyseal regions of the tibias
was reduced by �25% after 4 weeks of unloading in wild-
type mice (p � 0.05; Fig. 2C), whereas such reduction was
not observed in OPN�/� mice. Although �80% reduction
in the levels of 3D Tb.Th (p � 0.05; Fig. 2D) was observed
in wild-type mice after 4 weeks of tail suspension, the
values in tail-suspended OPN�/� mice were not signifi-
cantly different from those in loaded OPN�/� mice (Fig.
2D). Furthermore,3D Tb.Sp was increased by 35% (p �
0.05; Fig. 2E) in wild-type mice because of unloading, but
no significant increase was observed in OPN�/� mice after
4 weeks of tail suspension (Fig. 2E).

Anisotropy of the trabecular bones in the metaphyseal
regions of the tibias of unloaded mice was reduced by 12%

compared with that in loaded control after 4 weeks of
unloading in wild-type mice (p � 0.05; Fig. 2F). On the
other hand, no statistically significant difference was ob-
served between loaded control and unloaded mice even after
4 weeks of tail suspension in OPN�/� mice (Fig. 2F).

Unloading reduces BMD in wild-type mice but not in
OPN-deficient mice

To examine whether these 3D structural changes could be
translated into those in BMD, we examined the bones using
DXA. In wild-type mice, BMD in the tibias was reduced by
tail suspension for 4 weeks (Fig. 3A). Although the level of
the BMD reduction in the whole tibias by tail suspension
was modest, this possibly was caused by the incorporation
of the BMDs in both epiphyseal ends as well as midshaft of
the bones. Because of the limitation of the small size of the
mouse bones and the resolution of the DXA apparatus, we
were not able to segregate the data of epiphyseal regions
versus those of the diaphysis. To confirm the observation in
tibias, we also analyzed the BMD in femora. Similar to the
observation in tibias, BMD in femora also was reduced in
wild-type mice by tail suspension (Fig. 3B). In OPN�/�

mice, the basal BMD levels in both femora and tibias of the
loaded group were similar to those in the loaded wild-type
group (Figs. 3A and 3B). However, in contrast to the

FIG. 1. 3D structures of the metaphyseal cancellous bones of the
tibias. 3D views of the �CT pictures were obtained by scanning the
proximal regions of the tibias after 4 weeks of tail suspension (SUSP)
or loading (LOAD) in wild-type (WILD TYPE) or OPN�/� mice
(OPN�/�).
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FIG. 2. 3D �CT analysis of the cancellous bone structures in tibias after 4 weeks of unloading. 3D-�CT analyses were conducted by scanning
the proximal regions of the tibias after 4 weeks of tail suspension (SUSP) or loading (LOAD) in wild-type (WILD TYPE) or OPN�/� mice
(OPN�/�). (A) A simple X-ray scout view (top panel) and a �CT picture in the horizontal plane (bottom panel) of the proximal tibias. The circles
shown in these panels indicate the spherical region where the 3D parameters of trabecular bone were quantified. (B) 3D BV/TV; (C) 3D Tb. N;
(D) 3D Tb. Th; (E) 3D Tb.Sp; (F) anisotropy. These values were calculated as described in the Materials and Methods section. Data are expressed
as means and SEs for wild-type and OPN�/� mice. *Statistically significant difference from respective control (p � 0.05).
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wild-type group, tail suspension did not decrease BMD
levels in the femora and tibias in OPN�/� mice (Figs. 3A
and 3B). These observations on both 3D parameters and
BMD were not simply the influence of the body weights
because no major alteration in body weight was observed
during the tail-suspension experiments (data not shown).

DISCUSSION

Our present data revealed that the 3D structures of the
trabecular bones were disrupted by unloading in tail-
suspended wild-type mice and that the OPN-deficient mice
are resistant to such 3D structural alterations including
anisotropy. Our DXA data also showed that OPN�/� mice
were resistant against loss of bone mineral induced by
unloading. These observations indicated that tail-
suspension–induced loss of 3D structures as well as BMD
required the presence of OPN in the mice.

Traditional trabecular bone morphometry has been con-
ducted in 2D planes,(21) where the structural parameters are
either inspected visually or measured from sections, and the
third dimension is added based on stereology.(25) To over-
come the limitations of the analysis of 2D histological
sections, including inability to measure the anisotropic na-
ture of cancellous bone, several 3D analysis techniques have
been developed to provide possibilities to measure a variety

of 3D structural indices to characterize bone microarchitec-
ture. These techniques facilitate the understanding of the
quality of bones and help estimate mechanical properties of
bone. Our previous study indicated that OPN�/� mice were
resistant to unloading-induced bone loss based on the indi-
rect estimation of the true structures (i.e., 3D structures)
using 2D analysis of bone.(20) Thus, to evaluate the true
quantitative effect of OPN on unloading-induced bone loss,
3D analysis was conducted in this study using bones of
OPN�/� mice subjected to unloading.

3D �CT analysis is a relatively new technique and, there-
fore, the procedures to analyze quantitatively the trabecular
bone structure have not yet been fully standardized.(25) In
our 3D �CT analysis, structural indices determined from the
microtomography measurements are dependent on the in-
corporated thresholding procedure. Müller et al. pointed out
that it is advantageous to use a uniform threshold for one
type of bone to be able to compare results within the site.(25)

On the other hand, Feldkamp et al.(30) claimed that a uni-
form threshold approach is inappropriate for 3D �CT anal-
ysis because the X-ray attentuations through the heteroge-
neous bone structures are not uniform and there may exist
trabeculae of varying densities throughout the specimen.
Although this issue still remains to be solved, we used a
uniform threshold to quantify the 3D structural parameters
of bones in our study. In addition, a highly significant
correlation between the parameters obtained from conven-
tional histology and those from the 3D �CT was re-
ported.(25) Therefore, although a relatively small number of
trabeculae were present in the area measured in our study as
shown in Fig. 1, the 3D structural parameters of bones
obtained in this study could provide a reasonable estimation
of the bone structure based on the most advanced technique
of the morphological evaluation.

We observed that the levels of 3D BV/TV, 3D Tb.Th, and
3D Tb.N were significantly reduced after 4 weeks of tail
suspension in wild-type mice. On the other hand, these
reductions were not observed in OPN�/� mice even after 4
weeks of unloading. It has been proposed that the reduction
of trabecular bone volume during osteoporosis is caused by
primarily the initial conversion of plate trabeculae to rod
trabeculae by the perforation of the trabecular plates.(31)

These phenomena are thought to occur because of adapta-
tion of bone to the mechanical stress to which it is subjected.
In this study, 3D Tb.Th and 3D Tb.N were measured by
using the direct 3D technique, not based on calculation
according to the standard plate model. Although these pa-
rameters were significantly reduced, the decrease in bone
volume induced by unloading was caused by primarily a
decrease in Tb.Th (�80% reduction) as opposed to a de-
crease in Tb.N (�25% reduction) after 4 weeks of unload-
ing in the wild-type mice. In addition, even after 2 weeks of
tail suspension, similar results, that is, the reduction in these
3D parameters in wild-type mice and no alterations in
OPN�/� mice, were obtained (data not shown).

Anisotropy of the trabecular bones in the metaphyseal
regions of the tibias of unloaded mice was measured using
�-CT by accessing the 3D structure. In wild-type mice, in
addition to unloading-induced bone loss, the bones became
isotropic due to unloading, meaning that the bones could

FIG. 3. BMD of the femora and tibias after unloading. DXA was
conducted to quantify BMD of the (A) tibias and (B) femora after 4
weeks of either tail suspension (SUSP) or loading (LOAD) in OPN�/�

mice (OPN�/�) or wild-type mice (WILD TYPE). Data are expressed
as means and SEs for wild-type and OPN�/� mice. *Statistically
significant difference from respective control (p � 0.05).
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sense the mechanical stimuli and could alter its properties to
adapt the stress to which it is subjected. In OPN�/� mice,
neither bone loss induced by unloading nor reduction of the
anisotropy of their hindlimbs was observed, indicating that
the bones of OPN�/� mice remained anisotropic even after
unloading. Therefore, the mice lacking OPN could not sense
the changes in mechanical stress to which they were sub-
jected.

Several studies have been tried to prevent this unloading-
induced bone loss in tail-suspended animals using antire-
sorptive agents such as bisphosphonates(32,33) or osteopro-
tegerin.(34) Although unloading-induced bone resorption
was inhibited in these studies, unloading-induced bone for-
mation was not inhibited. On the other hand, in our previous
study, unloading-induced bone formation as well as bone
resorption were inhibited in the absence of OPN, suggesting
that OPN has an important role not only in unloading-
induced enhancement of bone resorption but also in
unloading-induced suppression of bone formation.(20) Our
preliminary in vitro experiments showed that the levels of
nodule formations in bone marrow cells were reduced after
tail suspension in wild-type mice and they were not reduced
in the cells derived from OPN�/� mice after tail suspension
compared with those in OPN�/�-loaded control mice (data
not shown). Further study is necessary to elucidate the
mechanisms of OPN actions, that is, as to how osteoblasts
and osteocytes could perceive external mechanical stimuli
to influence the bones in a 3D environment where these
cells exist.

BMD and bone microarchitecture are important determi-
nants for the mechanical properties of cancellous bone.
Although BMD alone is a predictor of averaged mechanical
properties of cancellous bone, there yet remains unex-
plained variation in mechanical properties that might be
caused by missing information regarding bone microarchi-
tecture.(21) Also, in this study, quantitative area of 3D anal-
ysis of bone was limited within the secondary spongiosa of
the proximal tibias because of the technical properties of the
�CT used. Therefore, to further support the idea that the
effect of OPN in this unloading-induced bone loss was not
restricted within a particular region, we evaluated the BMD
of the whole tibia. Although the reduction of BMD was
modest, it was statistically significant. These data further
suggest the role of OPN in regulation of the structural
properties of bone.

OPN expression in vitro has been observed not only to be
enhanced but also inhibited by mechanical stimuli, suggest-
ing the presence of the biphasic nature of OPN gene ex-
pression.(14,16) This feature is similar to that in the case of
several genes in vascular endothelial cells subjected to
mechanical stress.(35) Such effects of mechanical stress on
OPN expression appear to be dependent on integrin and
microfilament(15,18) but independent of hormonal regula-
tion.(13) Furthermore, OPN secreted by mechanical stress
may serve as a stress-sensitive attachment molecule being a
ligand of integrin in osteoblasts, osteocytes, and, presum-
ably, osteoclasts.(14,18,19) However, these previous in vitro
observations were based on cells plated on flat culture
dishes and, thus, may not provide true relationship between
mechanical stimulation and bone cells sitting in an in vivo

3D environment. Although our data on the 3D structural
analysis of the bone in OPN-deficient mice subjected to tail
suspension do not directly explain how OPN may work in
vivo, they would provide a base for future studies on how
the mechanical stress regulates bone cells in a 3D in vivo
environment.

The result of 3D analysis in this study indicated that
bones of OPN�/� mice subjected to tail suspension could
not alter the 3D morphological structures of trabecular
bones to adapt to the new stress (unloading) environment.
Overall, our data support the notion that OPN plays a role in
the signal transduction pathways of mechanical stress in
bone remodeling.
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