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Effects of unloading by tail suspension on biological apatite crystallite alignment

in mouse femur
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The aim of this study was clarify the effects of reducing various functional pressures essential for the maintenance of bone homeostasis.
Femoral bone mineral density (BMD) and biological apatite (BAp) crystallite alignment were measured in conventionally reared
and hindlimb-unloaded mice. The femur was divided into 10 equal segments perpendicular to the longitudinal axis of the bone and
measurements were performed on the cortical bone in the five segments closest to the midpoint of the femur. Significantly lower BMD
and BAp alignment in the longitudinal (Z-axis) direction were observed in the hindlimb-unloaded group. The present findings suggest
that unloading by tail suspension significantly decreases not only mouse femoral bone mass but also BAp crystallite alignment,

although minimal uniaxial preferential alignment is retained.
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INTRODUCTION

Bone mass and strength decrease during spaceflight and
prolonged immobility in the elderly due to reductions
in the functional pressures exerted by forces such as
gravity and exercise!Y. Mechanical stress is essential
for the maintenance of bone mass and morphology®®.
In his mechanostat theory, Frost postulated that bone
formation is promoted by moderate loading, while bone
resorption is promoted by reduced loading”. Rodan
et al. support the validity of this theory, reporting the
importance of an appropriate load environment for
maintaining bone structure®®. However, in addition to
the weight of the bone itself, muscle and various other
functional pressures are exerted on the bone, resulting
in a complex load-transfer path!®. Functional pressure
varies between bones and it is extremely difficult to
analyze the strength of each bone individually. In in vivo
studies, it is possible to measure applied external forces
at the macroscopic level, but it is difficult to calculate
strain at the microscopic level'”. Therefore, in current
clinical practice, bone strength is predicted indirectly by
evaluating bone mass. However, while measurement of
bone mineral density (BMD) is effective for understanding
the general status of bone, it is ill-suited to microscopic
evaluation of localized characteristics'?.

Nakano et al. have focused on biological apatite
(BAp) crystallite alignment within the bone as a more
precise method of detecting localized changes at the nano-
microscale’. BAp crystallite alignment is an important
factor in bone quality, which also encompasses other
parameters, including bone microstructure, metabolic
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turnover, presence of microfractures, and degree of
calcification'®. The orientation of BAp crystals is known
to play a role in the mechanical function of bone'*'?.
Furthermore, the c-axis orientation of BAp crystals
shows a marked response to local stress. Therefore,
clarifying its characteristics would help determine the
intensity and direction of mechanical stress'®.

The hindlimb-unloaded mouse is an outstanding
model for directly altering and evaluating bone
mechanical function'?. By suspending the mouse tail so
that only the forelimbs are in contact with the ground,
functional pressure on the hindlimbs is removed,
resulting in decreased hindlimb bone mass. Morey-
Holton et al. reported that the animal is able to walk
freely using the forelimbs, thereby minimizing stress
and other systemic influences and allowing clarification
of localized bone changes due to mechanical unloading?®.
Peres-Ueno et al. investigated femoral BMD in
hindlimb-unloaded mice and discussed the increased
risk of bone fracture associated with decreased BMD?V.
Furthermore, hindlimb-unloading in rats decreases
BMD, leading to decreased bone formation and increased
bone resorption?”. Disuse atrophy after bone fracture,
and jaw bone resorption associated with tooth loss are
classic examples of structural changes in human bone
associated with unloading??. Thus, studies regarding
the effects on bone of removing mechanical stress by
tail suspension in mice have provided many useful
suggestions in medicine, dentistry, and pharmacy.
However, the majority of these reports focused mainly
on bone mass and many points remain to be clarified
regarding variations in bone mechanical function
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reflecting the local load environment. The aim of
study was to clarify some of the effects of unloading
on qualitative parameters of bone tissue by evaluating
changes in the femoral micro- and nanostructures of
hindlimb-unloaded mice.

MATERIALS AND METHODS

Specimens

Specimens were obtained from 12-week-old male
C57BL6 mice (n=8) housed under a 12-h light/dark
cycle with ad libitum access to food and water. Animal
care and maintenance and experimental handling were
approved by the Ethics Committee of Tokyo Dental
College (Ethics Application No. 290102). After one
week of acclimatization, mice were randomly allocated
to a conventionally reared (control) group (n=4) or a
hindlimb-unloaded group (n=4). Tails of mice in the
hindlimb-unloaded group were sterilized and wrapped
in a double layer of elastic and non-elastic tape, to which
a wire with a pre-attached clip was fixed (Fig. 1)2.
After confirming normal blood circulation to the tail,
the tip of the tail wire was attached to a rod on the roof
of the cage via a swivel and adjusted so that only the
forelimbs contacted the floor. Each group was housed in
a separate cage for 3 weeks, after which all mice were
euthanized with intraperitoneal pentobarbital (200 mg/
kg). Bilateral femurs were harvested and fixed in 10%
neutral buffered formalin. After ethanol dehydration,
specimens were embedded in autopolymerizing epoxy
resin (SCANDIPLEX, SCANDIA, Hagen, Germany).

Measurement sites

Each femur specimen was divided into 10 equal segments
perpendicular to the longitudinal axis of the bone and
the five segments closest to and including the midpoint
of the femur were used for measurements. Labeled ‘a’ to
‘e’ starting from the proximal end of the femur (Fig. 2)2?,
the five segments were sectioned using a saw microtome
with a 300-um blade (SP1600, Leica, Wetzlar, Germany),
and sanded to a thickness of 150 pm using wet/dry
sandpaper of increasing grit (#400, #800, and #1200).
The cortical bone of each segment was divided into eight
equal regions and measurements were performed at the
central point of each region (I-VIII, Fig. 2).

BMD

In order to measure BMD, specimens were examined
by micro-computed tomography (micro-CT, HMX225
Actis4, Tesco, Tokyo, Japan) under the following imaging
conditions: tube voltage, 140 kV; tube current, 145 pA;
matrix size, 512x512; magnification, X2.5; slice width,
50 um; and slice pitch, 50 pm. Regions of interest (ROI)
were established to match the measurement sites. Epoxy
resin phantoms (p6X1 mm) containing hydroxyapatite
were used. Phantom densities were as follows: 1,550,
800, 700, 600, 500, 400, 300, and 200 mg/cm?. Based on
the calibration curve created by micro-CT imaging of
the phantoms, the BMD of points I-VIII were calculated
for each specimen using TRI/3D-BON-BMD-PNTM2

)

Z

Fig. 1  Overview of hindlimb-unloaded mouse model.

An experimental model in which the mouse is
suspended by the tail so that only the forelimbs
are in contact with the ground; hindlimb unloading
causes loss of femoral and tibial bone mass. As the
animal is able to walk freely using the forelimbs,
stress and other systemic influences are minimized,
allowing observation of localized bone changes due
to removal of mechanical load.
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Fig. 2  Establishing measurement sites and points.

The entire mouse femur was divided into 10 equal
segments perpendicular to the longitudinal axis
of the bone and the five segments closest to the
midpoint of the femur were used for measurements.
These five segments were labeled ‘a’ to ‘e’ starting
from the proximal end of the femur. The cortical
bone of each segment was divided into eight equal
regions and measurements were performed at the
central points, labeled I-VIII. The diameter of the
incident beam during X-ray diffraction analysis
was 100 pm.

software (RATOC System Engineering, Tokyo, Japan).

BAp crystallite alignment

Quantitative analysis of BAp crystallite alignment was
conducted using an optical curved imaging plate (IP)
X-ray diffraction system (XRD; D/MAX RAPID o-CMF,
Rigaku, Tokyo, Japan). Measurements were performed
in reflection and transmission modes with Cu-Ko as the
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radiation source at a tube voltage of 40 kV and tube
current of 30 mA. Reference axes were established in
the anteroposterior (X-axis), mediolateral (Y-axis), and
longitudinal (Z-axis) directions for each sample (Fig. 3).
The line connecting the most upper point of the greater
trochanter and the lowest point of the femur is taken as
the Z axis®®. The radiation site was determined using the
XRD’s light microscope (magnification, X0.6—4.8) and an
incident beam with a diameter of 100 um was applied,
centered on the midpoint of the cortical bone.

The diffracted X-ray beam was detected as a
diffraction ring on the IP. Using transmission mode in
the X- and Y-axis directions, and reflection mode in the
Z-axis direction, the diffracted X-ray beam was detected
using a curved IP based on the conditions described by
Nakano et al.??. The diffracted X-ray beam was detected
as a diffraction ring on the IP. Using 2D Data Processing
software (Rigaku), X-ray diffraction intensity ratios were

Proximal

X-axis

Yeaxi

/\@

Anterior

AN

Distal | Z-axis

Fig. 3  Establishing the direction of reference axes.
Reference axes were established in the mediolateral
(X-axis), anteroposterior (Y-axis), and longitudinal
(Z-axis) directions.

calculated for the two diffraction peaks corresponding to
planes 002 and 310.

Measurements were performed three times at each
point (I-VIII) and the mean X-ray diffraction intensity
ratio was calculated.

Statistical analysis

Two way analysis of variance (ANOVA) was performed
regarding BMD and BAp crystallite alignment with
comparison between the control and hindlimb-unloaded
groups as factor A and differences between segments a—e
as factor B. Factors for which a significant difference was
observed were tested using ¢ test and Tukey’s multiple
comparison test. Significance was set at p<0.05.

RESULTS

BMD

BMD at each measurement point is shown in Table
1. BMD for each segment (a—e) was evaluated using
mean values for measurement points I-VIII (Fig. 4).
Significant differences were observed between the

Bone Mineral Densities

1 5 0 0 - ES sk ES * sk
M — M M M
fﬂA
£ 1000+
C\)
)
£
N’
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S 500+
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0 -
> AN < > 2
* P<0.05 Il Control [ Hindlimb-unloaded

Fig. 4 BMD in each segment (a—e).
BMD were lower in the hindlimb group compared
to the control group in all segments (n=8; ¢ test and
Tukey’s multiple comparison test).

Table 1 BMD (mg/cm?) at points I-VIII in segments a—e
Control group (mg/cm?) Hindlimb-unloaded group (mg/cm?)
1 11 1 v \% VI VII VIII I 11 11T v \% VI VII VIII

a  1,0949 1,113.8 1,0943 1,087.1 1,111.9 1,1134 1,100.4 1,175.6 996.8 1,1284  982.7 1,003.4 1,001.4 9646 9875 9742

b 1,161.3 1,072.4 1,159.1 1,134.9 1,131.1 1,120.5 1,149.6 1,111.6 1,056.4 1,104.7 1,052.3 1,026.1 1,114.8 1,006.5 1,049.3 1,045.5

¢ 1,0735 1,005.0 1,0755 1,073.7 1,050.2 1,063.0 10732 1,1347 9818 1,017.7 960.6 977.4 1,037.8 9399 9504 972.4
d 1,044.8

e 9745 8871 968.5 858.8 9025 9575 954.0 1,005.1 863.7 9115 8125 8583 8856 804.8 868.5 910.3

950.3 1,031.0 9749 997.3 1,020.9 1,021.4 1,078.4 9142 9641 90L.7 9433 9539 899.3 9353 9249

BMD for each segment (a—e) was evaluated using mean values for measurement points I-VIII. Significant differences were
observed between the control and hindlimb-unloaded groups in all segments.
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Table 2 Two-way analysis of variance regarding BMD for factors A and B
Factor Sum of squares Degrees of freedom Mean square F-value p-value Determination
Factor A 130,258 1 130,258 112.6 p<0.01 —
Factor B 370,967 4 92,742 80.16 p<0.01 —
Interaction 1,888 4 472 0.41 p=0.81 —
Error 80,986 70 1,157 — — —
Overall 584,099 79 — — — —
Significant differences in BMD were observed on two-way ANOVA for both factors A and B.
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Fig. 5

Random aligned HAp powder: 1.96

X-ray diffraction intensity ratios in the X-axis
(mediolateral) direction.

No significant difference in BAp crystallite
alignment was observed in the X-axis direction for
factor A (n=8; Two way ANOVA, ¢ test and Tukey’s
multiple comparison test).

Fig. 6

Random aligned HAp powder: 1.96

X-ray diffraction intensity ratios in the Y-axis
(anteroposterior) direction.

Significant changes in BAp crystallite alignment
were observed in segment c¢ (central diaphyseal
segment). (n=8; Two way ANOVA, t test and
Tukey’s multiple comparison test).

Table 3 X-ray diffraction intensity ratios in the Z-axis direction at points I-VIII in segments a—e

I I I v \% VI VII VIIL

a Control 2.87 2.72 3.03 2.72 4.36 3.31 3.49 3.09
HUL 3.05 2.55 2.63 2.38 4.19 2.73 3.27 2.83

b Control 4.38]* 3.25]* 3.47 3.11]* 3.62 3.15 2.85 3.37
HUL 2.15 2.54 2.76 2.41 3.08 2.45 3.19 3.26

. Control 4.83]* 4.22]* 3.51 3.59]* 3.21 3.34 3.16 3.17
HUL 2.99 2.40 2.39 2.42 3.00 2.69 2.54 3.44

d Control 2.80 2.09 1.92 1.99 3.44 2.96 2.99 3.38
HUL 3.13 2.97 2.88 2.61 4.19 3.57 3.22 2.99

Control 3.11 2.60 2.76 2.84 4.12 3.80 3.28 3.54

¢ HUL 3.43 2.44 2.13 2.79 2.61 3.42 2.98 3.53

Random aligned HAp powder: 1.02
Control group: Control
Hindlimb-unloaded group: HUL
Significant differences were also observed between points I, I, and IV in segments b and ¢ for factor A.

*: p<0.05 (Factor A)
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control and hindlimb-unloaded groups in all segments.
Table 2 shows the result of the two-way ANOVA. The
results show that significant differences in BMD were
observed for both factors A and B. However as a result of
the multiple comparison test, no site-based differences
were observed.

BAp crystallite alignment
The X-ray diffraction intensity ratios on the X-axis for
each region (a—e) were evaluated using the mean values
for measurement points I-VIII (Fig. 5). No significant
differences were observed between control and hindlimb-
unloaded groups. The X-ray diffraction intensity ratios
on the Y-axis for each region (a—e) were evaluated using
the mean values for measurement points I-VIII (Fig.
6). No significant differences were observed between
control and hindlimb-unloaded groups except for
segment c. However, both the ratio for the control and
hindlimb-unloaded groups were lower than non-aligned
hydroxyapatite (HAp; 1.96). The X-ray diffraction
intensity ratios on the Z-axis at each measurement point
are shown in Table 3. The X-ray diffraction intensity
ratios on the Z-axis for each region (a—e) were evaluated
using the mean values for measurement points I-VIII
(Fig. 7). In segment a—c, significantly lower intensity
ratios (indicating a low degree of BAp crystallite
alignment) were noted in hindlimb-unloaded group.

No significant differences in BAp crystallite
alignment were observed on two-way ANOVA in the
X-axis (Table 4) or Y-axis (Table 5) directions for either

factor A or B. However, a highly significant difference was
observed in the Z-axis direction for factor A (p<0.05).
No significant differences were observed in

Z-axis
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*: P<0.05
Random aligned HAp powder: 1.02

Fig. 7 X-ray diffraction intensity ratios in the Z-axis
(longitudinal) direction.
A significant difference in BAp crystallite
alignment was observed in the Z-axis direction for
factor A. Furthermore, significant changes in BAp
crystallite alignment were observed in segments a,
b, and ¢ (n=8; Two way ANOVA, ¢ test and Tukey’s
multiple comparison test).

Table 4 Two-way analysis of variance regarding BAp crystallite alignment in the X-axis direction for factors A and B

Factor Sum of squares Degrees of freedom Mean square F-value p-value Determination
Factor A 0.44 1 0.43 1.40 p=0.24 —
Factor B 2.52 4 0.63 2.02 p=0.11 —
Interaction 0.98 4 0.25 0.79 p=0.54 —

Error 21.80 70 0.31 — — —
Overall 25.74 79 — — — —

No significant differences in BAp crystallite alignment were observed on two-way ANOVA in the X-axis directions for either

factor A or B.

Table 5 Two-way analysis of variance regarding BAp crystallite alignment in the Y-axis direction for factors A and B

Factor Sum of squares Degrees of freedom Mean square F-value p-value Determination
Factor A 0.08 1 0.08 0.26 p=0.26 —
Factor B 1.20 4 0.30 1.03 p=0.40 —
Interaction 1.71 4 0.43 1.48 p=0.22 —

Error 20.19 70 0.29 — — —
Overall 23.17 79 — — — —

No significant differences in BAp crystallite alignhment were observed on two-way ANOVA in the Y-axis directions for either

factor A or B.
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Table 6 Two-way analysis of variance regarding BAp crystallite alignment in the Z-axis direction for factors A and B

Factor Sum of squares Degrees of freedom Mean square F-value p-value Determination
Factor A 2.29 1 2.29 8.49 p=0.00 ok
Factor B 0.38 4 0.10 0.35 p=0.84 —
Interaction 4.71 4 1.18 4.36 p=0.00 ok
Error 18.90 70 0.27 — — —
Overall 26.29 79 — — — —

Significant differences in BAp crystallite alignment were observed on two-way ANOVA in the Z-axis directions for factor A.

X-ray diffraction intensity ratios based on diffraction
performed in transmission mode in the X-axis direction.
Furthermore, X-ray diffraction intensity ratios in both
the control and hindlimb-unloaded groups were lower
than the ratio for non-aligned hydroxyapatite (HAp;
1.96).

Significant differences were observed in X-ray
diffraction intensity ratios based on diffraction performed
in transmission mode in the Y-axis direction for factor A
in the central diaphyseal segment (segment c).

However, X-ray diffraction intensity ratios in
the Y-axis direction in both the control and hindlimb-
unloaded groups were lower than the ratio for non-
aligned hydroxyapatite (HAp; 1.96).

Significant differences were observed in X-ray
diffraction intensity ratios based on diffraction performed
in reflection mode in the Z-axis direction for factor A in
segments a, b, and ¢ (p<0.05).

X-ray diffraction intensity ratios in the Z-axis
direction in both the control and hindlimb-unloaded
groups were higher than the ratio for non-aligned
hydroxyapatite (HAp; 1.02), demonstrating preferential
alignment of BAp crystallites. Significant differences
were also observed between points I, II, and IV in
segments b and ¢ for factor A (p<0.05, Table 6).

DISCUSSION

BMD

BMD was significantly lower in the hindlimb-unloaded
group than in the control group; however, no regional
differences in BMD observed. These findings are
consistent with those of a previous study investigating
the effects of weightlessness on bone mass?®. While
studies such as those by Peres-Ueno and by Aguirre
have investigated various bone parameters including
BMD in hindlimb-unloaded mice, there have been few
reports on regional BMD differences?-?9.

BAp crystallite alignment

The present study found uniaxial preferential alignment
of BAp crystallites in the longitudinal (Z-axis) direction
in all regions of the femoral diaphysis. These findings
are consistent with those of Nakano et al. demonstrating
BAp crystallite c-axis alignment along the longitudinal

axis of the long bones in rabbits*”. The absence of BAp
crystallite alignment in the X- and Y-axis directions can
be attributed to optimization of the long bones such as
the femur to the load environment. Meanwhile, uniaxial
preferential alignment along the longitudinal axis of the
bone was still minimally retained even in the hindlimb-
unloaded group. The direction of BAp alignment was
maintained, despite significantly lower X-ray diffraction
intensity ratios in the longitudinal axis direction in the
hindlimb-unloaded group when compared to the control
group. These findings suggest that bone quality plays a
major role in maintaining the mechanical environment,
which was maintained despite removal of the weight of
the bone itself and exercise load by tail suspension. Slight
differences in bone quality depending on the region of
the femoral diaphysis were identified, with localized
differences in susceptibility to the effects of hindlimb
unloading. Specifically, greater decreases in alignment
in the Z-axis direction with hindlimb unloading were
observed in the Lateral compared to the Medial regions
in segments b and ¢, while little localized difference was
observed in segments a, d, and e. The result of this study
suggested that the BAp crystallite alignment as a tendon
attachment was affected by the functional pressure of
the muscle as Bacon et al. have reported®”.

Classic examples of structural changes in human
bone associated with unloading are disuse atrophy
after bone fracture, and jaw bone resorption associated
with tooth loss®-3?. Furuya et al. reported preferential
alignment in the direction of loading; specifically, in the
direction of masticatory force in the alveolar area in the
anterior region of the human dentate jaw?®. Conversely,
Furukawa et al. reported decreased mechanical stress
associated with tooth loss and resorption of alveolar
bone resulting in changes in jaw bone quality to
resemble that of the long bones®”. While the mandible
is suspended by the masticatory muscles and is thus
little affected by gravity, it is conversely specialized for
absorbing functional pressures such as occlusal force39.
Therefore, although tooth loss causes a gradual change
in structure to resemble that of long bone; the structural
characteristics of the edentulous mandible differ greatly
from those of other long bones, which are affected by
gravity, and much remains to be clarified. In the unloaded
femur, the micro- and nanostructural characteristics,
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as well as the macrostructure, resemble those found in
the mandible with alveolar bone resorption. Due to the
removal of gravity and exercise load from the femur,
hindlimb-unloaded mice could provide a model of the
edentulous mandible.

CONCLUSION

Removal of load on femur by hindlimb-unloading in rats
was found to cause a reduction in bony substance, in
addition to the decrease in bone mass that has already
been reported. At the same time, the external contours of
the bone remained unchanged and there were no changes
in the normal trends in structural properties of the rat
femur, indicating a single-axis preferential orientation
along the longitudinal axis of the bone. These results
suggest that the reduction in the functional pressure
needed to maintain homeostasis leads to decreases in
both bone mass and bone substance, but the minimum
bone structural properties needed to retain the external
contours of the bone are conserved.
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