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A novel underuse model shows that inactivity but not ovariectomy
determines the deteriorated material properties and geometry
of cortical bone in the tibia of adult rats
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Abstract Our goal in this study was to determine to what
extent the physiologic consequences of ovariectomy
(OVX) in bones are exacerbated by a lack of daily activity
such as walking. We forced 14-week-old female rats to be
inactive for 15 weeks with a unique experimental system
that prevents standing and walking while allowing other
movements. Tibiae, femora, and 4th lumbar vertebrae were
analyzed by peripheral quantitative computed tomography
(pQCT), microfocused X-ray computed tomography
(micro-CT), histology, histomorphometry, Raman spec-
troscopy, and the three-point bending test. Contrary to our
expectation, the exacerbation was very much limited to the
cancellous bone parameters. Parameters of femur and tibia
cortical bone were affected by the forced inactivity but not
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by OVX: (1) cross-sectional moment of inertia was sig-
nificantly smaller in Sham-Inactive rat bones than that of
their walking counterparts; (2) the number of sclerostin-
positive osteocytes per unit cross-sectional area was larger
in Sham-Inactive rat bones than in Sham-Walking rat
bones; and (3) material properties such as ultimate stress of
inactive rat tibia was lower than that of their walking
counterparts. Of note, the additive effect of inactivity and
OVX was seen only in a few parameters, such as the
cancellous bone mineral density of the lumbar vertebrae
and the structural parameters of cancellous bone in the
lumbar vertebrae/tibiae. It is concluded that the lack of
daily activity is detrimental to the strength and quality
of cortical bone in the femur and tibia of rats, while lack of
estrogen is not. Our inactive rat model, with the older rats,
will aid the study of postmenopausal osteoporosis, the
etiology of which may be both hormonal and mechanical.
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Introduction

While rats after ovariectomy (OVX) have provided an
excellent animal model for postmenopausal osteoporosis
for over a quarter of a century [11, 14], there are no
comparable rat models for inactive lifestyles, namely those
characterized by a lack of daily walking. Studies so far are
limited to rat models with locally immobilized legs as in
hind-limb unloading, which decreases periosteal bone
formation. When hind-limb unloading follows OVX, en-
docortical resorption is augmented and cortical bone min-
eral density (BMD) decreases. Changes in the major
parameters of bone such as mechanical properties, BMD
and bone mineral content (BMC) occur when the two
interventions are combined [3, 15, 32]. Similar results were
reported for cancellous bone [34]. Collectively, these ani-
mal studies suggest that both postmenopausal estrogen
depletion and a reduced physical activity, or hypokinesis,
are factors that play roles in the pathogenesis of post-
menopausal osteoporosis. Krall and Dawson-Hughes [18]
have reported that walking habits among elderly women
are related to bone density and the rate of bone loss.
Conversely, disuse osteoporosis, or osteopenia, occurs in a
more severe state or in physically disabled patients, and
takes place regardless of age, gender, and estrogen status
[19]. Nevertheless, the goal of osteoporosis research is to
develop methods to effectively prevent all fractures and
progressive bone loss [21]. We therefore sought to char-
acterize the effect of estrogen deficiency and lack of
physical activity on bone and the combined effect of these
two variables. We developed a caged-rat model in which
the cage prevents rats from standing or walking while
allowing other movements. The model allows us to explore
mechanisms of hypokinetic or underuse osteoporosis
caused by a lack of daily activity, such as standing and
walking.

Materials and methods
Animals and experimental design

The protocol for the experiment was approved by the
animal care and use committee of Kanagawa Dental Col-
lege. Female Wistar rats, purchased from Japan SLC
(Hamamatsu, Japan), were maintained at the Kanagawa
Dental College animal facility with MF feed (Oriental
Yeast Co., Ltd, Japan), which contains 1.12 g calcium and
0.9 g phosphorus in 100 g of feed. They underwent either

an OVX or a sham operation at 14 weeks of age (referred
to as the OVX and Sham groups, respectively). Except for
rats in the Baseline group, each rat was then maintained for
15 weeks either in a cage that allowed relatively free
movement or in a smaller cage that restricted movement
(Walking and Inactive groups, respectively; Fig. 1a, b). We
performed four independent experiments in which six
animals were assigned to each of four groups that are
formed by intersecting pairs of the above groups: Sham-
Walking, Sham-Inactive, OVX-Walking and OVX-Inac-
tive. The rats in the Inactive group could turn around from
taking water or food but could not stand on their feet or
walk. The animals appeared content and free of distress. At
1 week into the experiment the mean serum corticosterone
level of the rats in the Inactive group was similar to that of
the Walking group: 29 versus 27 ng/ml. Both of these
values are less than two-thirds of the value in rats subjected
to hind-limb suspension (data not shown).

Blood was collected via tail vein prior to OVX and at
weeks 1, 4, 8, and 12 (at time 14:00), centrifuged to remove
cells and the residual clot, and kept frozen at —80°C. The
animals were pair-fed by the method of Scarpace et al. [27]
with a minor modification. Specifically, pellets consumed
by the Sham animals were periodically measured for
3 days to determine the amount to be fed to other groups.
At approximately week 15, calcein was injected twice over
7 days at 6 mg/kg of body weight. One day following the
last injection, all the rats were killed. The right femurs and
tibiae were excised and stored at —80°C until quantitative
analyses (peripheral quantitative computed tomography
(pQCT), biomechanical analyses, and confocal laser
Raman spectroscopy). Some tissue specimens from excised
left limbs, as well as the fourth lumbar vertebra (L4), were
fixed overnight with 4% fresh formaldehyde, and then
rinsed and placed into 70% ethanol for histopathologic
studies. The remaining bones were decalcified as described
below in the “Histology” section.

Biochemical markers of bone turnover

The serum levels of type I collagen C-terminal cross-linked
telopeptides (CTx) and osteocalcin were analyzed using the
ELISA kits RatLaps and Rat-MID Osteocalcin (Nordic
Bioscience, Herlev Hovedgade, Denmark). According to
the manufacturer’s instructions, all samples were assayed
in duplicate. A standard curve was generated from which
concentrations were extrapolated.

pQCT analysis
For the the pQCT analysis, isolated bones were measured

using XCT Research SA+4 pQCT instrument (Stratec
Medizintechnik GmbH, Pforzheim, Germany) with a tube
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Fig. 1 Experimental conditions and metabolic bone markers.
a Dimensions of the cages used for restraining rats. b Photograph
of arat in a restraining cage. ¢ Serum levels of CTx. d Serum levels of
osteocalcin. In ¢ and d, solid squares and triangles show mean values
for the Sham-Walking and Sham-Inactive rat groups, respectively,
and open squares and triangles show median values for the OVX-

voltage of 50 kV and a tube current of 550 pA using a
voxel size of 80 x 80 x 460 um. Cortical bone was
defined as the voxels of bone with BMD above 690 mg/
cm’. Trabecular bone was below 395 mg/cm3 [7]. Femur
slices at 3 and 15 mm from the distal end were used for
cancellous and cortical BMD measurements. For the slice
at 15 mm from the distal end, we measured periosteal and
endocortical perimeters and calculated cortical area and the
cross-sectional moment of inertia (CSMI) on the frontal
plane [8, 13]. CSMI was defined by the pQCT software as
>ai(y; — yC)Z, where g; is the voxel area and y; — y. is the
distance in the vertical direction from each voxel to the
horizontal axis passing through the center of the area. The
sum was performed over the voxels that were defined as
cortical bone by the attenuation threshold. We performed
measurements of tibia slices at 5 and 17 mm from the
proximal end. A 1.5-mm slice in the middle of the L4
vertebra was scanned to determine cancellous BMD and
BMC. Three replicate scans of the 460 pm thick slices
were performed for each measurement.

Microfocused X-ray computed tomography (micro-CT)

A micro-CT equipped with a microfocus X-ray tube (focus
size 8 x 8 um, MCT-100MF, Hitachi Medical Corpora-
tion, Tokyo, Japan) produced a three-dimensional (3D)
image of each femur from 200 image slices between 1.5 to
2.75 mm proximal to the growth plate. The tube voltage,
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Walking and OVX-Inactive rat groups, respectively. Vertical bars
show the SEM. Differences with P values of <0.05 are statistically
significant. The letter “a” represents a significant difference between
the OVX groups and the Sham-Walking group, and the letter “b”
represents a significant difference between the OVX groups and the
Sham-Inactive group

tube current, magnification, and voxel size were 70 kV,
100 mA, 7x and 17.8 x 17.8 x 17.8 pm, respectively.
Using TRI/3D BON software (Ratoc System Engineering
Co. Ltd, Tokyo, Japan), 3D structural parameters such as
bone volume (BV, mm3), bone surface area (BS, mm2),
bone volume fraction (BV/TV, %), trabecular thickness
(Tb.Th, pm), trabecular number (Tb.N, 1 mm_l) and tra-
becular separation (Tb.Sp, um), were calculated [26]. For
the bone regions we separated cortical bone from trabec-
ular bone by 3D space filtration of the bone marrow cavity;
data from the each slice were converted to binary data
using a threshold obtained by a discriminant analysis in
which the pixel value histograms of background and bone
were assumed to be normally distributed. We then chose
the threshold as an intermediate pixel value lying on the
tails of the two normal distributions.

Mechanical testing

The mechanical properties of the right tibiae were mea-
sured using the three-point bending method and an MZ-
500S mechanical testing device (Maruto CO. Ltd, Tokyo,
Japan). The bending load was applied at 17 mm from the
proximal end of the tibia on the posterior surface at a speed
of 10 mm/min until fracture, with the anterior surface of
the tibia face down on supports separated by 13 mm. The
ultimate force, breaking force, stiffness (slope of the load—
displacement curve), and work-to-failure (area under the
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load—displacement curve before fracture) were measured as
whole-bone mechanical properties. The intrinsic biome-
chanical properties such as ultimate stress were calculated
using the formula

ou = Fy(Lc/4I)

where F, is ultimate force and L is the span of the support
points (13 mm), c is the half-width of mid-shaft in the load
direction from the pQCT pictogram, and I is the CSMI. As
in Jamsa et al. [13] we used the slope of the elastic part of
the load—displacement curve to give an approximation for
the displacement for calculations, because the calculation
of elastic modulus has been reported to be inaccurate for
the three-point bending test.

Confocal laser Raman spectroscopic measurements

Confocal laser Raman microspectroscopy was used to
determine the composition and relative intensities of mineral
and matrix in the mid-shaft anterior cortex of the right tibia
17 mm from the proximal end. Values for anterior mineral
matrix ratio were similar among periosteal, intracortical and
endocortical bone compartments (data not shown). There-
fore, we chose the intracortical compartment for our mea-
surements. A Nicolet Almega XR Dispersive Raman
microscope system equipped with the OMNIC Atlpus imag-
ing software program (ThermoFisher Scientific, Inc., MA)
was used as previously reported [20]. An area less than
1 um? can be mapped using Atlps mapping with a visualized
sample on the video microscope. A high-brightness, low-
intensity laser operating at 780 nm was used as the excitation
source with a laser power of 35 mW. Each spectrum is the
sum of ten 10 s measurements. In the Raman system, the
confocal aperture has a pinhole of 50 pm diameter. The
image area of the CCD used for capturing the grating spectra
was reduced to 360 lines/mm in the confocal mode. The
Rayleigh line was removed from the collected Raman scat-
tering by a holographic notch filter located in the collection
path. Raman scattering was detected using a CCD camera at
a spectral resolution of 3.85 cm™'. The peak areas were
calculated between the following Raman shift numbers:
PO; ™ vy, 981.9-925.7 cm™'; PO; ™ vy, 631.0-545.8 cm™;
CO3™ vy, 1087.9-1052.1 cm™'; amide I, 1716.3-1541.2
em™'; amide III, 1298.1-1214.4 cm™'; CH, wag,
1492.6-1363.6 cm ™' as in Akkus et al. [1]. Crystallinity was
determined as the inverse of the width of the phosphate
symmetric-stretch band (PO?{ vy at 959 cmfl) at half the
maximum intensity value [37].

Histology

For sclerostin staining, the distal halves of six left femurs
from the four treatment/control groups were decalcified in

0.5 M EDTA for 14 days at 4°C and embedded in paraffin
to make 4 um sections. The Baseline rat group was not
examined. Anti-mouse SOST goat polyclonal antibody
AF1589 (R & D Systems, Minneapolis, MN) was used at
20 pg/ml. Sclerostin-positive brown cells, stained with
3,3’-diaminobenzidine tetrahydrochloride as a peroxidase
substrate for the secondary anti-goat IgG, and the total,
including hematoxylin-counterstained blue cells, were
counted. To estimate the number of sclerostin-positive
osteocytes, we counted more than 200 cells in each area,
and five areas across the entire width were counted in six
specimens from each group.

Bone canaliculi were stained by Bodian’s method, a
method we have described previously [12]. Briefly, depa-
raffinized 4 pum tibia sections were incubated in a protein—
silver solution containing copper pellets at 37°C for 24 h
and then reduced with 5% formalin in 1% hydroquinone
for 30 min at room temperature. The sections were then
treated with 0.5% gold chloride solution for 50 min and
with 2% oxalic acid solution for 60 min. Finally, the sec-
tions were dehydrated and embedded for microscopic
observations.

Statistical analysis

Except in Fig. 1, all data values are presented individually
with the horizontal lines showing median values = SEM.
Statistical evaluation was by analysis of variance
(ANOVA) with Bonferroni’s multiple comparison test. To
compare two groups, the Mann—Whitney test was used.
P <0.05 was defined as significant; ***P < (0.001,
**P < 0.01, *P < 0.05. For data analysis, a commercially
available statistics package, Prism 4 (GraphPad Software,
La Jolla, CA), was used. In figures, asterisks show differ-
ences between treatment/control groups and pound symbols
show differences between the Baseline and Sham-Walking
groups. Due to the fact that the 14-week rats grew during the
15-week experiment, many parameters changed because of
this growth.

Results
Body weight and bone measurements

There was no significant difference in the body weight
values or the lengths of L4 vertebra, femur, or tibia
between the four experimental groups. Forced inactivity
caused no significant effect (data are supplied in Supple-
mentary Table S1). Values in the treatment groups may be
greater than the 14-week baseline values because of normal
skeletal growth.
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Biochemical markers of bone turnover

The serum levels of type I collagen CTx and Rat-MID
osteocalcin were analyzed for bone resorption and bone
formation levels, respectively (Fig. 1c, d). At weeks 1 and
4 after the operation, the CTx values of the OVX-Walking
group were significantly elevated compared to both Sham
groups (P < 0.05). The CTx values of OVX-Inactive rats
were also significantly higher than those of the Sham-
Walking group at 1 week (Fig. lc, P < 0.05). At weeks 8
and 12, these CTx values were elevated only compared to
the Sham-Inactive group (P < 0.05). The osteocalcin levels
of the OVX rats were significantly higher than those of
Sham rats at 4 weeks (Fig. 1d, P < 0.05). Forced inactivity
had no apparent effect on osteocalcin.

Cancellous bone parameters as determined
by micro-CT and pQCT analysis

The effect of forced inactivity and OVX on cancellous bone
parameters was assessed by micro-CT and pQCT. Figure 2a
shows representative reconstructions from 3D micro-CT
images of L4 vertebra and of tibia epiphysis at 14 weeks
(Baseline) and after 15-week treatment at 29 weeks. Rats in
both the OVX-Walking and OVX-Inactive groups showed
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Fig. 2 Effect of inactivity on micro-CT and pQCT parameters for
both Inactive groups. a Representative 3D images of a lumbar
vertebra (L4) and tibia at 14 weeks (Baseline, BL) and after 15 weeks
of forced inactivity (at 29 weeks). b Cancellous BMD values from
pQCT measurements. Filled circles, squares, triangles, down-point-
ing triangles and diamonds represent individual values in Baseline,
Sham-Walking, Sham-Inactive, OVX-Walking and OVX-Inactive
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severe osteoporotic thinning of cancellous bone. Micro-CT
results show that the Sham-Inactive BV/TV value alone is
significantly different from the Sham-Walking counterpart
in tibial structural measurements, while all parameters in
OVX-Inactive L4 vertebra and Tb.Sp in OVX-Inactive tibia
are significantly different from those in the OVX-Walking
group in a catabolic manner (Table 1, P < 0.05). Inactivity
elicited no deficit in the tibia and was mostly insignificant in
L4 cancellous bone unless combined with ovariectomy
(Table 1). The pQCT analysis (Fig. 2b) showed that can-
cellous BMD was significantly lower only in the OVX
groups against the Sham groups (P < 0.05). The BMD
value was also significantly lower in the OVX-Inactive
group than in the OVX-Walking group in L4 vertebra.

Cancellous lumbar bone parameters determined
by histomorphometry

To confirm that inactivity in Sham rats has no significant
effect on the above-mentioned L4 cancellous bone para-
meters, dynamic histomorphometry was introduced. For all
parameters related to bone formation (Fig. 3a—g), signifi-
cant differences were between Sham and OVX groups
(P < 0.05). In addition to the formative parameters, two
measures of resorption, osteoclast surfaces (Oc.S/BS)
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groups, respectively. Data values for each rat are plotted together with
three horizontal lines the show the values of the median and £ SEM.
Asterisks above connected pairs of values indicate significant
differences (***, ** and * correspond to P < 0.001, P < 0.01 and
P < 0.05, respectively). A pound symbol indicates a significance
difference (P < 0.05) between the Baseline and Sham-
Walking groups
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Table 1 Parameters by micro-CT analysis of 4th lumbar (L4) and tibia epiphysis

Parameter Baseline (14 weeks) Treatment (29 weeks)
Sham-Walking Sham-Inactive OVX-Walking OVX-Inactive

BV/TV (%)

L4 41.3 (1.4) 27.0 (1.5) 26.2 (1.5) 23.8 (1.0)* 19.6 (1.3)**

Tibia 22.1 (3.6) 17.3 (1.2) 13.8 (1.6)* 6.0 (0.6)™ 3.6 (0.4)™
Tb.Th (um)

L4 714 (2.3) 69.1 (1.4) 66.8 (2.1) 67.5 (1.2) 64.3 (1.9)™°

Tibia 56.0 (0.7) 61.0 (1.4) 55.6 (1.8) 54.3 (1.8) 48.6 (1.6)*
Tb.N (mm™")

L4 5.80 (0.07) 3.99 (0.15) 3.93 (0.11) 3.57 (0.11) 3.09 (0.1)°

Tibia 3.87 (0.24) 2.76 (0.16) 2.49 (0.23) 1.14 (0.08)™ 0.71 (0.07)™
Tb.Sp (um)

L4 102.1 (3.2) 182.2 (10.2) 187.5 (8.6) 213.7 (9.1) 260.7 (15.1)*°

Tibia 204.4 (15.9) 304.6 (23.4) 347.2 (48.7) 828.6 (61.5)™ 1373.2 (112.8)**

Values are the median (SE); n = 6/group. Within the treatment groups, * P < 0.05, versus Sham-Walking; bp< 0.05, versus Sham-Inactive;
¢ P < 0.05, versus OVX-Walking by Bonferroni’s multiple comparison test. Except for the BV/TV (Tibia) and Tb.Th (L4 and Tibia), all values
in the Sham-Walking group are significantly different from the Baseline values, P < 0.05

(Fig. 3f) and osteoclast number (N.Oc/B.Ar) (Fig. 3g),
were significantly higher for the OVX-Inactive rats than for
the Sham-Walking rats (P < 0.001). OVX-Inactive rats
showed higher values than for the Sham-Inactive rats
(P < 0.01). Sham-Inactive rats showed higher value than
for the Sham-Walking rats, only in the N.Oc/B.Ar
(P < 0.05). Additive effect of inactivity on ovariectomy
was observed.

Characteristics of cortical bone for inactive
and walking rats

Inactivity caused a difference between Sham-Inactive and
Sham-Walking rat bones that is apparent in the pQCT tibial
tomograms (Fig. 4a). Statistical analysis of the CSMI
values corroborated the differences apparent in the tomo-
grams. For tibia samples there was a significant difference
in CSMI between both the Sham-Inactive and Sham-
Walking and between the Sham-Inactive and OVX-Walk-
ing groups. For femur samples, there was a significant
difference in CSMI only between the Sham-Inactive and
Sham-Walking groups (Fig. 4b, P < 0.05). pQCT also
showed that femoral and tibial cortical area (Ct.Ar), mar-
row area (Ma.Ar) and cortical perimeters (Ps-Pm and
Ec-Pm) and cortical BMC (significant only in femur) in
Sham-Inactive rats were less than the values for their
Walking counterparts, with the exception of BMD and
cortical thickness (Ct.Th). In OVX groups, fewer parame-
ters exhibited significant differences between the Inactive
and Walking groups as in cortical BMC and area (Ct.Ar)
for both femur and tibia and pericortical perimeter (Ps-Pm)
for tibia alone (Table 2, P < 0.05). Values for femur and

tibia were found to be highly correlated (cortical BMC:
r*=0.822 at P <0.001, cortical area: r* = 0.864 at
P <0.001, CSML: r* = 0.681 at P <0.01; n = 24). As
shown in the Ec-Pm and Ma.Ar, the marrow cavity was
significantly narrower in the Sham-Inactive group com-
pared to both Walking groups (Table 2). To characterize
the narrow marrow space in the Sham-Inactive cortex,
Bodian’s staining was introduced to visualize the endo-
cortical surface layers of osteocytes (Fig. 4c). In the tibia
of the Walking rats, osteocytes and their canaliculi were
more regularly arranged along the lamellar layers as in the
tibia of the Baseline 14-week-old rats. In Sham-Walking
bones, osteocytes were arranged in lines within the per-
fectly aligned lamellar stacking structure. The canaliculi
are typically perpendicular to the lacunae and the lamellar
boundaries. On the contrary, in the endocortical bone of
Inactive rats, the osteocyte lacunae were not arranged in
lines, but instead were associated with knotty canaliculi
running in zigzags.

Mechanical properties

The mechanical properties of tibia were analyzed by the
three-point bending test. The tibia was chosen because of
less change due to growth during the 15-week experiment.
From the measurements of ultimate force, stiffness and
work-to-failure, material properties such as ultimate stress,
elastic modulus and toughness were calculated. Although
there was a trend of lower measured values in the Inactive
groups than in the Walking groups (Supplementary Fig.
S1A-C), the differences between the four experimental/
control groups were not significant (Supplementary Fig.
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Fig. 3 Histomorphometric 2D
parameters of cancellous bone
in L4 lumbar vertebrae.
Parameters are a mineral
apposition rate (MAR),

b mineralized surface percent
(MS/BS), ¢ ratio of bone
formation rate to bone surface
area (BFR/BS), d ratio of bone
formation rate to bone volume
(BFR/BV), e osteoblast surface
area per unit bone surface area
(Ob.S/BS), f osteoclast surface
area per unit bone surface area
(Oc.S/BS), and g osteoclast
number per unit surface area
(N.Oc/B.Ar). As in Fig. 2b,
individual values are shown,
asterisks over connected pairs
indicate significant differences,
and a pound symbol indicates a
significance difference

(P < 0.05) between the
Baseline and Sham-Walking
groups

S1A-F). However, the combined Inactive group (Sham-
Inactive and OVX-Inactive) showed significantly lower
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values than the combined Walking group in the ultimate

force/ultimate stress parameters (Fig. 5a, d). While the
trend shows lower toughness and higher elastic modulus
values for the Inactive group, no other parameters showed
any significance (P < 0.05).
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Cortical bone analysis by confocal laser Raman
microspectroscopy

The matrix and mineral components in anterior intra-cor-
tical bone were studied by confocal laser Raman micro-
spectroscopy in the femur and tibia (Fig. 6a). Raman

spectra of tibia reveal the resolvable mineral factor to be
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Fig. 4 Characterization of
tibial and femoral cortical bone.
a Cross-sectional pQCT
tomograms of tibia show
differences brought by 15-
weeks of inactivity, OVX, or
both. b Cross-sectional moment
of inertia (CSMI, axis on the
frontal plane) calculated from
the pQCT measurements as
described in “Materials and
methods”. Some other
parameters are provided in
Table 2. As in Fig. 2b,
individual values are shown,
asterisks over connected pairs
indicate significant differences,
and a pound symbol indicates a
significance difference

(P < 0.05) between the
Baseline and Sham-Walking
groups. ¢ Characteristics of
osteocyte canaliculi visualized
by Bodian’s staining in the
endocortical surface area at
mid-shaft of the left tibia. Four
experimental groups and the
baseline group are compared.
Bars represent 50 um

Baseline

carbonated apatite (Fig. 6b). The peak wave numbers were
almost identical to those reported by Tarnowski et al. [30],
and the resolvable matrix factor was of a collagenous
protein. The profiles of mineral parameters such as car-
bonate/phosphate ratio and crystallinity were similar for all
five groups, and the Sham-Inactive mineral-to-matrix ratio
showed a trend of generally higher ratio regardless of
mineral or matrix species (Supplemental Fig. S2).

Sham
Walking

Baseline

Inactive

OVX

Inactive

Sham-Inactive
T ST A

In the combined Inactive group, the mineral-to-matrix
ratio showed higher values than the Walking counterpart
(Fig. 6c, PO3~ v,/amide I in femur, P = 0.06), while Sham
and OVX groups were not significantly different (data not
shown). Profiles of PO3~ v,, amide III and their ratio PO3 ~
v4/amide III, are also examined since PO?( v, and amide I,
commonly used for the determination of mineral and
organic components, are sensitive to the orientation and the
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Table 2 Parameters by pQCT
analysis of femur and tibia
diaphysis

Parameter  Baseline (14 weeks)

Treatment (29 weeks)

Sham-Walking  Sham-Inactive =~ OVX-Walking OVX-Inactive

Ct.BMD (mg/cm?®)

Femur 1279 (4)
Tibia 1235 (3)
Ct.BMC (mg/mm)
Femur 4.9 (0.1)
Tibia 3.4 (0.1)
Ct.Ar (mm?)
Femur 3.8 (0.1)
Tibia 2.7 (0.1)
Ct.th (mm)
Femur 0.54 (0.01)
Tibia 0.49 (0.01)
Ma.Ar (mm?)
Femur 2.46 (0.09)
Values are the median (SE); Tibia 1.35 (0.04)
n = 6/group. Within the Ps-Pm (mm)
treatment groups, a‘P < 0.05, Femur 8.9 (0.1)
versus Sham-Walking; .
bp< 0.05, versus Sham- Tibia 7.1(0.1)

Inactive; © P < 0.05, versus Ec-Pm (mm)

OVX-Walking by Bonferroni’s Femur 5.6 (0.1)
multiple comparison test. All o

values in the Sham-Walking Tibia 4 410D
group except for the tibial CSMI (mm”)

Ec-Pm are significantly Femur 3.0 (0.3)
different from the Baseline Tibia 1.2 (01)

values, P < 0.05

1367 (5) 1368 (3) 1366 (3) 1375 3)
1347 (3) 1345 (5) 1355 (5) 1354 (7)
8.3 (0.2) 7.4 (0.2) 8.3 (0.2)° 7.5 (0.1)*
5.6 (0.2) 53 (0.1) 6.0 (0.1)° 5.2 (0.1)°
6.1 (0.1) 5.5 (0.1 6.0 (0.1)° 5.4 (0.1)*
42 (0.1 3.9 (0.2) 43 (0.1)° 3.9 (0.1)°
0.68 (0.01) 0.66 (0.01) 0.68 (0.02) 0.63 (0.01)
0.68 (0.02) 0.68 (0.01) 0.71 (0.02) 0.64 (0.01)
3.71 (0.20) 3.06 (0.05)* 3.57 (0.08)° 3.45 (0.07)
1.50 (0.10) 1.03 (0.03) 1.33 (0.08)° 1.30 (0.04)°
11.1 (0.2) 10.4 (0.1 10.9 (0.1)° 10.5 (0.1)
8.3 (0.2) 7.8 (0.1 8.4 (0.1)° 8.1 (0.1)°
6.8 (0.2) 6.2 (0.1 6.7 (0.1)° 6.6 (0.1)
43 (0.2) 3.6 (0.1)* 4.1 (0.1)° 4.1 (0.1)
6.4 (0.4) 5.1 (0.1 6.1 (0.2) 5.5(0.2)
2.2 (0.2) 1.4 (0.1)* 2.0 (0.1)° 1.7 (0.1)

polarization direction of the incident light, while bands
such as amide III, PO;{_ v, and PO;{_ v, are less susceptible
to these orientational effects [16]. In fact, PO?C y,/amide I
showed lower P value than POZ_ v4/amide III (Fig. 6¢).

Characteristics of osteocytes

Cortical osteocytes in the anterior segment were charac-
terized by immunohistochemical staining of sclerostin, a
SOST gene product found in osteocytes (Fig. 7a, b). The
expression of sclerostin, which modulates the proliferation
and differentiation of osteoblasts, inhibits bone formation
[29, 33, 35]. In the cortices of the Inactive group, strong
sclerostin staining appeared evenly throughout the mid-
and outer cortex, spread through the canaliculi, on cells and
on the lacuna wall except for the endocortical surfaces. In
contrast, there was only a limited expression of sclerostin
in the corresponding specimens from the Walking group.
Immunoreactive cells and negative blue-stained cells
alternated in patches. Even when present, sclerostin was
localized mainly on the cell bodies or on the lacuna walls
(Fig. 7b). Counts of sclerostin-positive osteocytes per unit
area in the cortex in Fig. 7c showed that the number for the

@ Springer

Sham-Inactive group (161 £ 18) is significantly larger
than the number for the Sham-Walking group (121 £ 21)
(P < 0.05).

Discussion

Although postmenopausal estrogen loss is an essential
factor in the pathogenesis of osteoporosis in elderly
women, there is no proper measure to estimate how lack of
physical activity contributes to this pathogenesis. It will be
beneficial to identify the two components experimentally in
order to better understand postmenopausal osteoporosis.
Our model was not intended to entirely deprive rats of
movement. Rather, we wished to mimic the conditions of
elderly women who walk less than a mile a week [18]. Our
data show that inactivity causes local deterioration of
cortical bone material properties such as ultimate stress as
well as of geometry, but that estrogen deprivation does not
(Figs. 4, 5, 6, 7, S1). It should be noted, however, that the
overall turnover of bone, as judged by the serum bone
turnover markers, is solely dependent on estrogen status.
To our surprise, fewer cortical parameters exhibited
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Fig. 5 Effects of inactivity and OVX on mechanical properties of
tibia. The whole-bone mechanical properties measured were a ulti-
mate force, b stiffness (slope of the load—displacement curve), and
¢ work-to-failure (area under the load—displacement curve before
fracture). The intrinsic biomechanical properties are d ultimate stress,

significant differences between the OVX-Inactive and
OVX-Walking groups than between the Sham-Inactive and
Sham-Walking groups. Specifically, deterioration does not
necessarily accompany anomalous resorption or degrada-
tion of bone matrix.

Entirely different results from our underuse model have
been reported in most hind-limb unloading models of
rodents. In rapid endocortical bone loss in hind-limb-
unloaded male mice at 10-14 weeks of age, osteoclasts
were reported to play a critical role; sympathetic nervous
tone mediates unloading-induced 40-60% loss of trabecu-
lar BV/TV in 10 days, which acts through suppression of
bone formation by osteoblasts and enhancement of
resorption by osteoclasts [17]. Earlier, Bagi et al. [3]
reported in female SD rats at 15 weeks of age that ovar-
iectomization and hind-limb-unloading both increased en-
docortical resorption surface, endocortical perimeter, and
expansion of the marrow cavity after 12-week intervention.
These results with similar age rodents are entirely different
from those obtained with our inactive rat model; however,
other models with much younger rats showed rather similar
results to ours: hind-limb unloading did not increase mar-
row area in a 2-week experiment, which started when the
rats were 4-5 weeks of age [10]. In an extreme case,
bandaging the leg at 4 weeks of age and a longer 20-week
unloading caused severe constriction of marrow volume to

e elastic modulus, and f toughness. Individual values are marked as in
Fig. 2b. Significance was presented as in Fig. 2b between the
combined Walking and combined Inactive groups (¥**P < 0.001
and *P < 0.05). Separate results for four groups can be found in
Supplementary Fig. S1

18% of the control leg as reported for the endocortical bone
of rat tibia [36]. In the underused hind-limb bones of 14-
week rats in the current study, cortical BMD is not lower,
nor is cortical thickness more decreased in the Sham-
Inactive group than in the Sham-Walking group after a 15-
week intervention. The difference in the tibial trabecular
bone BV/TV was only 20% with and without the 15-week
inactivity. Moreover, in L4 vertebrae a trend towards
higher osteoblast recruitment and activity are found in
inactive rat groups (Fig. 3). In the endocortical bone the
marrow area was significantly smaller, as shown in
Table 2. We observed higher mineralized perimeter and
bone formation rates in the Sham-Inactive group than in the
Sham-Walking group (data not shown). In one of the few
studies of reduced walking-related strain, Thomas et al.
[31] reported a similar effect on trabeculae (29% loss of
trabecular BV/TV after 12 weeks) and a 90% increase in
endocortical bone formation rate/bone surface (BFR/BS) in
an adult sheep model of hock-joint immobilization.
Although it is in a hoofed animal, endocortical bone for-
mation occurred as a result of forced underuse in an adult
animal. The reasons for the variable responses, either
because of skeletal growth or the involvement of a f-
agonist, remain to be resolved. Unfortunately, our use of
skeletally immature rats prevented us from differentiating
the effects of growth from those of inactivity. In our study,
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Fig. 6 Effect of interventions
on mineral and matrix
parameters analyzed by
intracortical measurements of
bone components by confocal
laser Raman vibrational
spectroscopy. a Site of
measurements in femur and
tibia, b representative tibia
spectra from the five groups
including a Baseline (BL) 14-
week control, and ¢ ratios of
peak intensities from PO?( Va,
580 cm™'; PO3™ vy, 959 cm™!;
CO%‘, 1072 cm™'; amide 111
1242 cm™" and amide I,

1666 cm™" are shown.
Individual values are marked as
in Fig. 2b. The difference
between PO?f vi/amide I in the
combined Walking and the
combined Inactive groups was
not significant except in femur,
where P = 0.06. Separate
results for four groups can be
found in Supplementary Fig. S2
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we used 14-week-old rats, which grew significantly during
the 15-week experiment. The effect of ovariectomy was
similar to that observed in the 10-week rats [28] in that no
significant difference in the marrow area was observed in
comparison to the Sham groups. In the future, we will use
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skeletally mature rats as a model to study the effects of
inactivity in postmenopausal osteoporosis.

In our current experiment using adult rats in a new
model system of inactivity, we have shown that the major
structural parameters determining the strength of cortical
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Fig. 7 Immunohistochemical
staining of sclerostin (a, b) and
the numbers of positively-
stained osteocytes (c) in the
Walking and Inactive rat
groups. Cortical sections were
prepared from decalcified bone
from the distal half of the left
femur that had been embedded
in paraffin. Localization of
sclerostin visible in the
intracortical area bounded by
rectangles in a was magnified as
in b. Original magnifications are
x10 (a) and x40 (b). Bars
represent 500 um in a and

50 pm in b. Note the heavy
staining of lacuno-canalicular
network in both the Sham-
Inactive and OVX-Inactive rat
groups in b; stained cell bodies
and lacunae were detected in
patches in the Walking rat
groups. In ¢, number of stained
cells were compared by
counting over two hundred cells
in each of the five areas in each
sample (n = 4). Individual
values are marked as in Fig. 2b.
*Significance between the
intervention/control groups

(P < 0.05). The Baseline rat
group was not examined
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bone depend on physical activity and not on estrogen sta-
tus. First, the geometric parameters showed that for the
Sham-Inactive group, the periosteal and endocortical
perimeters were significantly shorter, the cross-sectional
area of the marrow was significantly less, and the CSMI
was significantly less compared to the values for walking
rats (P < 0.05). A difference in strength is predictable in
part from such structural changes, which give rise to dif-
ferent CSMI [9, 13]. Beck et al. [4] reported that women
who were more active had geometrically stronger femurs
although the effects are underestimated when using BMD
as an outcome. Secondly, the Inactive rat tibia can be
weaker with more sclerostin-positive osteocytes per area of
cortical bone (Fig. 7c) that results in inhibited activity and
apoptosis of osteoblasts connected to these osteocytes as
discussed below [2, 12, 25, 33, 35]. In addition, if the ratio
of cortical bone mineral/matrix ratio, obtained by vibra-
tional Raman spectroscopy, is significantly larger in the
Inactive rat group than in the Walking group, this means
that mineral intensity per unit matrix intensity is higher.
The BMC values derived from pQCT analysis, however,
showed that Inactive rat femur have a significantly lower
BMC than in the Walking rats. This means that the matrix
intensity in the cortical bone of the Sham-Inactive rat group
is lower. Lower matrix intensities are derived not only from
>C=0 vibration (amide I and amide III) but also from

>CH, vibration (a trend, data not shown). Whether it is the
difference in mineral/matrix content or the orientation,
which was reported by Kazanci et al. as prevalent in PO3~
vy/amide I ratio [16], Inactive rat cortex is different from
that in the Walking rat. Comparing the inbred strains of
mice, Courtland et al. reported that A/J mouse femora had a
higher mineral/matrix ratio and a significantly larger (21%)
modulus (34.9 4+ 4.4 GPa) than C57BL/6J (B6) femora
(27.4 £ 4.1 GPa). Such B6 femora, however, performed
47% more work-to-failure than A/J femora and demon-
strated toughness by nearly 60% more total strain [6]. The
indication that A/J femora are more brittle than B6 femora
[6], appears similar to our data comparing Inactive rat tibia
against the Walking controls. Although not significant,
modulus values are higher and toughness (work of failure)
values are lower in the Inactive groups (Fig. Se, f, c),
supporting the brittleness of the tibial cortex. As seen in
Supplementary Figs. S1 and S2, estrogen status is not a
determinant of material properties.

The smaller marrow area in the Sham-Inactive group,
which may have resulted from the slower growth as a
consequence of inactivity (Fig. 4; Table 2), explains, at
least in part, the geometrical differences such as the smaller
CSMI and the poor mechanical properties in the Inactive
rat underused bone. We have reported that younger
osteocytes maintain the synthetic activity and are more
sensitive to stretching than their older, deeply embedded
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counterparts [22, 23]. Although in Fig. 4, we have not been
able to quantify the degree of orderliness of the osteocyte
layers close to the endocortical surface, many images of
Inactive rat tibia suggest that the lacuno-canalicular ori-
entation is irregular in the endocortical surface. In contrast,
the cells in the Walking rat bone have a more orderly
appearance within the parallel lamellae. In accordance with
the less sclerostin staining of the surface osteocytes
apparent in inactive rats, younger osteocytes towards the
surface were reported to express no sclerostin [24]. Scle-
rostin, the SOST gene product of osteocytes, was originally
reported as a bone morphogenetic protein (BMP) antago-
nist secreted from osteocytes. It modulates proliferation
and differentiation of osteoblasts and thus inhibits bone
formation. The osteoblasts also become apoptotic, where
sclerostin is transmitted through the canalicular network
[12, 33, 35]. In this study as well, the results suggest that
the inhibitory message is distributed within the cortical
bone of Inactive rat tibiae. Moreover, previous reports
suggest that sclerostin, which antagonizes the action of
Wat, is strongly associated with the lack of mechano-
transduction through the Wnt-f-catenin pathway [2, 25].
These findings correlate with the staining profiles that we
observed in Fig. 7. In the Inactive rat intracortical osteo-
cytes, heavy sclerostin staining is generally distributed
along the canaliculi, except in the above-mentioned cells at
the endocortical surface area. A larger number of sclero-
stin-positive cells per area were found only in the Sham-
Inactive rat group (Fig. 7c). In this regard, OVX experi-
ments showed that the lack of SOST-sclerostin plays a
critical role in the drift of cortical bone in 30-week-old
female SOST knockout (KO) mice observed 8 weeks after
OVX [5]. While SOST-KO mice have high bone mass and
high BMD in cortical bone, they showed a greater decline
after OVX than did wild-type mice in the midshaft femur,
in which the endocortical perimeter lengthened to expand
the marrow cavity by 70%. The long bones of ovariecto-
mized SOST-KO mice may represent an extreme case of
enlarged perimeters generally found in ambulant post-
menopausal females. It is possible that sclerostin somehow
protects long bones in inactive postmenopausal females.
Further studies on the crosstalk between the signaling
pathways of sclerostin and estrogen, especially in older
rats, will shed light on the role of osteocytes in underused
conditions. We propose that daily activity, such as walking,
is an independent determinant of the properties of rat
cortical bone in femur and tibia. Our inactive rat model will
be useful in the future study of the role that daily activity
plays in the development of osteoporosis.
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