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Abstract The specific orientation of collagen and biological
apatite (BAp) is an anisotropic feature of bone micro-orga-
nization; it is an important determinant of bone mechanical
function and performance under anisotropic stress. How-
ever, it is poorly understood how this microstructure orien-
tation is altered when the mechanical environment changes.
We hypothesized that the preferential orientation of colla-
gen/BAp would change in response to changes in mechanical
conditions, similar to the manner in which bone mass and
bone shape change. In the present study, we investigated the
effect of unloading (removal of anisotropic stress) on the
preferential orientation of collagen/BAp using a rat sciatic
neurectomy model. Bone tissue that formed under unloaded
conditions showed a more disordered collagen/BAp orien-
tation than bone tissue that formed under physiological
conditions. Coincidentally, osteocytes in unloaded bone
displayed spherical morphology and random alignment. To
the best of our knowledge, this study is the first to demon-
strate the degradation of preferential collagen/BAp orienta-
tion in response to unloading conditions. In summary, we
identified alterations in bone material anisotropy as an
important aspect of the bone’s response to unloading, which
had previously been examined with regard to bone loss only.
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Introduction

Skeletal unloading is a clinically significant condition that
results from prolonged bed rest, cast immobilization, mus-
culoskeletal abnormalities (e.g., paralysis and amyotrophy),
and arthroplasty-induced stress shielding. Bone tissue has
the ability to alter its macroscopic and microscopic archi-
tecture to suit its mechanical environment, which is a well-
known functional adaptation. A comprehensive under-
standing of bone responses to unloading or reduced-loading
conditions is important for predicting patient bone strength
when returning to normal loading conditions.

With regard to bone strength, the preferential orientation
of collagen molecules and biological apatite (BAp)
nanocrystals significantly contributes to bone material
properties. The crystallographic c-axes of BAp align with
the long axis of collagen fibrils [1] because BAp crystal-
lizes on the collagen template in an epitaxial manner
through an in vivo self-assembly process. This anisotropic
micro-organization is responsible for the Young’s modulus
of the bone [2] and the anisotropy in Young’s modulus,
ultimate stress, and toughness [3]. It is, therefore, important
to understand how bone collagen/BAp orientation is altered
in response to changes in mechanical conditions.

The adaptive bone response is accomplished by alter-
ations in bone mass or geometry, as assessed by cross-
sectional area, second moment of inertia, porosity, bone
mineral density (BMD), and other parameters [4-6].
However, the effect of reduced loading on the collagen/
BAp orientation is poorly understood, in spite of its rele-
vance to bone strength. We hypothesized that the degree of
anisotropy in the preferential collagen/BAp orientation of
bones would decrease in response to the removal of the
anisotropic stress field, because bone tissue does not
require mechanical anisotropy under unloading conditions.
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The aim of the present study was to elucidate the
responses of bone with respect to material anisotropy. To
do so, we assessed the effect of unloading induced by
sciatic neurectomy (SN) on the degree of preferential col-
lagen/BAp c-axis orientation in rat femurs. In addition,
changes in osteocyte morphology were observed because
osteocytes are believed to be mechanosensors that may
mediate unloading-induced bone responses.

Materials and Methods
Animals and Surgical Operation Procedures

Ten female Sprague—Dawley rats weighing approximately
110 g (aged 4 weeks) were used in this study. All rats were
fed commercial food and water ad libitum and were main-
tained under controlled lighting conditions (12-/12-h light/-
dark cycle) throughout the study. The rats were allowed to
acclimate for 7 days before the experiment began. They
were maintained in normal cage conditions during the
acclimation and experiment periods. Following acclimation,
five rats were killed as a baseline (BL) group. The other five
rats received an SN operation (SN group). Under anesthesia,
the sciatic nerves on the lateral side of the proximal femurs
were resected by 2-3 mm through a small incision made in
the skin. The wound was closed immediately, and the con-
tralateral leg underwent a sham operation and was left intact
as a control (CTL group). Sixteen weeks after surgery, the
experimental rats were killed. Both the right and left femurs
were removed and freed of soft tissues. All femurs were
fixed in 70 % ethanol for 48 h and stored in 10 % neutral
buffered formalin. Here, the BL group was used to confirm
the bone portion that formed under SN-induced unloading
condition by comparing bone size and morphology of SN
femur with BL ones. All experimental procedures were
performed in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee of Daiichi Sankyo
Co., Ltd. and the Animal Experiment Committee of the
Osaka University Graduate School of Engineering.

Radiography and Femoral Length Measurement

Soft X-ray photographs were taken by using Xie (Chubu Med-
ical, Japan) after femur removal using the following parameters:
40-kV, 40-pA, and 71-ms radiation. Antero-posterior projection

was conducted, and femoral length was measured.

Peripheral Quantitative Computed Tomography
(pQCT) Analysis for BMD

The volumetric BMD was measured at seven points along
the long axis of the femur (points 2-8 in Fig. 1) by pQCT

@ Springer

(XCT Research SA+; Stratec Medizintechnik, Germany)
with a resolution of 70 pm x 70 um x 460 pum. A scout
view was used to adjust the positions before measurement.
A BMD of 690 mg/cm’ was considered the cortical bone
threshold.

Polarized Light Microscopy for Assessing Collagen
Orientation

The anterior cortical bone of the femur was decalcified,
embedded in paraffin, thinly sectioned along the longitu-
dinal axis, and then deparaffinized. The thin sections were
visualized by polarized light microscopy (BX60; Olympus,
Japan) with a polarizer and analyzer in cross-position.

Microbeam X-ray Diffraction (uXRD) Analysis
for Determining the Degree of Preferential BAp c-
Axis Orientation

Quantitative crystallographic analysis of the degree of
preferential BAp c-axis orientation was performed using a
pXRD system (R-Axis BQ; Rigaku, Japan) with a trans-
mission optical system, as previously described [7, §]. The
BAp orientation along the long axis of the femur in which
the BAp c-axis was originally and uniaxially oriented was
analyzed [9, 10]. Briefly, Mo-Ka radiation was generated
at a tube voltage of 50 kV and a tube current of 90 mA
(4.5 kW). The incident beam was focused into a small spot
by a double-pinhole metal collimator and radiated verti-
cally to the long axis of the bone. The diffracted X-rays
were collected by an imaging plate (IP) placed behind the
specimen. The detected diffraction pattern reflected the
crystallographic information along the plane vertical to the
incident beam that contains the bone long axis. Two peaks
from the specific crystallographic plane of BAp (002) and
(310) were used to quantitatively analyze the degree of the
preferential BAp c-axis orientation as the relative ratio of
(002) diffracted intensity to (310) intensity. This was pre-
viously reported as a suitable index for evaluating BAp
orientation [9, 11] and bone mechanical function (Young’s
modulus) [2]. Randomly oriented hydroxyapatite (NIST
#2910: calcium hydroxyapatite) powder had an intensity
ratio of 0.8; therefore, values greater than 0.8 indicated the
presence of anisotropic BAp c-axis orientation in the ana-
lyzed direction.

Two types of pXRD measurements were taken. One
determined the position dependency of the degree of BAp
c-axis orientation using the whole bone; the measurements
were taken at seven diaphyseal points along the bone’s
long axis where BMD was measured. An incident beam
(300 um diameter) was radiated in the antero-posterior
direction from the anterior surface; therefore, the recorded
diffraction reflected the crystallographic information in the
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Fig. 1 Soft X-ray photographs
of a CTL, b SN, and ¢ BL rat
femurs. Scale bars 5 mm

anterior and posterior cortices. The measurement duration
was 600 s at each point.

The other pXRD measurement was intended to analyze
the positional dependency within the cortical bone thick-
ness from the periosteal to endosteal side. After preparing a
500-pum-thick sagittal section from the anterior region
using a diamond band saw (BS-300CP; Exakt Apparate-
bau, Germany), a 100-pm-diameter beam was radiated and
the diffraction intensity was collected for 1800 s.

Micro-focused X-ray Computed Tomography (nCT)
and Bone Morphological Analysis

Cross-sectional tomographic images were taken utilizing a
pCT (SMX-100CT-SV3; Shimadzu, Japan) under 53-kV
and 60-pA radiation with a voxel size of 13.45 um. Fol-
lowing the binarization of pCT images, cross-sectional bone
areas and periosteal and endosteal circumferences were
measured using Tri/3D-BON (Ratoc System Engineering,
Japan) to determine the direction of bone growth upon SN.

Confocal Laser Scanning Microscope Observation
of Osteocyte Morphology and Alignment

Anterior cortical bone sections (sagittal plane, ~300 um
thickness) were cut with a diamond band saw and imme-
diately placed in a fixative used for electron microscopy

(0.5 % glutaraldehyde and 2 % paraformaldehyde in
0.05 M cacodylate sodium buffer; pH 7.4) [12] for 48 h at
room temperature for fixation. Cortical sections were then
ground with emery paper (800, 1200 and 2000 grit; Riken,
Japan) to a final thickness of approximately 70 pm and
dehydrated progressively in 75, 95, and 100 % ethanol for
5 min each.

Osteocytes embedded in the bone matrix were visual-
ized by fluorescent staining [13]. Fluorescein isothio-
cyanate isomer I (FITC) (F7250; Sigma-Aldrich, USA)
diluted to 1 in 100 % ethanol was used to stain lacunae and
canaliculi. Specimens were immersed in this solution for
2 h for penetration of the fluorescent dye into the lacunar
and canalicular spaces. The cortical specimens were then
rinsed in 100 % ethanol, air-dried, and mounted on cov-
erslips with fluorescent mounting medium (Dako North
America, USA).

A confocal laser scanning microscope (CLSM) system
(FV1000D-IX81; Olympus, Japan) with a UPlanSApo 60 x
oil objective lens (numerical aperture = 1.35) was used for
observation. The frame size of the image was
258 pm x 258 um (0.5 pm/pixel) with a 16-bit color depth.

Statistical Analysis

The quantitative results were expressed as the mean =+ s-
tandard deviation (SD). For comparing the CTL and SN
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groups, two-tailed paired ¢ tests were used. For comparing
CTL, SN, and BL groups, one-way analysis of variance
(ANOVA) was performed followed by post hoc analysis
with a Tukey HSD test. P values <0.05 were considered
statistically significant. SPSS version 14.0 J software
(SPSS Japan Inc., Japan) for Microsoft Windows was used
for all statistical analyses.

Results
Effects of SN on Bone Size

All animals remained in good health during the experi-
ment. Figure 1 shows soft X-ray photographs of CTL, SN,
and BL femurs. Femoral length did not differ significantly
between CTL (35.5 + 0.4 mm) and SN (35.9 + 0.2 mm)
groups. The SN group femurs showed typical disuse bone
atrophy; femoral shaft widths were significantly reduced.
Moreover, the marrow space of SN femurs was narrower
than that of BL femurs.

BMD and Preferential Orientation of the Collagen/
BAp c-Axis

As shown in Fig. 2a, BMD varied with position from the
proximal to distal regions in both CTL and SN groups, and
the maximum BMD values in both groups appeared near
the mid-diaphysis. SN did not affect BMD at any region.

The degree of preferential orientation of the BAp c-axis
[diffracted intensity ratio of (002)/(310)] also showed posi-
tional dependence in both CTL and SN groups (Fig. 2b); it
peaked at the mid-diaphysis, consistent with the data from a
previous report [14]. The intensity ratio along the femur long
axis in the proximal diaphysis (points 2-5) of the SN femur
was significantly lower than that of the CTL femur.

To identify the bone portion that formed under SN-in-
duced unloading conditions, bone morphology was

analyzed at point 4 where the BAp orientation was
degraded (Table 1). The cross-sectional bone area of the
SN group was significantly higher than that of the BL
group, which indicates that bone formation occurred under
the unloading conditions. The periosteal circumference
length in the SN group was equivalent to that of the BL
group, while the endosteal circumference length was sig-
nificantly lower. This morphometric change indicates that
the bone formed predominantly at the endosteal surface
under SN.

Figure 3 shows polarized light microscopy images and
the distribution of the degree of preferential BAp c-axis
orientation within the cortical bone thickness at point 4 in
the anterior cortex. The homogeneous bright contrast rep-
resents homogeneously and preferentially oriented collagen
molecules along the bone long axis. The CTL femurs
(Fig. 3a) showed more homogeneous collagen alignment
along the femur long axis throughout the bone thickness
from the periosteum to the endosteum, while disordered
collagen directionality was observed in SN femurs, par-
ticularly in the endosteal region (Fig. 3b). A corresponding
trend is found in the BAp orientation distribution (Fig. 3c),
representing a reduction in the degree of BAp orientation
along the femur long axis in the endosteal side of cortical
bone, which was formed under SN conditions.

Table 1 Bone morphological analysis at point 4 where the prefer-
ential orientation was degraded

Endosteal
circumferences
length (mm)

Periosteal
circumferences
length (mm)

Cross-sectional
bone area (mmz)

CTL 6.33 (0.68)° 12.03 (0.71)° 6.56 (0.81)
SN 3.29 (0.42)* 9.11 (0.55)° 5.01 (0.66)*°
BL 2.68 (0.08)" 9.05 (0.43) 6.32 (0.38)

4 P < 0.05 versus CTL
® P < 0.05 versus BL

Fig. 2 Distribution of a BMD 2 9
and b degree of BAp c-axis 1500} (a) o~ | (b)
orientation taken along the :c'g' S8t .
femur long axis. *P < 0.05 . 14501 5 @
between CTL and SN “’E 1400+ % S 7t .
2 29 6 ¢
213501 X =
E S8 sl .
= 1300¢ - ° o
= < © 4+
m 1250 o -
CTL 5 = L CTL
12001 -o- SN 8% 31 -o- SN
1 150 1 L L L L L L % E 2 ! ! ! ! ! ! !
2 3 45 6 7 8 o 2 3 45 6 7 8
Proximal < Point » Distal o Proximal < Point » Distal

@ Springer



J. Wang et al.: Degradation of Collagen/Apatite Arrangement in Unloaded Rat Femurs 91

Fig. 3 Polarized light
microscopy images of a CTL
and b SN femurs at the anterior
cortices of point 4 ¢ Distribution ,
of the degree of preferential -
BAp c-axis orientation along the

(a)CcTL |

femur’s long axis within the S - -
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Osteocyte Morphology and Alignment

Figure 4 shows fluorescently stained lacunae and canaliculi
where osteocyte cell bodies and processes reside. The
images were taken in the anterior cortices at point 4.

In CTL femurs, osteocytes were elongated and aligned
along the long axis of the femur (principal loading

* * *
" [ [
CTL
i 1 mm SN
I
a b c d

Point

direction) throughout the bone thickness (Fig. 4a, b). In
contrast, osteocytes at the endosteal side of the cortex in
the proximal SN femurs were shaped more spherically and
were randomly aligned, which resulted in randomly dis-
tributed canaliculi (Fig. 4c, d).

Taken together, both preferential collagen/BAp orienta-
tion and osteocyte lacunar and canalicular morphology

Periosteum —
Fig. 4 CLSM images of FITC-labeled osteocyte lacunae and canaliculi around point 4 for a CTL and ¢ SN femurs, b, d magnified images of the
boxed regions. Scale bars 100 pm
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showed considerable reductions in anisotropy in the endo-
steal cortex of the SN femurs under unloading conditions.

Discussion

To date, the adaptive responses of bone to its mechanical
environment have been considered to include bone for-
mation, bone resorption, and resultant alterations in bone
mass [4-6]. Previously, the effects of unloading on bone
mass have been investigated using tail suspension [15, 16]
and nerve dissection [17, 18] animal models. In humans,
studies have investigated the bones of astronauts after
space flight [19, 20]. These investigations have revealed
significant bone loss under unloading conditions. To our
knowledge, no study has investigated the effects of
unloading on bone material anisotropy, namely the pref-
erential collagen/BAp orientation, despite the fact that this
largely determines bone material properties. To explore
this, we used SN as a model of unloading and analyzed the
orientation of the collagen/BAp c-axis in SN and con-
tralateral CTL femurs. First, we demonstrated the degra-
dation of the anisotropic collagen/BAp c-axis orientation
upon unloading and the coincident morphological changes
in the osteocyte lacunae and canaliculi. This demonstrated
the bone’s ability to alter its micro-organizational aniso-
tropy in response to changes in external mechanical
stimulation.

Consistent with results obtained from previous studies
that reported bone loss after SN [17, 21, 22], the present
study showed a significant decrease in bone mass in the
femoral diaphysis because of SN. This indicated that
femurs subjected to SN were immobilized sufficiently to
induce bone loss. However, the BMD did not change
because of SN, which is similar to the results of a previous
study on growing rats [23].

The change in the BAp c-axis orientation was position-
dependent along the bone’s long axis. The proximal dia-
physis showed significant degradation in the degree of
preferential collagen/BAp orientation, while the distal
diaphysis did not show a significant change. A previous
study reported that some movements of the upper leg and
knee joint persisted even after SN, indicating that the femur
was subjected to some position-dependent stress [17].
Therefore, it is possible that the distal femur near the knee
joint is subjected to loading even under SN conditions.
Another likely reason of the position-dependent change in
the BAp c-axis orientation is a change in innervation of the
limb which was not investigated in this study. Further
experiments must be performed to elucidate a direct effect
of unloading on the collagen/BAp orientation eliminating
the effects of innervation change.
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According to our detailed pXRD analysis, the bone
tissue that formed under SN condition possessed more
isotropic micro-organization than the normally loaded
bone, which means that SN caused the reduction in the
anisotropy of bone micro-organization in addition to bone
loss. From a biomechanics viewpoint, this bone response to
unloaded conditions is plausible because bone tissue with
more random micro-organization exerts isotropic mechan-
ical properties (e.g., Young’s modulus [24]), while oriented
collagen/BAp micro-organization results in enhanced
mechanical properties in the oriented direction to form
mechanical anisotropy [3, 25]. Under unloading conditions,
bone tissue does not require mechanical anisotropy. Such
unloading-induced alterations in micro-organization are
likely to occur under various clinical conditions, including
bed rest, cast immobilization, and stress shielding due to
metallic implant insertion. It should be noted that these
clinical conditions result in more significant declines in
mechanical function than would be expected from bone
loss alone.

A major challenge for the bone mechanobiology field
will be to elucidate the mechanism by which bone tissue
responds to its external mechanical environment. Osteo-
cytes are promising candidates for regulating this adaptive
bone response. Osteocytes are believed to play an impor-
tant role in regulating bone mass by recruiting osteoblasts
and osteoclasts based on their capability of mechanosen-
sation [26, 27]. Most recently, an important role of osteo-
cytes has been proposed in the regulation of bone
microstructure. Shah et al. [28] showed that BAp particles
beneath elongated osteocytes tended to align to the osteo-
cyte long axis. Kerschnitzki et al. [29] hypothesized that
osteocytes directly control BAp particle orientation, but the
details of this process remain undefined.

The present study demonstrated that morphological
changes in osteocytes and degradation of the preferential
collagen/BAp orientation occurred simultaneously in the
same bone region that formed under unloading conditions.
The cellular cytoskeleton structure and orientation are
reported to be influenced by external mechanical stimuli,
especially the direction of principal strain [30, 31], which
affects cell shape [30, 32]. Indeed, osteocytes in long bones
bearing uniaxial stress have elongated shapes, and they are
aligned in the direction of stress [32, 33]. In contrast,
osteocytes in less-loaded bones such as the calvaria
[32, 33], and unloaded bones [34] have a more spherical
shape which are effective in sensing small stimuli [32].
Therefore, it has been hypothesized that osteocytes change
their cell shape and cytoskeleton organization to effectively
detect the respective mechanical environment [35], thus
regulating the formation of the oriented structure according
to the mechanical environment they detect.
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Using 16-week unloading after SN as a model of
unloading, we identified alterations in bone structural
parameters and collagen/BAp orientation in rat femurs.
However, the effects were different for each parameter
measured. According to Frost’s mechanostat theory [36],
bone mass adapts to stress by different biological processes
during four mechanical usage windows, whose thresholds
are defined as the minimum effective strains (MESs) for
activating the biological process of the adaptive response.
The MESs for changes in bone mass have been experi-
mentally demonstrated [6, 37, 38]. We hypothesize that
there are MESs for activating adaptive changes in collagen/
BAp orientation. It is important to quantitatively define the
relationship between collagen/BAp orientation and applied
stress, as this will improve our understanding of bone
mechanobiology and bone therapy in relation to stress.

In conclusion, the present work first demonstrated the
response of bone to SN-induced unloading through
degradation of the preferential collagen/BAp c-axis orien-
tation. The oriented collagen/BAp micro-organization was
highly determined by the applied stress field. Concurrently,
osteocyte morphology became more isotropic (spherical)
upon SN. Thus, we hypothesized that osteocytes participate
in mechanosensation of anisotropic stress fields and regu-
late the micro-organization of bone tissue. Alterations in
the intrinsic material properties of bone in response to
changes in the mechanical environment have mechanobi-
ological importance, but this is a poorly studied aspect of
bone functional adaptations. In addition to bone mass and
bone geometry that have been traditionally considered,
future investigations on bone adaptation must consider
aspects of bone material anisotropy such as the preferential
collagen/BAp c-axis orientation.
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