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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

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.Electronic supplementary material The online version of this
article (doi:10.1007/s00774-010-0241-9) contains supplementary
material, which is available to authorized users.
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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? pQCT instrument (Stratec

Medizintechnik GmbH, Pforzheim, Germany) with a tube
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voltage of 50 kV and a tube current of 550 lA using a

voxel size of 80 9 80 9 460 lm. Cortical bone was

defined as the voxels of bone with BMD above 690 mg/

cm3. 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
P

ai(yi - yc)
2, where ai is the voxel area and yi - yc 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 lm 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 9 8 lm, 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,

tube current, magnification, and voxel size were 70 kV,

100 mA, 79 and 17.8 9 17.8 9 17.8 lm, 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, lm), trabecular number (Tb.N, 1 mm-1) and tra-

becular separation (Tb.Sp, lm), 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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Fig. 1 Experimental conditions and metabolic bone markers.

a Dimensions of the cages used for restraining rats. b Photograph

of a rat in a restraining cage. c Serum levels of CTx. d Serum levels of

osteocalcin. In c 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-

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
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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

ru ¼ Fu Lc=4Ið Þ

where Fu 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 Atlls imag-

ing software program (ThermoFisher Scientific, Inc., MA)

was used as previously reported [20]. An area less than

1 lm3 can be mapped using Atlls 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 lm 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-1. The peak areas were

calculated between the following Raman shift numbers:

PO4
3- m1, 981.9–925.7 cm-1; PO4

3- m4, 631.0–545.8 cm-1;

CO3
2- m1, 1087.9–1052.1 cm-1; amide I, 1716.3–1541.2

cm-1; amide III, 1298.1–1214.4 cm-1; CH2 wag,

1492.6–1363.6 cm-1 as in Akkus et al. [1]. Crystallinity was

determined as the inverse of the width of the phosphate

symmetric-stretch band (PO4
3- m1 at 959 cm-1) 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 lm sections. The Baseline rat group was not

examined. Anti-mouse SOST goat polyclonal antibody

AF1589 (R & D Systems, Minneapolis, MN) was used at

20 lg/ml. Sclerostin-positive brown cells, stained with

3,30-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 lm 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. 1c, 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

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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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

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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(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:

r2 = 0.822 at P \ 0.001, cortical area: r2 = 0.864 at

P \ 0.001, CSMI: r2 = 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.

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)a 19.6 (1.3)abc

Tibia 22.1 (3.6) 17.3 (1.2) 13.8 (1.6)a 6.0 (0.6)ab 3.6 (0.4)ab

Tb.Th (lm)

L4 71.4 (2.3) 69.1 (1.4) 66.8 (2.1) 67.5 (1.2) 64.3 (1.9)abc

Tibia 56.0 (0.7) 61.0 (1.4) 55.6 (1.8) 54.3 (1.8) 48.6 (1.6)a

Tb.N (mm-1)

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

Tibia 3.87 (0.24) 2.76 (0.16) 2.49 (0.23) 1.14 (0.08)ab 0.71 (0.07)ab

Tb.Sp (lm)

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

Tibia 204.4 (15.9) 304.6 (23.4) 347.2 (48.7) 828.6 (61.5)ab 1373.2 (112.8)abc

Values are the median (SE); n = 6/group. Within the treatment groups, a P \ 0.05, versus Sham-Walking; b P \ 0.05, versus Sham-Inactive;
c 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
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S1A–F). However, the combined Inactive group (Sham-

Inactive and OVX-Inactive) showed significantly lower

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).

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

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), c 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
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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).

In the combined Inactive group, the mineral-to-matrix

ratio showed higher values than the Walking counterpart

(Fig. 6c, PO4
3- m1/amide I in femur, P = 0.06), while Sham

and OVX groups were not significantly different (data not

shown). Profiles of PO4
3- m4, amide III and their ratio PO4

3-

m4/amide III, are also examined since PO4
3- m1 and amide I,

commonly used for the determination of mineral and

organic components, are sensitive to the orientation and the

A

Sham
Walking                Inactive     

Baseline

OVX

Sham-Walking

OVX-Inactive

C

OVX-Walking

Sham-Inactive

Baseline

B

Tibia

*

Femur

Walking                Inactive     

**

*

#

#

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. c 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 lm
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polarization direction of the incident light, while bands

such as amide III, PO4
3- m2 and PO4

3- m4 are less susceptible

to these orientational effects [16]. In fact, PO4
3- m1/amide I

showed lower P value than PO4
3- m4/amide III (Fig. 6c).

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

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

Table 2 Parameters by pQCT

analysis of femur and tibia

diaphysis

Values are the median (SE);

n = 6/group. Within the

treatment groups, a P \ 0.05,

versus Sham-Walking;
b P \ 0.05, versus Sham-

Inactive; c P \ 0.05, versus

OVX-Walking by Bonferroni’s

multiple comparison test. All

values in the Sham-Walking

group except for the tibial

Ec-Pm are significantly

different from the Baseline

values, P \ 0.05

Parameter Baseline (14 weeks) Treatment (29 weeks)

Sham-Walking Sham-Inactive OVX-Walking OVX-Inactive

Ct.BMD (mg/cm3)

Femur 1279 (4) 1367 (5) 1368 (3) 1366 (3) 1375 (3)

Tibia 1235 (3) 1347 (3) 1345 (5) 1355 (5) 1354 (7)

Ct.BMC (mg/mm)

Femur 4.9 (0.1) 8.3 (0.2) 7.4 (0.2)a 8.3 (0.2)b 7.5 (0.1)ac

Tibia 3.4 (0.1) 5.6 (0.2) 5.3 (0.1) 6.0 (0.1)b 5.2 (0.1)c

Ct.Ar (mm2)

Femur 3.8 (0.1) 6.1 (0.1) 5.5 (0.1)a 6.0 (0.1)b 5.4 (0.1)ac

Tibia 2.7 (0.1) 4.2 (0.1) 3.9 (0.2)a 4.3 (0.1)b 3.9 (0.1)c

Ct.th (mm)

Femur 0.54 (0.01) 0.68 (0.01) 0.66 (0.01) 0.68 (0.02) 0.63 (0.01)

Tibia 0.49 (0.01) 0.68 (0.02) 0.68 (0.01) 0.71 (0.02) 0.64 (0.01)

Ma.Ar (mm2)

Femur 2.46 (0.09) 3.71 (0.20) 3.06 (0.05)a 3.57 (0.08)b 3.45 (0.07)

Tibia 1.35 (0.04) 1.50 (0.10) 1.03 (0.03)a 1.33 (0.08)b 1.30 (0.04)b

Ps-Pm (mm)

Femur 8.9 (0.1) 11.1 (0.2) 10.4 (0.1)a 10.9 (0.1)b 10.5 (0.1)

Tibia 7.1 (0.1) 8.3 (0.2) 7.8 (0.1)a 8.4 (0.1)b 8.1 (0.1)c

Ec-Pm (mm)

Femur 5.6 (0.1) 6.8 (0.2) 6.2 (0.1)a 6.7 (0.1)b 6.6 (0.1)

Tibia 4.1 (0.1) 4.3 (0.2) 3.6 (0.1)a 4.1 (0.1)b 4.1 (0.1)

CSMI (mm4)

Femur 3.0 (0.3) 6.4 (0.4) 5.1 (0.1)a 6.1 (0.2) 5.5 (0.2)

Tibia 1.2 (0.1) 2.2 (0.2) 1.4 (0.1)a 2.0 (0.1)b 1.7 (0.1)
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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

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 b-

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,

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

c work-to-failure (area under the load–displacement curve before

fracture). The intrinsic biomechanical properties are d ultimate stress,

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
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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

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

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 c ratios of

peak intensities from PO4
3- m4,

580 cm-1; PO4
3- m1, 959 cm-1;

CO3
2-, 1072 cm-1; amide III

1242 cm-1 and amide I,

1666 cm-1 are shown.

Individual values are marked as

in Fig. 2b. The difference

between PO4
3- m1/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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A

B Sham-Walking

OVX-InactiveOVX-Walking

Sham-Inactive

C

Sham-Walking

OVX-Walking

Sham-Inactive

OVX-Inactive

*

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

910 (a) and 940 (b). Bars
represent 500 lm in a and

50 lm 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 c, 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=O vibration (amide I and amide III) but also from

[CH2 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 PO4
3-

m1/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 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. 5e, 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

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

Wnt, is strongly associated with the lack of mechano-

transduction through the Wnt-b-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.

Acknowledgments We thank Mamoru Komatsu, ThermoFischer

Scientific, Japan, and Dr. Hideaki Takahashi, Niigata University of

Health and Welfare, for their helpful discussion and support during

434 J Bone Miner Metab (2011) 29:422–436

123



the course of this study. We also thank Y. Funayama for his technical

assistance. This investigation was supported in part by grants-in-aid

from the Ministry of Science, Education, and Culture of Japan to

YM-T.

References

1. Akkus O, Adar F, Schaffler MB (2004) Age-related changes in

physicochemical properties of mineral crystals are related to

impaired mechanical function of cortical bone. Bone 34:443–453

2. Armstrong VJ, Muzylak M, Sunters A, Zaman G, Saxon LK,

Price JS, Lanyon LE (2007) Wnt/beta-catenin signaling is a

component of osteoblastic bone cell early responses to load-

bearing and requires estrogen receptor alpha. J Biol Chem

282:20715–20727

3. Bagi CM, Mecham M, Weiss J, Miller SC (1993) Comparative

morphometric changes in rat cortical bone following ovariectomy

and/or immobilization. Bone 14:877–883

4. Beck TJ, Kohlmeier LA, Petit MA, Wu G, Leboff MS, Cauley

JA, Nicholas S, Chen Z (2010) Confounders in the association

between exercise and femur bone in postmenopausal women.

Med Sci Sports Exerc. doi:10.1249/MSS.0b013e3181e57bab

5. Brommage R, Liu J, Suwanichkul A, Powell DR (2006) High

bone mass in sclerostin-deficient knockout mice. Musculoskelet

Neuronal Interact 6:392

6. Courtland HW, Nasser P, Goldstone AB, Spevak L, Boskey AL,

Jepsen KJ (2008) Fourier transform infrared imaging micro-

spectroscopy and tissue-level mechanical testing reveal intra-

species variation in mouse bone mineral and matrix composition.

Calcif Tissue Int 83:342–353

7. Ferretti JL (2000) Peripheral quantitative computed tomography

(pQCT) for evaluating structural and mechanical properties of

small bone. In: An YH, Draughn RA (eds) Mechanical testing of

bone and the bone-implant interface. CRC Press, Boca Raton,

pp 385–405

8. Ferretti JL, Capozza RF, Zanchetta JR (1996) Mechanical vali-

dation of a tomographic (pQCT) index for noninvasive estimation

of rat femur bending strength. Bone 18:97–102

9. Ferretti JL, Mondelo N, Capozza RF, Cointry GR, Zanchetta JR,

Montuori E (1995) Effects of large doses of olpadronate (dimethyl-

pamidronate) on mineral density, cross-sectional architecture, and

mechanical properties of rat femurs. Bone 16:285S–293S

10. Globus RK, Bikle DD, Halloran B, Morey-Holton E (1986)

Skeletal response to dietary calcium in a rat model simulating

weightlessness. J Bone Miner Res 1:191–197

11. Hori M, Takahashi H, Konno T, Inoue J, Haba T, Sakurada T,

Noda T, Fujimoto K (1984) Effect of elcatonin on experimental

osteoporosis induced by ovariectomy and low calcium diet in

beagles. Nippon Yakurigaku Zasshi 84:91–98

12. Inoue K, Mikuni-Takagaki Y, Oikawa K, Itoh T, Inada M,

Noguchi T, Park JS, Onodera T, Krane SM, Noda M, Itohara S

(2006) A crucial role for matrix metalloproteinase 2 in osteocytic

canalicular formation and bone metabolism. J Biol Chem

281:33814–33824

13. Jamsa T, Jalovaara P, Peng Z, Vaananen HK, Tuukkanen J (1998)

Comparison of three-point bending test and peripheral quantita-

tive computed tomography analysis in the evaluation of the

strength of mouse femur and tibia. Bone 23:155–161

14. Kalu DN (1984) Evaluation of the pathogenesis of skeletal

changes in ovariectomized rats. Endocrinology 115:507–512

15. Kawano S, Kanda K, Ohmori S, Izumi R, Yasukawa K, Murata

Y, Seo H (1997) Effect of estrogen on the development of disuse

atrophy of bone and muscle induced by tail-suspension in rats.

Environ Med 41:89–92

16. Kazanci M, Roschger P, Paschalis EP, Klaushofer K, Fratzl P

(2006) Bone osteonal tissues by Raman spectral mapping: ori-

entation-composition. J Struct Biol 156:489–496

17. Kondo H, Nifuji A, Takeda S, Ezura Y, Rittling SR, Denhardt

DT, Nakashima K, Karsenty G, Noda M (2005) Unloading

induces osteoblastic cell suppression and osteoclastic cell acti-

vation to lead to bone loss via sympathetic nervous system. J Biol

Chem 280:30192–30200

18. Krall EA, Dawson-Hughes B (1994) Walking is related to bone

density and rates of bone loss. Am J Med 96:20–26

19. Leblanc AD, Schneider VS, Evans HJ, Engelbretson DA, Krebs

JM (1990) Bone mineral loss and recovery after 17 weeks of bed

rest. J Bone Miner Res 5:843–850

20. Matsumoto Y, Mikuni-Takagaki Y, Kozai Y, Miyagawa K, Na-

ruse K, Wakao H, Kawamata R, Kashima I, Sakurai T (2009)

Prior treatment with vitamin K2 significantly improves the effi-

cacy of risedronate. Osteoporos Int 20:1863–1872

21. Meunier PJ, Delmas PD, Eastell R, McClung MR, Papapoulos S,

Rizzoli R, Seeman E, Wasnich RD (1999) Diagnosis and man-

agement of osteoporosis in postmenopausal women: clinical

guidelines. International Committee for Osteoporosis Clinical

Guidelines. Clin Ther 21:1025–1044

22. Mikuni-Takagaki Y, Suzuki Y, Kawase T, Saito S (1996) Distinct

responses of different populations of bone cells to mechanical

stress. Endocrinology 137:2028–2035

23. Miyauchi A, Notoya K, Mikuni-Takagaki Y, Takagi Y, Goto M,

Miki Y, Takano-Yamamoto T, Jinnai K, Takahashi K, Kumeg-

awa M, Chihara K, Fujita T (2000) Parathyroid hormone-acti-

vated volume-sensitive calcium influx pathways in mechanically

loaded osteocytes. J Biol Chem 275:3335–3342

24. Poole KE, van Bezooijen RL, Loveridge N, Hamersma H, Pap-

apoulos SE, Lowik CW, Reeve J (2005) Sclerostin is a delayed

secreted product of osteocytes that inhibits bone formation.

FASEB J 19:1842–1844

25. Robling AG, Niziolek PJ, Baldridge LA, Condon KW, Allen MR,

Alam I, Mantila SM, Gluhak-Heinrich J, Bellido TM, Harris SE,

Turner CH (2008) Mechanical stimulation of bone in vivo

reduces osteocyte expression of Sost/sclerostin. J Biol Chem

283:5866–5875

26. Ruegsegger P, Koller B, Muller R (1996) A microtomographic

system for the nondestructive evaluation of bone architecture.

Calcif Tissue Int 58:24–29

27. Scarpace PJ, Matheny M, Moore RL, Tumer N (2000) Impaired

leptin responsiveness in aged rats. Diabetes 49:431–435

28. Sibonga JD, Dobnig H, Harden RM, Turner RT (1998) Effect of

the high-affinity estrogen receptor ligand ICI 182, 780 on the rat

tibia. Endocrinology 139:3736–3742

29. Sutherland MK, Geoghegan JC, Yu C, Turcott E, Skonier JE,

Winkler DG, Latham JA (2004) Sclerostin promotes the apop-

tosis of human osteoblastic cells: a novel regulation of bone

formation. Bone 35:828–835

30. Tarnowski CP, Ignelzi MA Jr, Wang W, Taboas JM, Goldstein

SA, Morris MD (2004) Earliest mineral and matrix changes in

force-induced musculoskeletal disease as revealed by Raman

microspectroscopic imaging. J Bone Miner Res 19:64–71

31. Thomas T, Vico L, Skerry TM, Caulin F, Lanyon LE, Alexandre

C, Lafage MH (1996) Architectural modifications and cellular

response during disuse-related bone loss in calcaneus of the

sheep. J Appl Physiol 80:198–202

32. Tou JC, Foley A, Yuan YV, Arnaud S, Wade CE, Brown M

(2008) The effect of ovariectomy combined with hindlimb

unloading and reloading on the long bones of mature Sprague–

Dawley rats. Menopause 15:494–502

J Bone Miner Metab (2011) 29:422–436 435

123

http://dx.doi.org/10.1249/MSS.0b013e3181e57bab


33. van Bezooijen RL, Roelen BA, Visser A, van der Wee-Pals L, de

Wilt E, Karperien M, Hamersma H, Papapoulos SE, Ten DP,

Lowik CW (2004) Sclerostin is an osteocyte-expressed negative

regulator of bone formation, but not a classical BMP antagonist.

J Exp Med 199:805–814

34. Westerlind KC, Wronski TJ, Ritman EL, Luo ZP, An KN, Bell

NH, Turner RT (1997) Estrogen regulates the rate of bone turn-

over but bone balance in ovariectomized rats is modulated by

prevailing mechanical strain. Proc Natl Acad Sci USA

94:4199–4204

35. Winkler DG, Sutherland MK, Geoghegan JC, Yu C, Hayes T,

Skonier JE, Shpektor D, Jonas M, Kovacevich BR, Staehling-

Hampton K, Appleby M, Brunkow ME, Latham JA (2003)

Osteocyte control of bone formation via sclerostin, a novel BMP

antagonist. EMBO J 22:6267–6276

36. Yamamoto N, Takahashi HE, Jee WSS, Ma LYF (1997)

Mechanical stress and bone tissue: histomorphometric study.

J Jpn Soc Bone Morphometry 7:11–16

37. Yerramshetty JS, Lind C, Akkus O (2006) The compositional and

physicochemical homogeneity of male femoral cortex increases

after the sixth decade. Bone 39:1236–1243

436 J Bone Miner Metab (2011) 29:422–436

123


	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
	Abstract
	Introduction
	Materials and methods
	Animals and experimental design
	Biochemical markers of bone turnover
	pQCT analysis
	Microfocused X-ray computed tomography (micro-CT)
	Mechanical testing
	Confocal laser Raman spectroscopic measurements
	Histology
	Statistical analysis

	Results
	Body weight and bone measurements
	Biochemical markers of bone turnover
	Cancellous bone parameters as determined by micro-CT and pQCT analysis
	Cancellous lumbar bone parameters determined by histomorphometry
	Characteristics of cortical bone for inactive and walking rats
	Mechanical properties
	Cortical bone analysis by confocal laser Raman microspectroscopy
	Characteristics of osteocytes

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


